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1. Materials and Methods

1.1 Molecular Dynamics simulations - computational electrophysiology
We studied spontaneous ion permeation through KcsA and MthK channels, in pure and mixed
K+/Na+ solutions, driven by the transmembrane voltage induced by charge imbalances as
implemented in the CompEL (computational electrophysiology) method in GROMACS1,2.
System preparation and simulation protocol
For open-state KcsA, we used the x-ray structure (PDB id: 3f5w3), with the selectivity filter in
the conductive configuration (PDB id: 1k4c4), as reported in our previous simulations5. For
MthK, we used the open state channel crystal structure (PDB id: 3ldc6).
In each system, the titratable groups of the protein were protonated according to their standard
protonation states at pH 7 (in KcsA E71 was additionally protonated7) and inserted into a patch
of POPC lipids surrounded by water molecules, K+, Na+ and Cl- ions (see Table S1). After a
multi-step equilibration phase, with a gradual release of position restraints on the protein heavy
atoms, systems were simulated without any restraints for 20 ns, and then duplicated along the zaxis, perpendicular to the membrane surface, to construct dual bilayer systems typical for
CompEL. All simulations were carried out with GROMACS 5.0 or 5.18-11, using the CompEL
scheme, with an ionic imbalance between the compartments of 2e-, yielding a transmembrane
voltage of ~220mV. A list of all simulations is shown in Supplementary Tables 1-9.

Simulation details
We used the amber99sb force field12 in combination with a range of different water models
(SPC/E13, TIP3P14 and TIP4PEw15 together with the ion parameters developed by Joung &
Cheatham, adapted for each water model16 in case of KcsA (see Fig. 1 in the main text and
Supplementary Fig. 1). For MthK simulations we used the TIP3P variant. Lipids were modeled
using Berger parameters17 adapted for amber99sb18,19. Aliphatic hydrogen atoms were treated
using the virtual sites approach20,21 and all bonds were constrained using LINCS22, allowing for
an integration time step of 4fs. Neighbour lists were updated with the Verlet list scheme23. The
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van-der-Waals interactions were cut off at 1.0 nm and we applied the dispersion correction for
energy and pressure. The Particle Mesh Ewald (PME) method24 was used for long-range
electrostatic interactions, with a 1.0 nm real space cutoff. The simulated systems were kept at a
temperature of 320K and a pressure of 1bar, using the v-rescale thermostat25, and a semiisotropic Berendsen barostat26, respectively, to maintain an NPT ensemble. Control simulations
using a 2 fs time step showed that the usage of virtual sites and a larger time step do not affect
the observed ion permeation mechanism or recorded ion currents.
In simulations of KcsA, a network of hydrogen bonds were restrained to stabilize the secondary
structure of the truncated termini of the S6 helices and distance restraints were used to keep the
channel in an open conformation. Additionally, F103 residues were distance restrained in order
to prevent dehydration of the pore cavity.

1.2 Molecular Dynamics simulations – applied electric field

For studies of ion permeation in Kv1.2 W362Y, NaK2K and non-selective NaK2CNG-N
channels, we used a single membrane approach, with an applied electric field along the z-axis
(parallel to the SF axis).

System preparation and simulation protocol
For the open-state Kv1.2 W362Y we used the pore domain from the ‘paddle-chimera’ Kv1.2Kv2.1 structure (PDB id: 2r9r)27. In this structure, the channel remains in an open, conductive
conformation under positive voltages28. The titratable groups of the protein were protonated
according to their standard protonation states at pH 7. We replaced tryptophan residues at the
position 362 to tyrosines in all four subunits. Experimentally, this mutation yields a channel with
comparable conductive and selective properties to wild-type rat Kv1.629, while in simulations we
found that W to Y substitution stabilizes the selectivity filter due to the stabilization of D375 in
its crystallographic position behind the selectivity filter. The protein was embedded in a POPC
membrane and surrounded with water molecules and K+ and Cl- ions, corresponding to a salt
concentration of ~900 mM, using the CHARMM-GUI webserver30-33. The initial, multi-step
equilibration was conducted using scripts provided by CHARMM-GUI34. Subsequently, the
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system was equilibrated for 50 ns before the production runs, that were performed in both
amber99sb*-ILDN35 (Fig. 2 in the main text) and CHARMM36 force fields (Supplementary Fig.
2). Simulations of wild type Kv1.2 (Kv1.2 WT) were performed with the CHARMM36 force
field with and without position restraints on D375 (Supplementary Fig. 14).
For the open-state NaK2K and non-selective NaK2CNG-N we used the available high-resolution
open structures (PDB id: 3ouf and PDB id: 3k06)36,37. All the preparation steps were carried out
in the same manner as for Kv1.2. We introduced the F92A mutation to increase the currents, as
in experiments38. The final systems were simulated with both amber99sb (Fig. 2 in the main text)
and CHARMM36 (Supplementary Fig. 2) force fields in case of NaK2K, while amber99sb was
used for NaK2CNG-N.
After the equilibration, an external electric field was applied along the z-axis (parallel to the SF
axis), to establish a transmembrane voltage of ~280 mV. The transmembrane voltage 𝑉 was
calculated following Roux39,40:
𝑉 = 𝐸 ∙ 𝐿! (1)
where 𝐸 is the applied electric field (typically between 0.033 and 0.037 V/nm) and 𝐿! is the
length of the box along the z-axis (fluctuating between 7.6 and 9.4 nm in our simulations).

Simulation details
For simulations with the amber99sb force field, all parameters were identical to these used in
simulations of KcsA and MthK. For Kv1.2 W362Y we used amber99sb*-ILDN35,41 that further
stabilizes D375. All remaining parameters and input options were identical to these used in other
simulations with amber99sb.
For simulations with the CHARMM36 force field, used the latest version of the CHARMM36
force field42,43, termed CHARMM36m44, downloaded from
http://mackerell.umaryland.edu/charmm_ff.shtml (accessed in January 2017), which contains all
necessary parameters for the protein, lipids and ions. Water was modeled using the CHARMM
version of TIP3P, with LJ interactions placed on hydrogens. For ions, we used standard
CHARMM parameters45. Note that the same force field was used previously in extended
simulations of Kv1.246. All hydrogen-containing bonds were constrained using LINCS, and a
time step of 2 fs was used. Van der Waals interactions were force-switched off from 0.8 to 1.2
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nm. Long-range electrostatic interactions were treated with PME, with a 1.2 nm real space
cutoff. The simulated systems were kept at a temperature of 320K and a pressure of 1 bar, using
a Nosé-Hoover thermostat47,48 and a Parrinello-Rahman barostat49, respectively.
In the set of restrained simulations of Kv1.2 WT, the carbon atoms from side chains of residues
D375 were position-restrained with a force constant of 500 kJ/mol/nm2 to their crystallographic
positions.

1.3 Spectral 2D IR calculations
Recently, the ‘direct Coulomb knock-on’ mechanism was challenged by the interpretation of
experimental 2D IR spectroscopic measurements via atomistic simulation combined with
theoretical spectral calculations50. We performed similar calculations using the SF occupancy
states observed in our computational electrophysiology simulations, and compared them with the
experimental spectrum.
System preparation and calculation protocol
In our 2D IR calculations, we used a single KcsA channel embedded in a POPC membrane,
similar to the system reported in Kratochvil et al.50. The starting structure was initially
extensively simulated under an applied voltage (~280 mV) to ensure that the channel remains in
the conductive conformation. Like in our computational electrophysiology simulations, all ion
permeation events occurred through the ‘direct Coulomb knock-on’ mechanism in these
simulations, i.e. through intimate interactions between two or more ions. Next, a number of
specific occupancy states of the SF, corresponding to ion-conductive configurations, were
selected (see Supplementary Table 10), and further equilibrated at 0 mV for 10 ns per state, to
mimic the conditions of the IR experiments. To ensure that a given occupancy state does not
change during the equilibration, flat-bottomed position restrains were applied on K+ ions in the
SF (sites S1 to S4). Since the KWKW and WKWK occupancy states, characteristic for the ‘soft
knock-on’ mechanism50,51, were never observed during ion permeation in our simulations, they
were generated manually and extensively equilibrated (1200 ns per occupancy state) at 0 mV.
Again, only K+ ions in the SF were restrained in these simulations. Since in these watercontaining states a single backbone carbonyl group of Val76 sometimes shows flips away from
6

the main axis of the SF as reported earlier50, we considered these states separately (see
Supplementary Table 10). To ensure that spontaneous flipped–nonflipped transitions do not
affect the final spectrum for a given state, a set of simulations (for 4 states: KWKW and
WKWK, both with flipped and nonflipped Val76) was repeated with position restraints on
carbonyl oxygen atoms of Val76. The resulting spectra were very similar to these obtained
without such restraints.
Subsequently, a number of snapshots (at least 9 per single occupancy state) were randomly
selected from the last 2 ns of equilibration. Each snapshot was then used as a starting point for a
simulation of 1 ns length, during which the positions of atoms were saved every 20 fs. These
trajectories were then used for spectral calculations. All presented spectra for individual
occupancy states (Supplementary Fig. 5) are averages over at least 5 independent simulations of
1 ns.
The spectral calculations were performed by first extracting the amide I Hamiltonian, transition
dipoles and site frequencies from the 1 ns trajectories. Next, the amide units corresponding to
those labeled in the experiment50, were selected and their frequencies were shifted by -66 cm-1 to
account for the isotope label. The anharmonicity was kept constant at 14 cm-1. Finally, 1D and
2D IR spectra were calculated with the numerical integration of the Schrödinger equation
method (NISE)52,53. In this method, the excitations are localized on the amide I modes, and the
integration is performed in small time steps, during which the Hamiltonian is considered
constant. This allows calculating the linear response function as well as the third-order response
functions. The linear 1D spectrum is then obtained by a Fourier transform of the linear response
function, while the 2D spectrum is obtained with a two-dimensional Fourier transform with
respect to the coherence times.
Spectral calculation details
The amide I Hamiltonian, frequencies and couplings were calculated using the AmideIMaps
program, developed as an add-on to GROMACS 4.6.3. The Skinner electrostatic map54 was
used, which relates the electric field generated by the force field point charges on each atom of
the amide I unit with the site frequency and the transition dipole. Its good performance in
combination with the Amber force field has recently been assessed55,56.The cut-off for
calculating electric fields/gradients was 2.0 nm. The short-range couplings and frequency shifts
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were calculated using the nearest neighbor coupling model57. The long-range couplings were
calculated using the transition dipole coupling (TDC) model58. 1D and 2D IR spectra, together
with the Fourier transformations, were calculated using the NISE3 code53. In all simulations the
waiting time between the pump and probe was set to zero. The coherence times were varied from
0 to 5 ps in 20 fs steps. The response functions were Fourier transformed for the coherence times
leading to the two frequency axes. The spectral windows for calculations were set to the range
1400-1800 cm-1.
Data analysis
All presented spectra are for the ZZZZ parallel combination. First, 2D IR spectra were plotted
for each trajectory and each occupancy state. They were carefully assessed for any possible
artifacts, which could for instance arise due to transient interactions between bound K+ and
aqueous Cl- ions, water influx behind the SF, etc. Then, the spectra were averaged, resulting in
one representative spectrum per occupancy state (Supplementary Fig. 5). Finally, spectra for
different occupancies were linearly combined, with varying weights (Fig. 3 in the main text and
Supplementary Fig. 4). Note that this is the same approach as used for the states characteristic for
the ‘soft knock-on’ mechanism in Kratochvil et al.50. Here, the same averaging procedure was
used in all cases.
The frequencies were shifted by an empirical correction of +13 cm-1 55.The optimal weights and
the resulting theoretical spectrum for states characteristic for the ‘direct knock-on’ mechanism
are shown in the main manuscript (Fig. 3). A similar plot for the ‘soft knock-on’ mechanism is
shown in Supplementary Fig. 4. Plotting and averaging was performed using in-house written
Python scripts. The nodal line slopes were calculated by identifying ωprobe with the highest
bleach peak intensity for each ωpump, and fitting the pairs to a straight line. Values within the
[max(ωprobe) - 10, max(ωprobe) + 10] range were considered for the slope calculation. The slope is
then given by a number between 0 and 1, where a value close to one means that there is a high
degree of inhomogeneity, while values near zero indicate a homogenous system. Slope
calculations were performed using custom Perl scripts.
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1.4 Molecular Dynamics simulations - free energy calculations
We performed free energy calculations for individual binding sites in the SF of KcsA to assess
their thermodynamic preference for either K+ or Na+ ions. By definition, the thermodynamic
selectivity for a given site is given by:
!"#$
!"#$%
𝛥𝛥𝐺!,!" = 𝛥𝐺!,!"
− 𝛥𝐺!,!"
(2)
!"#$%
where 𝛥𝐺!,!"
is the free energy difference for 'alchemically' transforming K+ to Na+ in bulk
!"#$
water (which is equal to -74.8 kJ/mol59,60), whereas 𝛥𝐺!,!"
is the free energy difference for the

same transition at the binding site. Therefore, a positive value of 𝛥𝛥𝐺!,!" implies a K+ selective
site, and conversely, a negative value implies a Na+ selective site.
System preparation and simulation protocol
We investigated the thermodynamic selectivity at the specific binding sites in the SF, for the
occupancy states most frequently visited during ion permeation. Consequently, we focused on
KK0K and 0KKK occupancies (see Supplementary Fig. 8). Three snapshots per occupancy
pattern were selected from the computational electrophysiology simulations, transformed back to
a single membrane setup, and further equilibrated for 40 ns at 0 mV. The final snapshots from
these simulations were then used for K+ to Na+ alchemical free energy calculations to obtain
!"#$
𝛥𝐺!,!"
for each occupied site. The alchemically transformed ions were held in place along the z-

axis (parallel to the SF axis) at their preferential binding sites located at the center of mass of
eight neighboring carbonyl oxygen atoms (canonical ion binding sites), with spherical flatbottomed restraints.
To assess the existence and selectivity of potential Na+ binding sites in the SF, as previously
suggested61,62, we introduced a single Na+ ion instead of a K+ ion at each site for both starting
occupancies, ultimately resulting in the following occupancies: KNaK, NaKK, KKNa (see
Supplementary Fig. 8). After 40 ns of equilibration, the introduced Na+ ions moved to their
preferred binding sites, in plane with four SF carbonyl oxygen atoms. Subsequently, three
snapshots per state were used for Na+ to K+ alchemical free energy calculations. In this case, the
alchemically transformed Na+ ion was held at its preferred in-plane binding site at the center of
mass of four carbonyl oxygen atoms with identical flat-bottomed restraints (the only exception
9

was one of the KNaK occupancy states, where in one case the Na+ ion preferred to occupy the
canonical S3 binding site; therefore it was kept there with identical restraints as those used for
the K+ ions).
The free energy difference between K+ and Na+ in bulk water was obtained by performing
identical alchemical free energy calculations in a cubic box of ~2100 water molecules and one
ion, with the same parameters as in the K+ channel simulations. The value we obtained
(-74.8 kJ/mol) perfectly matches the difference in absolute hydration free energies between K+
and Na+ for the force field used16 as well as the experimental data59,60. Control simulations with a
2 fs time step showed that the usage of a larger time step (4 fs) does not affect the calculated free
energies.
Simulation details
All the force field parameters and input options were identical to those used for the
computational electrophysiology simulations (amber99sb with SPC/E water variant). The
temperature was set to 298 K. To calculate the free energy differences between K+ and Na+, we
employed the free energy code in GROMACS, using a linear coupling scheme with 21 lambda
windows, covering the lambda space from 0 to 1. Each of these windows was energy minimized
by 5000 steps of steepest descent and simulated twice, each for 8 ns, resulting in a total
simulation time of ~12 µs (12 states, 3 snapshots per state, 2 copies per snapshot, 21 windows, 8
ns per window). The strength of the restraining potential was selected to be 105 kJ/mol/nm2 in all
cases, after extensive tests, which ensured that the restrained ion remained in its dedicated site
during the alchemical transition (within root mean square fluctuations of ~0.1Å in the Z
direction, for both Na+ and K+ ions).
Data analysis
The free energy differences, 𝛥𝛥𝐺!,!" , were calculated using the Multistate Bennett Acceptance
Ratio (MBAR) method63 as implemented in the ‘alchemical analysis’ software64. Various
equilibration times ranging from 4 to 7 ns were considered, ensuring that the final number of
uncorrelated statistical samples used to evaluate the free energy difference remained above 50
per each lambda window (typically the number of uncorrelated samples was well above 1000).
The values reported (Supplementary Table 11) are averages over 6 simulation sets (3 snapshots,
10

each simulated twice) per site, with uncertainties expressed as root mean square deviations
(standard deviations).
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2. Supplementary Text
2.1 KcsA simulations
In addition to simulations presented in the main text, we performed additional simulations with
the same protein force field (amber99sb) and different water and ion models (TIP3P and
TIP4PEw, Supplementary Fig. 1). Both K+ and Na+ currents, and the effect of Na+ ions on the K+
current, show the same behavior, irrespective of the used force field.

2.2 MthK simulations under a concentration gradient
To test the selectivity of the MthK channel under a concentration gradient rather than a
transmembrane voltage, we performed additional simulations using the computational
electrophysiology setup, keeping a constant concentration (1 M) of KCl in one compartment, and
the same concentration of NaCl in the other one (Supplementary Fig. 10). We observe K+ current
in the outward (physiological) direction and no inward Na+ current, confirming ion selectivity of
potassium channels also under these conditions.
2.3 Kv1.2 WT simulations
In our simulations of Kv1.2 WT, where ion permeation is driven by a constant applied
transmembrane voltage of ~280 mV, we observe small K+ currents (Supplementary Fig. 14) and
significant ion-water co-permeation (water/ion ratio >0.4), in agreement with previous
simulations of Kv1.246. This different mechanism of ion permeation is a consequence of a
different conformation of the SF, where side chains of D375 residues pointing toward the
extracellular space, resulting in overall SF instability. Accordingly, the ion selectivity is reduced
in these states (Supplementary Fig. 14). In contrast, in our simulations with restraints applied on
D375 side chains to maintain them in their crystallographic conformation, we observe large,
‘direct knock-on’ dominated K+ currents, with a reduced level of water co-permeation, similar to
the Kv1.2 W362Y simulations reported in the main text (Fig 2).
2.4 The relationship between ion dehydration and cation binding to the SF
Our combined findings from the free energy calculations and individual permeation data are
consistent with Eisenman’s theory of ‘field strength’65,66, which suggested that low and mid-field
ligands, such as the carbonyl oxygen atoms in K+ channels, prefer larger cations, and the
12

difference in hydration free energy between cations dictates the overall preference of the
channel. This theory predates any structural and dynamic information on ion channels.
Experimentally, the thermodynamic properties of ion binding to the SF have recently been
established for a wide range of mono- and divalent cations by isothermal titration calorimetry
(ITC)67. Whereas K+, Rb+ and Cs+ ions bind to, and permeate the SF of the KcsA channel, Ba2+
ions bind but subsequently block the SF. Li+, Na+, Mg2+ and Ca2+ ions show no binding affinity
to the SF in ITC measurements. These observations have been attributed to the size of the ions,
as ions of similar and slightly larger radius than K+ (Rb+, Cs+, Ba2+) bind, while smaller ions
(Li+, Na+, Mg2+, Ca2+) interact only weakly with the SF, but they are also consistent with the
trends in their different free energy of dehydration59,68,69. In the case of the monovalent ions for
instance, Li+ and Na+ exhibit much higher dehydration energies than K+, Rb+ or Cs+59,68,69.
Amongst divalent cations, Ba2+ displays by far the lowest dehydration free energy, and therefore
can enter the SF, but subsequently its double charge leads to longer retention in the SF and thus
filter block70-72.
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3. Supplementary Figures

Supplementary Figure 1. Currents in KcsA with different water and ion models. Both K+
and Na+ currents, as well as the effect of Na+ on K+ currents are similar in each case,
independent of the water model.
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Supplementary Figure 2. Control simulations on NaK2K (a-c) and Kv1.2 W362Y (d-f)
performed with the CHARMM force field. The structures of NaK2K (a) and Kv1.2 W362Y
(d) are shown. (b, e) Ion currents and water/ion permeation ratios at a voltage of ~280 mV in
pure solutions of K+ or Na+ as well as in mixed solutions. For NaK2K, the results obtained with
CHARMM are very similar to those obtained with amber99sb (Fig. 2 in the main text). NaK2K
does not allow water molecules to pass and is K+ selective, although we see rare events of a Na+
ion passing the SF (c). In simulations of Kv1.2 W362Y with CHARMM we observe an increased
water/ion permeation ratio (up to ~0.2), resulting from water molecules occasionally traversing
the SF, although the vast majority of ion permeation events follow the direct knock-on
mechanism (f). This allows the channel to maintain a KcsA-like level of ion selectivity (e). The
colour code for ions and water in the structure snapshots is the same as in Figs. 1 and 2 of the
main text.
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Supplementary Figure 3. Simulation snapshots showing ion permeation in NaK2K (a) and
Kv1.2 W362Y (b) simulations performed with the amber force field. The colour code for
ions and water is the same as in Figs. 1 and 2 of the main text.
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Supplementary Figure 4. Calculated 2D IR spectrum for states characteristic for the ‘soft
knock-on’ mechanism. The weights used to generate the final spectrum are shown above the
schematic representation of each state.
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Supplementary Figure 5. Calculated IR spectra for individual SF occupancies considered
in this work. Both 2D and 1D IR spectra are presented. In most of the states characteristic for
the ‘direct knock-on’ mechanism, a single pair of peaks with high intensity is observed.
Conversely, for states characteristic for the ‘knock-on’ mechanism, two pairs of peaks are
observed. Considering ‘direct knock-on’ states, which are conductive in our simulations, a
spectrum with two pairs of peaks seen in the experimental spectrum (Fig. 3 in the main text) is
reproduced by the incorporation of WKK0 and KKKK states with high weights (40% and 25%,
respectively). However, importantly, the final weight values were not extensively optimized.
Note that we varied the weights only in 5% increments and that other weighting schemes can be
found that lead to the same final conclusion.
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Supplementary Figure 6. Ionic reach in KcsA. The lines show the fraction of K+ (purple
lines) and Na+ (yellow lines) ions that pass through the SF following their arrival from the
channel cavity. Similar numbers of K+ and Na+ ions enter Scav, initially, but only K+ ions are able
to cross the entire SF to a substantial degree.
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Supplementary Figure 7. Most frequently encountered configurations of ions in the SF of
KcsA. During permeation of K+ (K+ ions in purple, purple cycle on left) a K+ ion entering from
the cavity displaces the more tightly bound ions from S2 and S3 (a). As Na+ is introduced at high
concentration, the most frequently found configuration corresponds to Na+ block, with Na+
reversibly bound to Scav (Na+ ions in yellow, yellow cycle on right). Very rarely, Na+ ions are
observed to enter the SF and to slowly transition through the channel. (b) Probability of specific
ionic configurations in the SF for pure K+ and K+/Na+ mixtures. Purple colours correspond to K+
conductive ion configurations, brown or orange colors depict the internally (Scav) Na+ blocked
situation (brown) and two stages of Na+ ion “punch-through” which leads to slow Na+
conduction.
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Supplementary Figure 8. Free energy calculations in KcsA. Potassium ions (purple spheres)
are alchemically transformed into sodium ions (yellow spheres), and the associated free energy
difference is computed. (a) Thermodynamic cycle for calculating the thermodynamic ion
selectivity (𝛥𝛥𝐺!,!" ), which is equal to the difference in free energies of transforming K+ into
!"#$
!"#$%
Na+ at a binding site (𝛥𝐺!,!"
) compared to bulk water (𝛥𝐺!,!"
, equal to 74.8 kJ/mol). By this
definition, a given site is potassium-selective when 𝛥𝛥𝐺!,!" > 0 and sodium-selective otherwise.
Water is shown as red and white spheres, and the SF protein backbone as green licorice, with
nitrogen atoms marked in blue and oxygen atoms in red. (b) Occupancy states with direct ion-ion
contacts considered in the free energy calculations. The states were derived from computational
electrophysiology simulations. Note that ions are not separated by water molecules. For the
KK0K and 0KKK states, each potassium ion was transformed into a sodium ion. For the
remaining states, a sodium ion was transformed into potassium. (c) Free energy values for both
!"#$
𝛥𝐺!,!"
and 𝛥𝛥𝐺!,!" . Note that all canonical potassium binding sites S1-S4 are potassium
selective due to the large dehydration penalty of sodium ions in the SF and only the B12 and B34
sites in-plane with the SF carbonyl groups are sodium selective.
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Supplementary Figure 9. Negative logarithmic densities for K+ (purple lines) and Na+
(yellow lines) ions inside the SF. The logarithmic ion densities represent quasi-free energies
(with a nominal unit of kbT). Density minima reflect stably bound ions (i.e. binding sites), while
maxima indicate barriers between the binding sites. Vertical red lines mark the positions of the
canonical potassium binding sites. (a) Densities in pure K+ and Na+ solutions. (b) Effect of Na+
ions on potassium densities. (c) Effect of K+ ions on sodium densities. (d) Densities in a mixed
(200 mM K+ and 100 mM Na+) ionic solution. Note that some of the energy barriers for K+
permeation increase in the presence of Na+, owing to the binding of Na+ to the in-plane sites.
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Supplementary Figure 10. Testing the selectivity for an outward K+ and an inward Na+
concentration gradient at 0 mV voltage. Under physiological conditions, K+ ions flow from
the intracellular to the extracellular side driven by a steep concentration gradient, while Na+ ions
are excluded from permeating inwards despite a Na+ gradient of similar size in opposite
direction. These conditions can be simulated by using a double membrane setup, with a KCl
solution in one compartment, and NaCl solution in the other one (a). The simulation shows
strictly K+ ion based outward permeation following the direct knock-on mechanism; Na+ ions
occasionally interact with the extracellular channel mouth but neither enter nor traverse the SF
(b).
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Supplementary Figure 11. Ion selectivity of NaK2K under a negative (hyperpolarised)
membrane voltage. (a) Open state of the NaK2K channel. (b) Inward ion currents and water/ion
permeation ratios at a voltage of ~-300 mV in pure solutions of K+ or Na+ as well as in mixed
solutions. The inward currents observed are strongly K+ selective, and water molecules are not
seen to traverse the channel. (c) Ion permeation follows the direct knock-on mechanism, with the
formation of ion pairs in adjacent ion binding sites.
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Supplementary Figure 12. Reduction in the ion selectivity of MthK under high positive
voltage. (a) Open state of the MthK channel. (b) Ion currents and water/ion permeation ratios at
a voltage of ~900 mV in pure solutions of K+ or Na+ as well as in mixed solutions. Applying
high positive voltage increases the likelihood of water to be dragged along with ions permeating
the SF (c), leading to water/ion ratios of around 0.1 in mixed solutions. This, in turn,
dramatically reduces the K+/Na+ selectivity of the channel. By contrast, MthK remains strictly
impermeable to water molecules at 300 mV (see Fig. 2 in the main text).
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Supplementary Figure 13. Simulations of NaK2K initiated from water-containing
configurations of the SF. (a) Open state of the NaK2K channel. (b) Time traces of K+ ion
permeation events in pure K+ solutions, starting from a configuration of the SF containing water
molecules located between K+ ions (0 ns). For a time span of ~100 ns the channel remains nonconductive, until water molecules leave the SF. The subsequent ion permeation events follow the
direct knock-on mechanism. In a pure Na+ solution, by contrast, the channel remains nonconductive during the entire simulation (c).
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Supplementary Figure 14. Simulations of WT Kv1.2. (a) Crystal structure of the pore domain
of the Kv1.2 channel (PDB id: 2r9r). The D375 residues near the extracellular exit of the SF are
highlighted. In the crystal structure, the side chain of D375 is located within the protein, behind
the SF, while in MD simulations it often flips towards the extracellular solution. (b) Ion currents
and water/ion permeation ratios at a voltage of ~280 mV in pure solutions of K+ or Na+ as well
as in mixed solutions. When D375 is flipped, the SF undergoes substantial overall distortion,
which allows for more water co-permeation (~0.4 water/ion permeation ratio in pure K+). This
leads to a reduction in both the ionic currents and the ion selectivity of the channel. (d, e) When
the D375 side-chain is restrained to its crystallographic position, the channel behaves similarly to
the other K+ selective channel types and the W362Y mutant reported in the main text (Fig. 2). (c)
and (f) show typical simulation snapshots of ion permeation in the D375 flipped and non-flipped
states, respectively.
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4. Supplementary Tables
Supplementary Table 1. Details of KcsA MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

KcsA
1k4c
Computational electrophysiology (~220 mV)
+
Pure K
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
F103 distance restrained, S6 helices restrained
29052
312 K+
208 K+ + 104 Na+ 104 K+ + 208 Na+
312 Na+
432
amber99sb with SPC/E, TIP3P or TIP4PEW water
Joung and Cheatham for a specific water model
Berger POPC
41

27

11

22

35000

40000

20000

18000

1206
0
1

503
9
14

124
6
4

0
52
12
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Supplementary Table 2. Details of MthK MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

311 K+

MthK
3ldc
Computational electrophysiology (~220 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
28273
+
206 K + 105 Na+ 105 K+ + 206 Na+
311 Na+
432
amber99sb with TIP3P water
Joung and Cheatham for TIP3P
Berger POPC

9

5

5

5

9000

5000

5000

5000

396
0
0

165
0
0

50
0
0

0
0
0
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Supplementary Table 3. Details of NaK2K MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

174 K+

NaK2K
3ouf
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
10300
+
116 K + 58 Na+
58 K+ + 116 Na+
138
amber99sb with TIP3P water
Joung and Cheatham for TIP3P
Berger POPC

Pure Na+

174 Na+

15

7

14

7

6500

3500

7000

3500

627
0
2

65
0
0

45
0
0

0
3
0
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Supplementary Table 4. Details of control NaK2K MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

174 K+

NaK2K
3ouf
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
10300
+
116 K + 58 Na+
58 K+ + 116 Na+
174 Na+
138
CHARMM36 with CHARMM TIP3P water
CHARMM
CHARMM36 POPC

21

7

7

15

10500

3500

3500

7500

602
0
5

31
1
0

12
0
0

0
0
0
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Supplementary Table 5. Details of Kv1.2 W362Y MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

186 K+

Kv1.2 W362Y
2r9r
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
W362Y stabilizing mutation introduced
9989
+
+
122 K + 61 Na
61 K+ + 122 Na+
133
amber99sb*-ILDN with TIP3P water
Joung and Cheatham for TIP3P
Berger POPC

Pure Na+

186 Na+

14

15

14

20

7000

7500

7000

14000

224
0
0

54
0
0

21
0
1

0
0
0
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Supplementary Table 6. Details of control Kv1.2 W362Y MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

186 K+

Kv1.2 W362Y
2r9r
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
W362Y stabilizing mutation introduced
9989
+
+
122 K + 61 Na
61 K+ + 122 Na+
186 Na+
133
CHARMM36 with CHARMM TIP3P water
CHARMM
CHARMM36 POPC

14

14

14

10

7000

7000

7000

10000

420
0
76

88
2
17

31
1
6

0
0
1
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Supplementary Table 7. Details of Kv1.2 WT MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

186 K+

Kv1.2
2r9r
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
9989
+
+
122 K + 61 Na
61 K+ + 122 Na+
186 Na+
133
CHARMM36 with CHARMM TIP3P water
CHARMM
CHARMM36 POPC

16

20

20

11

8000

10000

10000

5500

182
0
85

82
5
44

37
2
27

0
13
>100
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Supplementary Table 8. Details of Kv1.2 WT D375 restrained MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

186 K+

Kv1.2
2r9r
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
Pure Na+
Side-chains of D375 restrained
9989
+
+
122 K + 61 Na
61 K+ + 122 Na+
186 Na+
133
CHARMM36 with CHARMM TIP3P water
CHARMM
CHARMM36 POPC

15

11

13

11

7500

5500

6500

5500

510
0
66

54
1
11

32
2
9

0
6
11

41

Supplementary Table 9. Details of NaK2CNG-N MD simulations.
Channel
PDB
Simulation setup
Simulation set
Notes
# waters
# ions
# lipids
Force field
Ions
Lipids
Sampling
Independent
simulations
Total simulation
time (ns)
Permeation
events
K+
Na+
H2 O

Pure K+

171 K+

NaK2CNG-N
3k06
Applied electric field (~280 mV)
2 : 1 K+ : Na+
1 : 2 K+ : Na+
10385
+
114 K + 57 Na+
57 K+ + 114 Na+
139
amber99sb with TIP3P water
Joung and Cheatham for TIP3P
Berger POPC

Pure Na+

171 Na+

30

36

45

42

15000

18000

22500

21000

152
0
>500

221
57
>500

119
69
>500

0
116
>500
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Supplementary Table 10. List of SF occupancies considered in spectral calculations. The
letters denote the occupancy of the sites S1 to S4 (from left to right), with ‘K’ representing a K+
ion, ‘W’ a water molecule and ‘0’ a vacancy. Note that in some cases K+ ions can be additionally
bound to S0 and/or Scav, however this does not appreciably affect the final spectrum.
Spectral calculations (KcsA)
Occupancy
Notes
‘direct knock-on’
KKKK
0KKK
K+ ion often bound to S0
K0KK
K+ ion often bound to S0
KK0K
0KK0
K+ ion often bound to S0 and Scav
WKK0
WKKK
KKKW
‘knock-on’
KWKW
WKWK
K+ ion often bound to S0
KWKW-flipped
One Val76 flipped
WKWK-flipped
One Val76 flipped
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Supplementary Table 11. Free energy differences between K+ and Na+ ions at the specific
ion binding sites in the SF filter of KcsA (𝜟𝑮𝒔𝒊𝒕𝒆
𝑲,𝑵𝒂 ) and the overall thermodynamic
selectivity (𝜟𝜟𝑮𝑲,𝑵𝒂 ) at these sites. The negative value of 𝛥𝛥𝐺!,!" means the site is selective
for K+ ions. See Figure S8 the definition of the binding sites.

Site
Occupancy KK0K
S1
S2
S4
Occupancy 0KKK
S2
S3
S4
Occupancy NaKK
B12
Occupancy KNaK
B23
S3
B34
Occupancy KKNa
B34
B

Free energy calculations (KcsA)
𝜟𝜟𝑮𝑲,𝑵𝒂 (kJ/mol)
𝜟𝑮𝒔𝒊𝒕𝒆
𝑲,𝑵𝒂 (kJ/mol)
-52.3 (0.6)
-43.9 (0.4)
-48.3 (0.3)

-22.5 (0.6)
-30.9 (0.4)
-26.5 (0.5)

-46.2 (0.6)
-40.5 (1.0)
-47.2 (0.7)

-28.6 (0.6)
-34.3 (1.1)
-27.6 (0.8)

-80.4 (0.1)

+5.6 (0.2)

-49.6 (0.5)
-40.8 (0.7)
-88.0 (0.6)

-25.3 (0.6)
-34.0 (0.8)
+13.2 (0.7)

-89.3 (0.4)
-65.8 (0.4)

+14.5 (0.5)
-9.0 (0.5)
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