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Abstract Potassium channels are opened by ligands and/or membrane potential. In voltage-
gated K* channels and the prokaryotic KesA channel, conduction is believed to result from opening
of an intracellular constriction that prevents ion entry into the pore. On the other hand, numerous
ligand-gated K* channels lack such gate, suggesting that they may be activated by a change within
the selectivity filter, a narrow region at the extracellular side of the pore. Using molecular dynamics
simulations and electrophysiology measurements, we show that ligand-induced conformational
changes in the KcsA channel removes steric restraints at the selectivity filter, thus resulting in
structural fluctuations, reduced K* affinity, and increased ion permeation. Such activation of the
selectivity filter may be a universal gating mechanism within K* channels. The occlusion of the pore
at the level of the intracellular gate appears to be secondary.

DOI: https://doi.org/10.7554/eLife.25844.001

Introduction

In voltage-gated potassium channels, the opening of an intracellular gate formed by a ‘bundle-cross-
ing’ of the inner pore-lining helices is hypothesized to allow K ions to flow through the pore, down
their electrochemical gradient (Yellen, 1998). A narrow section of the pore located towards the extra-
cellular side of the membrane, called the selectivity filter because it allows the pore to select for K
ions, has been proposed to play double duty as an inactivation gate: following a stimulus, the pore
opens at the intracellular bundle-crossing and, in the continued presence of the stimulus, the selectiv-
ity filter changes its conformation to prevent further flux of K ions. Thus, in voltage-gated K* channels,
the intracellular bundle-crossing of the pore-lining helices is believed to be the activation gate, while
the selectivity filter is believed to be the inactivation gate. This gating mechanism is believed to be
shared by a subset of K* channels such as KcsA and inward rectifier channels (Phillips and Nichols,
2003; Cuello et al., 2010a; Cuello et al., 2010b; Uysal et al., 2011). However, functional experiments
examining state-dependent accessibility of pore blockers (Contreras and Holmgren, 2006;
Wilkens and Aldrich, 2006; Rapedius et al., 2012; Posson et al., 2013b; Posson et al., 2015) or
thiol-modifying agents (Flynn and Zagotta, 2001; Zhou et al., 2011), have shown that in other chan-
nels the intracellular pore-lining helices no longer form a bundle crossing that obstructs K* flux in the
closed state, thus strongly implicating the selectivity filter as an activation gate (Flynn and Zagotta,
2001; Proks et al., 2003; Bruening-Wright et al., 2007; Klein et al., 2007, Contreras et al., 2008).
This suggests that different K* channels with high sequence and structural homology do not share a
universal gating mechanism. Here, we challenge this statement based on our findings with KcsA, a
structurally characterized model K* channel, which was believed to activate by simple opening of the
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elLife digest Potassium channels are proteins found in almost all living organisms and are vital
for many different biological processes. These proteins contain a pore that allows potassium ions to
flow through cell membranes, but only when the channel is open. Most channels have a narrowing at
the inward side of the pore, which was proposed to form a gate that controls the flow of ions. This
gate only opens when the channel activates. Nearer the outward side of the pore is another narrow
region called the selectivity filter. This region interacts selectively with potassium ions as they pass
through the channel.

Not all channels form a tight constriction at the inward end of their pore, yet they still only allow
potassium ions to flow through when activated. This suggested that these channels might instead
use the selectivity filter as a gate. It would also mean that whilst different potassium channels have
similar structures, they do not share a common gating mechanism that controls the flow of ions.

Heer et al. studied the bacterial channel called KcsA, which was thought to control the flow of
potassium ions via a traditional inward gate. Computer simulations based on this protein’s structure,
and experiments with purified KcsA in artificial membranes, showed that the selectivity filter was
also involved when KcsA was activated. When the activated channel changed shape, the selectivity
filter — which had been constrained by regions forming the pore — could now move and allow
potassium ions to flow through the pore. Heer et al. confirmed using a mutant KcsA that the motion
of the inward side of the pore upon activation affected the movement of the selectivity filter gate as
predicted by the simulation.

These findings show that the KcsA channel opens and closes at the selectivity filter. The changes
at the inward side of the pore, previously believed to be the gate, firstly enable the selectivity filter
to serve as a gate while also forming a secondary gate. Heer et al. propose that most if not all
potassium channels may also use this mechanism. These findings illustrate that molecular simulations
can be powerful for predicting how changes in the structure of a protein will affect its behavior. This
and future studies of other potassium channels will help scientists to better understand the subtle
differences between the diverse range of channels found across different organisms.

DOI: https://doi.org/10.7554/eLife.25844.002

intracellular bundle-crossing gate. We find that this outward movement of the transmembrane helices
in KcsA leads to a change in the selectivity filter from closed to conductive during channel activation.
We thus propose that the selectivity filter is the main gate in KcsA.

lon permeation through the selectivity filter of K* channels has been investigated and described
based on KcsA X-ray crystallography data (Morais-Cabral et al., 2001; Zhou et al., 2001) and
molecular mechanics simulations (Aqvist and Luzhkov, 2000; Bernéche and Roux, 2001). The gen-
erally accepted model for permeation involves alternating states of the selectivity filter loaded with
two or three ions separated by water molecules, low ion desolvation free energy at the filter entry-
way, and the occurrence of a knock-on transitional state in which two K ions come in close contact
(Bernéche and Roux, 2001). Structures of KcsA are available with the inner helices in different con-
figurations, making KcsA a good model to investigate ion permeation gating (Cuello et al., 2010a;
Uysal et al., 2011). In the ‘closed’ KcsA structure, the inner helices are closed at the bundle crossing
gate (Doyle et al., 1998; Zhou et al., 2001), while in the ‘activated’ KcsA crystal structures, the inner
helices are wide open at the bundle crossing (Cuello et al., 2010b). Here, we analyze and compare
the mobility of K* ions within the selectivity filter in both the ‘closed’ and ‘activated’ states of KcsA.

Results

Relaxation of the selectivity filter is required for ion permeation

We performed free energy calculations in order to describe ion permeation through the selectivity
filter of the ‘closed’ KcsA channel, which is thought to be stabilized in a conductive state (pdb entry
1K4C) (Zhou et al., 2001). The plot in Figure 1A shows a projection of the potential of mean force
(PMF) as a color-coded energy map that varies as a function of the position of the three K ions along
the channel axis. The reduced reaction coordinate Z;, corresponds to the center-of-mass of the two
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Figure 1. Potential of mean force calculations describing ion permeation through the selectivity filter in the closed and open intracellular gate
conformations of the channel. (A) In the closed conformation (based on structure 1K4C), ions are tightly bound to the selectivity filter in states S1-S3-S5
or S0-S2-S4 with little ion movement due to high free energy barriers > 6 kcal/mol (B) In the open conformation (based on structure 3F5W), ion diffusion
is possible due to low free energy barriers of 2-3 kcal/mol. A knock-on transition state (51-53-54) is observed (identified by (*)). The reaction coordinate
Z1, corresponds to the center-of-mass of the two outermost ions, and Z3 to the lower ion. lon positions are defined relative to the center-of-mass of the
backbone atoms of the selectivity filter core residues (Thr75-Val76-Gly77-Tyr78). Molecular structures illustrate two of the four channel subunits and for
the key states, K ions and water molecules (green and red/white spheres, respectively) are shown with the selectivity filter backbone of residues Thr74
to Gly79.

DOI: https://doi.org/10.7554/eLife.25844.003

The following figure supplements are available for figure 1:

Figure supplement 1. Potential of mean force describing ion permeation in the selectivity filter of the closed KcsA channel starting from the $1-S3-Cav
occupancy state.

DOV https://doi.org/10.7554/eLife.25844.004

Figure supplement 2. Modeling of the open-activated selectivity filter based on open-inactivated structures.

DOI: https://doi.org/10.7554/eLife.25844.005

Figure supplement 3. Potential of mean force describing ion permeation in the open channel.

DOI: https://doi.org/10.7554/eLife.25844.006

Figure supplement 4. Standard deviation for the PMFs presented in Figure 1.

DOI: https://doi.org/10.7554/eLife.25844.007

ions on the extra-cellular side, and Z; to the innermost ion, relative to the center of mass of the
selectivity filter. Thus, one can read directly from the plot the relative free energy of the filter config-
uration corresponding to any position of the three ions. As examples, the molecular structures of the
key ion occupancy states corresponding to well and saddle points along the permeation pathway
are illustrated. The PMF calculation, which was initiated with K ions in sites S0-S2-S4 separated by
water molecules in S1 and S3, shows deep free energy wells of at least 6 kcal/mol, indicating high
K* binding affinity (Figure 1A). In disagreement with the assumption of a conducting filter, these cal-
culations suggest that ion permeation is rather impeded. Our result did not depend on the initial ion
configuration, as a PMF calculation started with K ions in sites S1-S3 and Cav (cavity) with water mol-
ecules in S2 and S4, reveals similar free energy wells about 7 kcal/mol deep (Figure 1—figure sup-
plement 1). Unlike the first PMF, this one shows the formation of a knock-on state achieved via the
loss of the water molecule between the 2nd and 3rd ions. Similar occupancy states were observed
by other groups who proposed mechanisms where ions in the filter are most often not separated by
water molecules during permeation, the higher ion density resulting in greater ionic repulsion and
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current (Furini and Domene, 2009, Képfer et al., 2014). However, comparison of the PMFs in
Figure 1A and Figure 1—figure supplement 1 shows that the loss of a water molecule did not sig-
nificantly reduce the free energy barriers in our calculations.

We sought a different explanation for the slow K* diffusion. We wondered whether the barriers
to permeation we calculated were due to a non-permissive conformation of the KcsA selectivity fil-
ter, adopted when the channel’s intracellular activation gate is ‘closed’. To explore this possibility,
we next examined the free energy of ion movement through the selectivity filter of a KesA channel
with an ‘open’ intracellular gate. All KcsA ‘open’ states documented in the literature allow K* access
through the intracellular entryway but display a selectivity filter in a collapsed state, in agreement
with functional data showing that KcsA inactivates within seconds after activation by protons
(Chakrapani et al., 2011). Permeation is prohibited through such a collapsed filter conformation as
rotation of the amide planes within the collapsed selectivity filter disrupt K ion binding and lead to
new, stabilizing interactions of the amide planes with water molecules that intercalate between the
subunits (Figure 1—figure supplement 2A). Removal of these water molecules has been shown to
facilitate recovery from inactivation and restore the ‘conductive’ form of the selectivity filter
(Ostmeyer et al., 2013).

Two KcsA structures with an open bundle-crossing and collapsed selectivity filter (pdb entries
3F7V and 3F5W, with intracellular entryway diameters of 23 A and 32 A, respectively) (Cuello et al.,
2010b) were chosen for the preparation of simulations of an open KcsA channel. In line with the
study of Ostmeyer et al., 2013, we prepared a conductive selectivity filter conformation using a
simulation in which the tightly bound water molecules behind the selectivity filter were removed and
K ions maintained at the canonical binding sites S1-S3-Cav or S0-S2-S4 using harmonic restraints
(see Materials and methods). No direct restraints were applied to the selectivity filter itself in order
to minimize the possibility of introducing artifactual structural changes in the channel. This procedure
led to a selectivity filter nearly identical in structure with that of the closed state KcsA (Figure 1—fig-
ure supplement 2B). The PMF calculation describing ion movement within the selectivity filter of the
open state KcsA, based on the 3F5W structure and initiated with ions in sites S0-S2-S4, reveals small
free energy barriers of 2 to 3 kcal/mol, conducive to ion permeation (Figure 1B). A PMF describing
a complete permeation event (the entrance of a K ion on one side and the release of a K ion from
the other side) is shown in Figure 1—figure supplement 3. Compared to the above simulations
using the closed KcsA structure (Figure 1A), these results indicate that a dramatic increase in K ion
conductance occurs within the selectivity filter after the channel has switched from a conformation
with the intracellular gate closed to one where it is open.

lon permeation in the open state appears to be favored by increased fluctuations and slight
enlargement of the selectivity filter. The histogram in Figure 2A, extracted from 20-ns long simula-
tions of the open and closed states, shows that following the opening of the intracellular gate the
selectivity filter adopts conformations that are up to 1 A wider in diameter. This slight widening of
the selectivity filter allows for a knock-on transition state in which two K ions accompanied by a
water molecule (as opposed to one K" and one water) occupy the S3 and S4 binding sites (state
identified by (*) in Figure 1B). The knock-on state is not strictly required for permeation and an alter-
native pathway, referred to as vacancy-diffusion, is also accessible (Figure 1B, dashed arrow). The
vacancy-diffusion pathway involves that ions occupying the selectivity filter move first, leaving a
vacant site that is filled by an incoming ion (Schumaker and MacKinnon, 1990; Bernéche and
Roux, 2001).

Interestingly, in a previous simulation work, permeation via both the knock-on and vacancy-diffu-
sion pathways was observed despite the fact that those calculations were performed using a struc-
ture of KcsA in which the intracellular gate is closed (Bernéche and Roux, 2001). In those
simulations, the fluctuations of the selectivity filter required for ion permeation were originating
from the intrinsic flexibility of the protein main chain, which was overestimated by CHARMM22, a
previous generation of the CHARMM force field (see section ‘Force field and ion permeation’ in
Materials and methods). For comparison, the distance distribution in the selectivity filter of the
closed state channel is also plotted for a simulation using the CHARMMZ22 force field (Figure 2A,
dashed line). The plot shows fluctuations similar to those observed in the open channel using the
current CHARMMS36 force field. This new generation of force field notably contains a correction
term for backbone dihedral angles developed on the basis of X-ray crystallographic data and quan-
tum mechanical calculations of the protein backbone conformational energy (Mackerell et al., 2004,
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Figure 2. Fluctuations around the selectivity filter. (A) The histogram shows the inter-subunit, adjacent (1) and
opposite (2), distances between the C,, atoms of residues 75 to 78. In the open state of the channel (two
independent simulations shown in blue and pink), the selectivity filter can reach conformations that are wider by
up to 1 A in comparison to the closed state (red and green lines). Simulations of the closed channel using the
CHARMM22 force field resulted in broader distance distributions (dashed lines) than those obtained with
CHARMM36 force field in both the closed and open states. (B) The inter-subunit distances between the center-of-
mass of the C,, atoms of the upper pore helix (residues 62 to 65) show little changes between the closed and open
states of the channel. By contrast, the distances increase by up to 1 A at the level of the lower pore helix (residues
70 to 73). The closed channel with the CHARMMZ22 force field also displays longer distances at the level of the
lower pore helix. Bottom and side views of the selectivity filter and the pore helix (PH) are shown with the upper
and lower pore helix segments colored in blue and red, respectively. K ions are shown in green. (C) The histogram
shows that the inter-subunit distances between the C,, atoms of the L40 residues, increase by about 1 A upon
opening of the intracellular gate. The CHARMM22 force field has no impact on the L40 distances in the closed
channel. For both the open and closed states, two independent 20-ns long simulations were analyzed. The
CHARMMZ22 simulation data were taken from Bernéche and Roux (2001).

DOI: https://doi.org/10.7554/eLife.25844.008

Best et al., 2012). The improved force field allows us to better understand how the fluctuations of
the selectivity filter are actually controlled by allosteric interactions involving the transmembrane and
pore helices.

Departing from the permeation mechanism described here where three ions, accompanied by
waters, permeate the selectivity filter, Képfer et al., 2014 suggested a hard knock-on mechanism in
which ion permeation arises from the entrance of a fourth ion, excluding at the same time water
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molecules from the selectivity filter. The discrepancy between the two proposed permeation mecha-
nisms is in part due to differences in the force field parameters defining the K*-carbonyl interaction,
which result in much stronger ion binding affinity to the selectivity filter in the study by Képfer et al.
(see section 'Force field and ion permeation’ in Materials and methods). However, it is important to
consider that, as shown here, the ion binding affinity is essentially determined by the functional state
of the selectivity filter. Simulations performed by Jensen et al. (2013) suggest that the activated
state of the channel, which has the lowest ion binding affinity, is not susceptible to the effect of ion
parameters. Their simulations of the Kv1.2/2.1 chimeric channel have shown that the ion force field
has little influence on the permeation mechanism since parameters that yield different magnitudes
of K"-carbonyl interaction still sustained similar mechanisms involving alternating ions and water mol-
ecules (Jensen et al., 2013). It remains unclear why permeation in the open KcsA channel appears
to be susceptible to the ion force field while permeation in the Kv1.2/2.1 chimera is not
(Jensen et al., 2013; Képfer et al., 2014).

The outer helix is involved in activation gating

As shown in Figure 2B, the widening of the selectivity filter is associated with movement of the pore
helix. Interestingly, only the lower part of the pore helix moves outward upon activation, while the
upper part of the pore helix remains mostly unchanged. The lower pore helix segment is in direct
contact with the outer transmembrane helix (TM1) at the level of residue L40 (Figure 3). The side
chain of this leucine is within van der Waals distance from the side chains of Ser69 and Val70 at the
bottom of the pore helix. The simulations reveal that the distances between the L40 alpha carbon
(C,) atoms of opposing subunits increases by about 1 A as the TM1s move outward upon opening
of the intracellular gate (Figure 2C). It is this outward movement of TM1 at the level of L40 that
gives the pore helix and the selectivity filter the required room to expand at the base and become
conductive. This mechanism predicts that reducing the volume of the residue at position 40 by muta-
tion to a smaller amino acid would similarly provide more space for the pore helix and selectivity fil-
ter to expand, and would make it easier for the filter to open and become conductive. Such a
mutation would thus favor permeation by reducing the coupling between channel activation and
selectivity filter opening. To test this hypothesis, we performed electrophysiological analysis of the
L40A KcsA channel mutant.

KcsA is a pH-dependent channel that activates upon binding of protons to at least two pH-sensor
residues, H25 and E118 (Figure 4A) (Thompson et al., 2008; Posson et al., 2013a). We performed
single channel recording in lipid bilayers to evaluate the effect of the L40A mutation on the pH-
dependent gating of KcsA. For these experiments, we employed a routinely-used KcsA variant
where inactivation was removed via the previously described E71A mutation (Cordero-
Morales et al., 2006; Thompson et al., 2008; Posson et al., 2013a). Figure 4B shows that the
L40A mutant is fully activated by protons, similar to the E71A control channel (open probability
increases from 0 to 1 upon pH change), and with a similar pH at half activation (pHps=5.2, see
Table 1). However, the mutant displayed a shallower proton dose response compared with the con-
trol channel, indicating a markedly decreased sensitivity to protons (Figure 4B), characterized by a
lower Hill coefficient (Hill coefficient is ~2 for L40A compared to ~4.5 for the control channel, see
Equation 1, Table 1). Importantly, the LAOA mutant channel opened at a much lower proton concen-
tration than the control channel (pH 6, Figure 4B-C) and displayed intermediate activity over a
range of proton concentrations, unlike the very steep H"-dependent activation displayed by the con-
trol channel (Figure 4C), suggestive of a channel whose opening is less strongly coupled to proton
binding.

In order to interpret the effects of the L4A0OA mutant on KcsA gating, we analyzed the pH-depen-
dence with a model we previously used to characterize the effects of mutations of channel residues
directly involved in proton-sensing (Posson et al., 2013a). The gating behavior displayed by L40A
was identical to that of H25R, a mutant designed to mimic constitutive protonation at histidine 25,
the KcsA proton sensor where proton binding is most strongly coupled to channel opening
(Figure 4B-C) (Posson et al., 2013a). First, the mutation of H25 to arginine removed the proton
binding sites at H25 that strongly and cooperatively contributed to the opening of the control chan-
nel, yielding a shallower dose-response for the mutant channel (Figure 4B). Second, the arginine
substitution mimicked histidine protonation, which dramatically increased the intrinsic gating equilib-
rium (L,) towards the open state (Equation 2, Table 1). Surprisingly, the L40A mutation displays a
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Figure 3. Contacts between the TM helices and the pore helix that can potentially transmit the activation signal.
(A) vdW interactions of the individual residues of the TM1 and TM2 helices with the pore helix. Residue Leu40
from TM1 forms the strongest interactions. Interactions involving Ser44 are also important, but this residue forms
an intra-helix H-bond with the backbone of Leu40 and thus was not mutated. The interaction of Leu40 with the
pore helix is along an axis directed toward the permeation pore, and can thus potentially impact on the pore size.
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thus were not further investigated. (B) Leu40 interacts with the bottom of the pore helix, mainly at the level of
residues Seré9, and Val70.
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proton dose-response that is as shallow as H25R (Figure 4B), suggesting that the potency of the
H25 sensor is diminished in this mutant by as much as removing the sensor altogether. In addition,
the L40A channel begins to open at lower proton doses in much the same way as H25R (Figure 4C).
We thus propose that the L40A mutation similarly favors channel opening both by increasing the
intrinsic gating (L,) compared to the E71A control and by altering the state-dependence of H25 pro-
tonation (see Materials and methods and Table 1). Both changes are necessary to fit the data and
constitute the most parsimonious model to fit the gating behavior of the L40A mutant. We propose
that these effects result from partial uncoupling of the bottom of the pore helix from the TM1 helix
and from the protonation state of H25. A residue at a position equivalent to KcsA L40 was previously
found to control permeation and open probability in another K channel, a Ca®*-activated K channel
(KCa3.1) that gates at the selectivity filter (Garneau et al., 2014), suggesting a common mechanism.

To verify the impact of the L40A mutation on K* permeation, we performed simulations of this
mutant using the closed conformation (pdb entry 1K4C), as well as the 3F7V structure in which the
main gate is open less widely than in 3F5W (Cuello et al., 2010b). For consistency with the electro-
physiology experiments described above, these simulations used the E71A inactivation-removed
mutant as control. The free energy calculations presented in Figure 5 combine data from indepen-
dent automated umbrella sampling simulations initiated in different ion occupancy states, as detailed
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helix TM1. (B) KcsA L40A open probability (Po) vs. pH from single channel recording (blue symbols) was fit to a
model for pH-dependent gating (Equation 1, blue line). Data are the mean from 4 or 5 bilayers + sem. Previously
reported dose response curves (Thompson et al., 2008) for the E71A control channel (dashed line), pH sensor
mutants H25R (red) and E118A (green) are provided for comparison (Table 1). (C) Representative single channel
traces at pH values 4 to 6 and 100 mV for the E71A (Control, left), E71A/L40A (center), and E71A/H25R (right)
channels, illustrating that the L40A mutant, similar to H25R, opens at lower [H*] (pH 6 and 5.5) compared to E71A
control. Traces were filtered offline (100 Hz) for display. The identity of the gates that open and close during the
single-channel recordings is unknown.
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Table 1. Summary of Hill and pH-gating model fits for the KcsA mutants indicated.

Intrinsic
Mutant* Hill fit pH sensor 1 (H25) pH sensor 2 (E118) gating
pH1/2 Ny pKa1cIosed PKa1°Pen pKazclosed pKazopen Lo
() (£) (£) () () (=) ()
E71A" control 53 4.4 4.8 7.6 5.0 6.2 2.5E-12
channel (0.01) 0.1 (N/A) (0.3E-12)
L40A 52 1.9 7.68 7.6 5.0 6.2 6.2E-4
(0.02) (0.2) (0.7E-4)
H25RT 53 1.9 - - 5.0 6.2 7E-4
(0.02) 0.2) (0.1) 0.1) (4E-4)
E118AT 55 45 4.8 7.6 - - 1.1E-8
(0.03) (2.8) (0.1E-8)
*All mutants on the background of E71A.
tData and fits from Refs. (Thompson et al., 2008) and (Posson et al., 2013a).
fNot applicable; no error given when the parameters were constrained (see Materials and methods).
§The data were fit by abolishing the H25 pK, state-dependence, similar to the H25R mutant.
DOI: https://doi.org/10.7554/eLife.25844.011
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Figure 5. Impact of the L40A mutation on ion permeation in the closed and partially activated channel. (A) The
PMF calculations show that when the intracellular gate is closed (pdb entry 1K4C), ion diffusion is impeded in the
control channel (E71A) with a free energy difference between the 3-ion (S0-52-S4) and the 2-ion (S1-S3-Cav and
$2-S4-Cav) states of about 11 kcal/mol, and free energy barriers of up to 9 kcal/mol between these states. The
L40A mutation stabilizes the 2-ion states by about é kcal/mol and reduces the free energy barriers to 4-5 kcal/mol.
(B) In the partially activated structure (pdb entry 3F7V), both constructs show reduced free energy barriers of 4
kcal/mol for the control and 2-3 kcal/mol for the L40A mutant. Each of the 4 PMFs shown here combines together
data from two independent automated umbrella-sampling simulations initiated in states S1-S3-Cav and S0-52-54,
respectively. Since the statistical error on the PMFs combined in this fashion might not be readily definable, we
only present the statistical errors associated with the underlying individual PMFs (Figure 5—figure supplement
1, 4 and 5). Despite this limitation, the combined PMFs shown here provide a convenient summary of the
underlying calculations presented separately in Figure 5—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.25844.012

The following figure supplements are available for figure 5:

Figure supplement 1. Forward and backward PMFs of the transition between the $1-53-Cav and S0-S2-54 ion
occupancy states in the control and L4A0A mutant channels for (A) the closed (1K4C) and (B) the partially activated
(3F7V) conformations.

DOI: https://doi.org/10.7554/eLife.25844.013

Figure supplement 2. Potential of mean force calculation describing ion permeation in the E71A mutant in the
fully open conformation (pdb entry 3F5W).

DOV https://doi.org/10.7554/eLife.25844.014

Figure supplement 3. lon permeation in the partially activated channel with the L40A mutation.

DOI: https://doi.org/10.7554/elife.25844.015

Figure supplement 4. Convergence of the potential of mean force calculations.

DOV https://doi.org/10.7554/¢Life.25844.016

Figure supplement 5. Standard deviation for the PMFs presented in Figure 5—figure supplement 1.

DOI: https://doi.org/10.7554/elife.25844.017
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in Figure 5—figure supplement 1. The PMFs of both Figure 5 and Figure 5—figure supplement 1
lead to the following observations. In the closed conformation (1K4C) of the control channel, the
state with 3 ions bound to the filter (S0-S2-S4) is overly stabilized in comparison to states with only 2
ions bound to the filter (51-S3-Cav and S2-S4-Cav), with a free energy difference of about 11 kcal/
mol. Free energy barriers of 6 to 10 kcal/mol are observed between the 2-ion and 3-ion states. The
E71A/L40A mutant brings about fluctuations that reduce the ion binding affinity and the relative sta-
bility of the 3-ion state. The 2-ion states are stabilized by about 6 kcal/mol, and are thus more acces-
sible. The free energy barriers along the permeation pathway are also reduced to 4-5 kcal/mol. In
the partially open conformation (3F7V), the control channel shows reduced free energy barriers of
about 4 kcal/mol. The L40A mutant further reduces the barriers by 1 to 2 kcal/mol, to 2-3 kcal/mol.
For comparison, a PMF describing ion permeation in the E71A mutant of the fully open channel
(3F5W) shows barriers of 3 kcal/mol (Figure 5—figure supplement 2).

A simulation of the E71A/L40A mutant in the partially activated state (3F7V) was performed with
an applied transmembrane voltage of 400 mV and an ion concentration of 800 mM KCI. The time-
series analysis in Figure 5—figure supplement 3 shows permeation events in which at most three
ions are bound to the selectivity filter with accompanying water molecules, in agreement with the
above PMFs and with previously proposed permeation models (Bernéche and Roux, 2001; Morais-
Cabral et al., 2001). These results support the idea that the L40A mutation facilitates the activation
of the channel by reducing the extent of the required conformational change and associated energy
to reach the maximal open probability.

Discussion

Our work on KcsA revealed a high ion binding affinity state of the selectivity filter that corresponds
to a resting (closed) state in which the filter is stabilized, non-conducting but primed for ion conduc-
tion, while the intracellular gate is closed. Upon activation, in addition to the large motion of the
inner TM2 helix that opens the intracellular gate, the reorientation of the outer TM1 helix releases
steric restraints at the selectivity filter allowing ion conduction (Figure 6A). This is in agreement with
the observation made by EPR experiments that the conducting state of the KcsA selectivity filter dis-
plays larger fluctuations than non-conducting states (Raghuraman et al., 2014). Such changes in the
structural dynamics of the selectivity filter through activation could also explain the sub-conductance
levels with altered selectivity detected by electrophysiology measurements in Shaker
(Chapman et al., 1997, Zheng and Sigworth, 1997, Chapman and VanDongen, 2005). Our work
shows how fluctuations at the selectivity filter have direct impact on its conductance and gating
properties, and could potentially be affected by other signaling factors, e.g. temperature and mem-
brane tension (Rodriguez et al., 1998; Clarke et al., 2010; Dong et al., 2015).

The central role played by the outer TM1 helix in KcsA activation potentially explains why residue
H25, found at the intra-cellular end of TM1, was identified as the strongest pH sensor (Posson et al.,
2013a). The corresponding helix in voltage-dependent channels is S5, which is directly connected to
the voltage-sensor through a linker (S4-S5 linker). This linker is believed to interact directly with the
S6 helix to open the channel at the intracellular ‘bundle crossing’. While S5 was generally thought to
play little role in activation gating, it is plausible that the voltage-sensor exerts force on S5 and by
doing so regulates the conductance of the selectivity filter through interactions with the pore helix,
without necessarily engaging the Sé helix via the S4-S5 linker (Lees-Miller et al., 2009; Garg et al.,
2013; Garneau et al., 2014). In support of this hypothesis, previous results by other groups showed
that voltage activation can occur without an S4-S5 linker (Lorinczi et al., 2015) and that the S4-S5
linker in a subset of voltage-dependent channels does not directly engage the Sé helix (e.g. EAG
channels (Whicher and MacKinnon, 2016)). This does not exclude that the inner TM helices may
form, in KesA and other channels (such as voltage-gated channels), a second steric barrier at the
intracellular end of the pore. This model also fits the behavior of Ca?*-activated K* channels, found
to ultimately open and close at the selectivity filter, although the gating is accompanied by a large
movement of the pore-lining inner helices not unlike that found in voltage-gated channels and KcsA,
albeit less obstructive at the intracellular entryway (Posson et al., 2015).

In conclusion, our work contributes a unified gating mechanism for all K* channels. We propose
that the selectivity filter can be found in at least three different states that determine the functional
states of the channel: a restrictive closed state, a dynamic and slightly expanded open state, and a
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Figure 6. The selectivity filter as the center of the activation mechanism. (A) The superposition of the open and closed channel illustrates how the
movement of the TM1 helices (arrow 1) allows for the displacement of the pore helix and slight expansion of the selectivity filter (arrow 2). (B) The
selectivity filter is found in three states (closed (resting), open, inactivated) that determine the functional state of the channel. The TM helices transmit to
the selectivity filter the activation signal coming from a ligand- or voltage-dependent domain. The crossing of the TM helices on the intra-cellular side

of the pore can form a steric barrier, but is not strictly essential to the function of K channels.
DOI: https://doi.org/10.7554/elife.25844.018

pinched inactivated state (Figure 6B). Transitions between these functional states are controlled by
the channel transmembrane domains that provide distant allosteric interactions between the selec-
tivity filter and disparate regulatory sites such as voltage sensor and ligand binding domains
(Panyi and Deutsch, 2006; Clarke et al., 2010; Cuello et al., 2010a; Wylie et al., 2014,
Posson et al., 2015). Thus, we propose that the universal gate in K™ channels is the selectivity filter,
whereas the pore-lining helices may undergo large motions that can lead to a secondary closure
point at the intracellular bundle-crossing for a subset of K* channels.

Materials and methods

Molecular simulation systems

The molecular membrane systems were built based on the X-ray structure of the KcsA channel in its
high-[K*] closed conformation (pdb entry 1K4C) (Zhou et al., 2001) and the open inactivated struc-
tures (pdb entries 3F7V and 3F5W) (Cuello et al., 2010a). Helical turns were added to the trans-
membrane helices of the two open structures so that these helices have the same length in all
constructs, each subunit containing residues 22 to 124. All residues were assigned their standard
protonation state at pH 7, except Glu71, which was protonated. The E71A and L40A mutations were
applied to the X-ray structures and a new system was built for each independent case. The systems
were assembled using the CHARMM-GUI web-service (Jo et al., 2008) following a protocol devel-
oped by Woolf and Roux (Woolf and Roux, 1994; Wu et al., 2014). The protein channel, with its
symmetry axis aligned along the Z-axis, was embedded in a lipid bilayer of about 130 dipalmitoyl-
phosphocholine (DPPC) molecules in the case of WT, or dioleoylphosphocholine (DOPC) for E71A
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constructs. The number of ions in the bulk was adjusted to reproduce an ionic concentration of
about 150 mM KCI and to obtain neutral systems, which typically yields a total of 19 cations and 31
anions. The resulting molecular systems each contained about 48,000 atoms.

All calculations were performed using the CHARMM software version c36 (Brooks et al., 2009).
The all-atom potential energy function CHARMMB36 (Best et al., 2012) was used for protein and
phospholipids, and water molecules were modeled using the TIP3P potential (Jorgensen et al.,
1983). The Lennard-Jones (NBFIX) parameters for the K*-carbonyl oxygen pair interactions were
refined so that the solvation free energy of potassium in liquid N-methylacetamide (NMA), a model
of the main chain of amino acids, is equal to that of potassium in water (Roux and Bernéche, 2002).
The solvation free energy of K* in liquid amide is not experimentally known, but by comparison with
data available for similar organic solvents one would suggest a value of about —2 kcal/mol in refer-
ence to solvation in water (Marcus et al., 1988). Given the uncertainty on this value and that it is
arguably small, it was decided in the context of the free energy calculations published in
Bernéche and Roux (2001) to set the K* solvation free energy in liquid amide and water equal. For
consistency with this previous work, we maintained the same parameters for the current study. Peri-
odic boundary conditions were applied and long-range electrostatic interactions were calculated
using the Particle Mesh Ewald algorithm (Essmann et al., 1995). The molecular systems were equili-
brated for about 400 ps with decreasing harmonic restraints applied to the protein atoms, the ions
and the water molecules localized in the P-loop and the filter. All trajectories were generated with a
timestep of 2 fs at constant normal pressure (1 Atm) controlled by an extended Lagrangian algo-
rithm (Feller et al., 1995) and constant temperature (323.25 K) using a Nose-Hoover thermostat
(Evans and Holian, 1985). In the simulations of the open E71A constructs, the conformation of the
intracellular gate was maintained by a harmonic root-mean-square-deviation (RMSD) restraints (force
constant of 10 kcal/moleA with an offset of 0.1 A) applied to residues 22 to 38 and 100 to 124. Tra-
jectories of 20 ns were produced for each system (some in two replicas), and were used for the dis-
tance analyses (Figure 2). For the simulation-illustrating ion permeation (Figure 5—figure
supplement 3), the E71A/L40A construct of the partially activated channel (pdb entry 3F7V) was
used with an increase of the ion concentration to 800 mM KCI and the application of a transmem-
brane voltage of 400 mV across the simulation box along the Z-axis.

Modeling the open activated selectivity filter

The computational method used to prepare the open state channel is designed to mimic ion-medi-
ated recovery from the inactivated selectivity filter state, as shown in Ostmeyer et al. (2013). Based
on the 3F7V and 3F5W open inactivated structures, the collapsed selectivity filter was remodeled in
the putative conducting conformation through equilibration runs of 400 ps in which water molecules
were removed from the P-loop, and K* ions were maintained in state 51-S3-Cav or S0-52-54 using
harmonic restraints of 10 kcal/moleA. To accelerate the transition from the collapsed to the conduc-
tive conformation, the NBFIX correction to the ion-carbonyl interactions was not applied for this first
phase of the equilibration, as in Ostmeyer et al. (2013). The systems were afterward further equili-
brated by running simulations using the NBFIX correction to the ion-carbonyl interactions and with-
out any restraint applied to the ions. The molecular systems obtained after 2 ns of simulations were
used as initial coordinates for the PMF calculations.

Potential of mean force calculations

The 2D potential of mean force (PMF) calculations were performed using the self-learning adaptive
umbrella sampling method (Wojtas-Niziurski et al., 2013). Starting from a single initial configura-
tion, this self-learning approach automatically constructs simulation windows following the valleys of
lower free energy. PMF calculations were initiated from the occupancy states S1-S3-Cav and S0-S2-
S4 as specified in the text. The upper free energy limit for the creation of new windows was set to
12 kcal/mol. The reaction coordinates were defined as the distance along the pore axis (which is
aligned with the Z axis) between an ion, or the center-of-mass of two ions, and the center of mass of
the selectivity filter backbone (residues 75 to 79). Independent simulations of 600 ps were per-
formed every 0.5 A along these reaction coordinates using a biasing harmonic potential with a force
constant of 20 kcal/moleA? and were unbiased using the weighted histogram analysis method
(WHAM) (Kumar et al., 1992) with a grid spacing of 0.1 A in both dimensions. The first 100 ps of

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 12 of 18


https://doi.org/10.7554/eLife.25844

LI FE Biophysics and Structural Biology

sampling is considered as equilibration and is not included in the final PMF calculation. For each
PMF, the reference free energy value is set to zero at the free energy minimum. The statistical error
on the PMF calculations is calculated by subdividing the sampling in slices of 100 ps (Figure 5—fig-
ure supplement 4). In a subsequent step, a free energy off-set is attributed to each interval PMF
according to a least-square fit to the final PMF considering only the grid points for which the free
energy is <6 kcal/mol. Using the PMFs of the last five intervals as an ensemble, the standard devia-
tion is calculated at every grid points (Figure 1—figure supplement 4 and Figure 5—figure supple-
ment 5).

The PMFs presented in Figure 5 were obtained from the combined sampling of two independent
automated umbrella-sampling simulations initiated in different ion occupancy states, respectively S1-
S3-Cav and S0-S2-S4. The approach is similar to that routinely applied for combining forward- and
backward-free energy perturbation simulations using the Bennett Acceptance Ratio (BAR) (Lu et al.,
2003).

Force field and ion permeation

At odds with the results presented here, PMF calculations presented in Bernéche and Roux (2001)
described diffusion limited ion permeation in the KcsA selectivity filter despite a closed intracellular
gate. These free energy simulations were performed based on the 3.2 A structure of the closed
KcsA channel (pdb entry 1BL8) (Doyle et al., 1998) using CHARMM22, an earlier generation of the
CHARMM force field (MacKerell et al., 1998). Since then, correction terms were added to the
@, ¥ backbone potential energy function in the CHARMM force field to better reproduce crystallo-
graphic data and quantum mechanic calculations (Mackerell et al., 2004). As documented by MacK-
erell and co-workers, these corrections, which are now included in the CHARMM36 force field
(Best et al., 2012), led to a decrease of the backbone RMS fluctuations across all tested proteins
(Mackerell et al., 2004). Thus, the CHARMM22 force field was biased toward higher backbone fluc-
tuations, which favored ion permeation in simulations of the closed KcsA channel as reflected by the
PMF calculations found in Bernéche and Roux (2001). The CHARMMS36 force field, on the other
hand, results in more limited fluctuations of the KcsA selectivity filter that are not sufficient to sustain
ion permeation in the closed channel. Repeating the PMF calculation on the 1BL8 structure using
the latest force field yielded essentially the same results as those obtained with the 1K4C structure,
and thus the differences between those structures are not critical (data not shown). The fluctuations
required for ion permeation are recovered when the intracellular gate of the channel opens. The
CHARMM22 force field allowed for a description of the ion permeation mechanism in the selectivity
filter of K* channels. The CHARMM36 force field allows us to go further and explain how ion perme-
ation is regulated.

Our findings differ from those of Képfer et al. (2014) who proposed a hard knock-on mechanism
in which the binding of 4 ions to the selectivity filter is required for permeation to take place in the
open KcsA channel, versus 3 ions intercalated with water molecules in our simulations. Although
Képfer and colleagues also have used the CHARMM36 force field, they have not, unlike us, applied
a NBFIX correction to the interaction between K* and backbone carbonyl oxygen atoms. This lead
to a stronger K*-carbonyl interaction in their CHARMM36 simulations compared to ours, with a dif-
ference in K* solvation-free energy in liquid amide of about 8 kcal/mol. For ion permeation to take
place, the ion binding affinity to the selectivity filter needs to be compensated by the ion-
ion electrostatic repulsion. Thus, in the systems of Koepfer et al. (2014)Képfer et al., 2014, the
intrinsically higher ion-binding affinity requires a higher number of bound ions to promote ion per-
meation, impeding at the same time the entrance of water molecules into the selectivity filter.

Protein purification and reconstitution

The L40A mutation was made in a construct of the non-inactivating (Cordero-Morales et al., 2006)
KcsA-E71A pQE60 by QuikChange mutagenesis (Agilent Technologies, Santa Clara, CA) and verified
with sequencing. KcsA protein was expressed and purified as described previously
(Heginbotham et al., 1999, Thompson et al., 2008; Posson et al., 2013a). Briefly, KcsA protein
expression was induced in BL21 (DE3, Invitrogen, Carlsbad, CA) E. coli cells at 37°C in Luria-Bertani
media with 500 uM IPTG. Cells were sonicated (Thermo Fisher Scientific, Waltham, MA) in a suspen-
sion (100 mM KCI, 50 mM Tris, pH 7.5) and KcsA was extracted with 25 mM n-decyl maltoside (DM,
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Anatrace, Maumee, OH) and then purified from the clarified, soluble fraction in 100 mM KCI, 20 mM
Tris, and 5 mM DM, pH 7.5 buffer using a Ni2+-affinity column (Novagen, Merck, Germany) and gel
filtration (Superdex 200, GE Healthcare, Chicago, IL).

KcsA was reconstituted into liposomes using protein to lipid ratios of 0.1-2.5 ug protein per mg
of lipid (3:1 POPE: POPG, Avanti Polar Lipids, Alabaster, AL). Detergent was removed from protein-
lipid mixtures using a gel filtration column (G50 fine, GE Healthcare) in buffer (400 mM KCI, 5 mM
NMG, 20 mM Tris, pH 7.5). Liposome aliquots were flash-frozen in liquid nitrogen and stored at
—-80°C.

Single-channel recording and analysis

KcsA L40A/E71A channels were recorded and analyzed as described previously (Thompson et al.,
2008; Posson et al., 2013a). Briefly, channel liposomes were fused to horizontal planar lipid bilayers
(3:1 POPE: POPG in decane) and single channel currents were obtained using 70 mM KCl, 30 mM
KOH, 10 mM MOPS, 10 mM succinate, and 10 mM Tris, pH adjusted using HCl to pH 7 for the cis
(extracellular side) and pH 4-6 for the trans (cytoplasmic side). Single channel recordings of the KcsA
L40A/E71A mutant established channel activity (conductance and open probability) similar to the
previously studied E71A control channel at pH 4. Rare channels where this was not the case were
excluded from the analysis. Subsequent perfusion of the cytoplasmic side to higher pH values was
used to determine the pH-dependent gating.

Bilayers were voltage-clamped using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA) and current recordings were filtered at 2 kHz using a 4-pole Bessel filter,
digitized at 25 kHz using a Digidata 1440A (Molecular Devices), and recorded in Clampex 10. Single
channel open probabilities (P,) were calculated using Clampfit 10 (Molecular Devices) and Po vs. pH
data were fit in Origin (OriginLab, Northampton, MA) with the Hill equation (Equation 1):

Py Py

= —= m ()]
L+ (D™ L4 (100H-pH2)yme

o

P is the maximal open probability, ECsj is the proton concentration of half-activation (also repre-
sented by pH,;), [H'] is the proton concentration (also represented by pH), and ny is the Hill
coefficient.

The P, vs. pH data were also fit to a two proton-binding sites MWC model (Equation 2)
(Posson et al., 2013a):

(H'] [H']

L, (] +Knpen)4 (1 +Kopen)4
e T N T N
4 4 4 4
L, (1 +K2f€n) (1 +Kggen) + (1 + K;llased) (1 + Kgéased) (2)

Lo (1 + 100K —PH)Y* (1 4 10WKE" ~pH) )
Ly (1+ 10K =P (1 KT PH)E (] 4 oK™ —pH)) (] 4 10K pH)yE

L, is the intrinsic gating equilibrium between open and closed in the absence of protons, [H*] is the
proton concentration (also represented by pH), K%' and K***¢ are the acid dissociation constants for
a proton sensor in the open and closed states, respectively (also represented by pK" and pK¢'osed).
Equation 2 contains two proton sensors that are labeled with subscripts 1 and 2. For the analysis of
L40A/E71A, independent adjustment of L, or pH-sensor pK, values were not sufficient to adequately
describe the data. Since the mutant dose response was very similar to that observed in the H25R
mutant (Posson et al., 2013a) (Figure 4), we assumed that L40A altered both Lo and pK<***?, Using
these two free parameters, the best fit resulted in an increased L, value and a loss of the H25 pH-
sensor because the pK<**d value climbed to a constrained maximum value equal to pK%". Subse-
quently constraining pK<**d resulted in a fit for L,, the single free parameter. Model parameters for
L40A and relevant pH-sensor mutants (Posson et al., 2013a) are summarized in Table 1.

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 14 of 18


https://doi.org/10.7554/eLife.25844

e LI FE Research article

Biophysics and Structural Biology

Acknowledgements

FTH and SB are grateful to Wojciech Kopec and Bert L de Groot for constructive exchanges on ion
parametrization and its impact on ion permeation. SB acknowledges support by the Swiss Founda-
tion for Excellence and Talent in Biomedical Research, the Swiss National Science Foundation (SNF
Professorship No PPOOP3_139205) and the FP 7 European Union Human Brain Project (grant No
604102). CMN acknowledges support from NIH grant RO1GM088352 and Irma T Hirschl trust. Calcu-
lations were performed at sciCORE (http://scicore.unibas.ch/) scientific computing core facility at
University of Basel and at the Swiss National Supercomputing Centre (CSCS) under project ID s421.

Additional information

Funding

Funder Grant reference number  Author

Swiss National Science Foun-  SNF Professorship No. Simon Bernéche

dation PPOOP3_139205

FP7 European Union Human Brain Project No. Simon Bernéche
604102

NIH Office of the Director RO1GM088352 Crina M Nimigean

Swiss Foundation for Excel- Simon Bernéche

lence and Talent in Biomedical

Research

Irma T Hirschl Trust Crina M Nimigean

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Florian T Heer, Software, Formal analysis, Validation, Investigation, Visualization, Methodology, Writ-
ing—original draft; David J Posson, Formal analysis, Validation, Investigation, Methodology, Writ-
ing—original draft, Writing—review and editing; Wojciech Wojtas-Niziurski, Software, Formal
analysis, Validation, Investigation, Visualization, Methodology; Crina M Nimigean, Conceptualization,
Resources, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Methodology,
Writing—original draft, Project administration, Writing—review and editing; Simon Bernéche, Con-
ceptualization, Resources, Formal analysis, Supervision, Funding acquisition, Investigation, Visualiza-
tion, Methodology, Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs

David J Posson (i http://orcid.org/0000-0002-6491-8238
Crina M Nimigean ) http://orcid.org/0000-0002-6254-4447
Simon Bernéche () https://orcid.org/0000-0002-6274-4094

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.25844.020
Author response https://doi.org/10.7554/elife.25844.021

Additional files

Supplementary files
« Transparent reporting form
DOV https://doi.org/10.7554/eLife.25844.019

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 15 of 18


http://scicore.unibas.ch/
http://orcid.org/0000-0002-6491-8238
http://orcid.org/0000-0002-6254-4447
https://orcid.org/0000-0002-6274-4094
https://doi.org/10.7554/eLife.25844.020
https://doi.org/10.7554/eLife.25844.021
https://doi.org/10.7554/eLife.25844.019
https://doi.org/10.7554/eLife.25844

e LI FE Research article

Biophysics and Structural Biology

References

Aquist J, Luzhkov V. 2000. lon permeation mechanism of the potassium channel. Nature 404:881-884.
DOI: https://doi.org/10.1038/35009114, PMID: 10786795

Bernéche S, Roux B. 2001. Energetics of ion conduction through the K+ channel. Nature 414:73-77.
DOI: https://doi.org/10.1038/35102067, PMID: 11689945

Best RB, Zhu X, Shim J, Lopes PE, Mittal J, Feig M, Mackerell AD. 2012. Optimization of the additive CHARMM
all-atom protein force field targeting improved sampling of the backbone ¢, y and side-chain x(1) and %(2)
dihedral angles. Journal of Chemical Theory and Computation 8:3257-3273. DOI: https://doi.org/10.1021/
ct300400x, PMID: 23341755

Brooks BR, Brooks CL, Mackerell AD, Nilsson L, Petrella RJ, Roux B, Won Y, Archontis G, Bartels C, Boresch S,
Caflisch A, Caves L, Cui Q, Dinner AR, Feig M, Fischer S, Gao J, Hodoscek M, Im W, Kuczera K, et al. 2009.
CHARMM: the biomolecular simulation program. Journal of Computational Chemistry 30:1545-1614.
DOI: https://doi.org/10.1002/jcc.21287, PMID: 19444816

Bruening-Wright A, Lee WS, Adelman JP, Maylie J. 2007. Evidence for a deep pore activation gate in small
conductance Ca2+-activated K+ channels. The Journal of General Physiology 130:601-610. DOI: https://doi.
org/10.1085/jgp.200709828, PMID: 17998394

Chakrapani S, Cordero-Morales JF, Jogini V, Pan AC, Cortes DM, Roux B, Perozo E. 2011. On the structural
basis of modal gating behavior in K(+) channels. Nature Structural & Molecular Biology 18:67-74. DOI: https://
doi.org/10.1038/nsmb.1968, PMID: 21186363

Chapman ML, VanDongen HM, VanDongen AM. 1997. Activation-dependent subconductance levels in the drk1
K channel suggest a subunit basis for ion permeation and gating. Biophysical Journal 72:708-719. DOI: https://
doi.org/10.1016/S0006-3495(97)78707-1, PMID: 9017198

Chapman ML, VanDongen AM. 2005. K channel subconductance levels result from heteromeric pore
conformations. The Journal of General Physiology 126:87-103. DOI: https://doi.org/10.1085/jgp.200509253,
PMID: 16043772

Clarke OB, Caputo AT, Hill AP, Vandenberg JI, Smith BJ, Gulbis JM. 2010. Domain reorientation and rotation of
an intracellular assembly regulate conduction in Kir potassium channels. Cell 141:1018-1029. DOI: https://doi.
org/10.1016/j.cell.2010.05.003, PMID: 20564790

Contreras JE, Holmgren M. 2006. Access of quaternary ammonium blockers to the internal pore of cyclic
nucleotide-gated channels: implications for the location of the gate. The Journal of General Physiology 127:
481-494. DOI: https://doi.org/10.1085/jgp.200509440, PMID: 16606688

Contreras JE, Srikumar D, Holmgren M. 2008. Gating at the selectivity filter in cyclic nucleotide-gated channels.
PNAS 105:3310-3314. DOI: https://doi.org/10.1073/pnas.0709809105, PMID: 18287006

Cordero-Morales JF, Cuello LG, Zhao Y, Jogini V, Cortes DM, Roux B, Perozo E. 2006. Molecular determinants
of gating at the potassium-channel selectivity filter. Nature Structural & Molecular Biology 13:311-318.
DOI: https://doi.org/10.1038/nsmb 1069, PMID: 16532009

Cuello LG, Jogini V, Cortes DM, Pan AC, Gagnon DG, Dalmas O, Cordero-Morales JF, Chakrapani S, Roux B,
Perozo E. 2010a. Structural basis for the coupling between activation and inactivation gates in K(+) channels.
Nature 466:272-275. DOI: https://doi.org/10.1038/nature09136, PMID: 20613845

Cuello LG, Jogini V, Cortes DM, Perozo E. 2010b. Structural mechanism of C-type inactivation in K+ channels.
Nature 466:203-208. DOI: https://doi.org/10.1038/nature09153

Dong YY, Pike ACW, Mackenzie A, McClenaghan C, Aryal P, Dong L, Quigley A, Grieben M, Goubin S,
Mukhopadhyay S, Ruda GF, Clausen MV, Cao L, Brennan PE, Burgess-Brown NA, Sansom MSP, Tucker SJ,
Carpenter EP. 2015. K2P channel gating mechanisms revealed by structures of TREK-2 and a complex with
Prozac. Science 347:1256-1259. DOI: https://doi.org/10.1126/science. 1261512

Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, MacKinnon R. 1998. The
structure of the potassium channel: molecular basis of K+ conduction and selectivity. Science 280:69-77.
DOI: https://doi.org/10.1126/science.280.5360.69, PMID: 9525859

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. 1995. A smooth particle mesh Ewald
method. The Journal of Chemical Physics 103:8577-8593. DOI: https://doi.org/10.1063/1.470117

Evans DJ, Holian BL. 1985. The Nose-Hoover thermostat. The Journal of Chemical Physics 83:4069-4074.
DOI: https://doi.org/10.1063/1.449071

Feller SE, Zhang Y, Pastor RW, Brooks BR. 1995. Constant pressure molecular dynamics simulation: The Langevin
piston method. The Journal of Chemical Physics 103:4613-4621. DOI: https://doi.org/10.1063/1.470648

Flynn GE, Zagotta WN. 2001. Conformational changes in Sé coupled to the opening of cyclic nucleotide-gated
channels. Neuron 30:689-698. DOI: https://doi.org/10.1016/50896-6273(01)00324-5, PMID: 11430803

Furini S, Domene C. 2009. Atypical mechanism of conduction in potassium channels. PNAS 106:16074-16077.
DOI: https://doi.org/10.1073/pnas.0903226106, PMID: 19805261

Garg P, Gardner A, Garg V, Sanguinetti MC. 2013. Structural basis of ion permeation gating in Slo2.1 K+
channels. The Journal of General Physiology 142:523-542. DOI: https://doi.org/10.1085/jgp.201311064,
PMID: 24166878

Garneau L, Klein H, Lavoie MF, Brochiero E, Parent L, Sauvé R. 2014. Aromatic-aromatic interactions between
residues in KCa3.1 pore helix and S5 transmembrane segment control the channel gating process. The Journal
of General Physiology 143:289-307. DOI: https://doi.org/10.1085/jgp.201311097, PMID: 24470490

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 16 of 18


https://doi.org/10.1038/35009114
http://www.ncbi.nlm.nih.gov/pubmed/10786795
https://doi.org/10.1038/35102067
http://www.ncbi.nlm.nih.gov/pubmed/11689945
https://doi.org/10.1021/ct300400x
https://doi.org/10.1021/ct300400x
http://www.ncbi.nlm.nih.gov/pubmed/23341755
https://doi.org/10.1002/jcc.21287
http://www.ncbi.nlm.nih.gov/pubmed/19444816
https://doi.org/10.1085/jgp.200709828
https://doi.org/10.1085/jgp.200709828
http://www.ncbi.nlm.nih.gov/pubmed/17998394
https://doi.org/10.1038/nsmb.1968
https://doi.org/10.1038/nsmb.1968
http://www.ncbi.nlm.nih.gov/pubmed/21186363
https://doi.org/10.1016/S0006-3495(97)78707-1
https://doi.org/10.1016/S0006-3495(97)78707-1
http://www.ncbi.nlm.nih.gov/pubmed/9017198
https://doi.org/10.1085/jgp.200509253
http://www.ncbi.nlm.nih.gov/pubmed/16043772
https://doi.org/10.1016/j.cell.2010.05.003
https://doi.org/10.1016/j.cell.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20564790
https://doi.org/10.1085/jgp.200509440
http://www.ncbi.nlm.nih.gov/pubmed/16606688
https://doi.org/10.1073/pnas.0709809105
http://www.ncbi.nlm.nih.gov/pubmed/18287006
https://doi.org/10.1038/nsmb1069
http://www.ncbi.nlm.nih.gov/pubmed/16532009
https://doi.org/10.1038/nature09136
http://www.ncbi.nlm.nih.gov/pubmed/20613845
https://doi.org/10.1038/nature09153
https://doi.org/10.1126/science.1261512
https://doi.org/10.1126/science.280.5360.69
http://www.ncbi.nlm.nih.gov/pubmed/9525859
https://doi.org/10.1063/1.470117
https://doi.org/10.1063/1.449071
https://doi.org/10.1063/1.470648
https://doi.org/10.1016/S0896-6273(01)00324-5
http://www.ncbi.nlm.nih.gov/pubmed/11430803
https://doi.org/10.1073/pnas.0903226106
http://www.ncbi.nlm.nih.gov/pubmed/19805261
https://doi.org/10.1085/jgp.201311064
http://www.ncbi.nlm.nih.gov/pubmed/24166878
https://doi.org/10.1085/jgp.201311097
http://www.ncbi.nlm.nih.gov/pubmed/24470490
https://doi.org/10.7554/eLife.25844

e LI FE Research article

Biophysics and Structural Biology

Heginbotham L, LeMasurier M, Kolmakova-Partensky L, Miller C. 1999. Single streptomyces lividans K(+)
channels: functional asymmetries and sidedness of proton activation. The Journal of General Physiology 114:
551-560. DOI: https://doi.org/10.1085/jgp.114.4.551, PMID: 10498673

Jensen M@, Jogini V, Eastwood MP, Shaw DE. 2013. Atomic-level simulation of current-voltage relationships in
single-file ion channels. The Journal of General Physiology 141:619-632. DOI: https://doi.org/10.1085/jgp.
201210820, PMID: 23589581

Jo S, Kim T, lyer VG, Im W. 2008. CHARMM-GUI: a web-based graphical user interface for CHARMM. Journal of
Computational Chemistry 29:1859-1865. DOI: https://doi.org/10.1002/jcc.20945, PMID: 18351591

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. 1983. Comparison of simple potential
functions for simulating liquid water. The Journal of Chemical Physics 79:926-935. DOI: https://doi.org/10.
1063/1.445869

Klein H, Garneau L, Banderali U, Simoes M, Parent L, Sauvé R. 2007. Structural determinants of the closed KCa3.
1 channel pore in relation to channel gating: results from a substituted cysteine accessibility analysis. The
Journal of General Physiology 129:299-315. DOI: https://doi.org/10.1085/jgp.200609726, PMID: 17353352

Kumar S, Rosenberg JM, Bouzida D, Swendsen RH, Kollman PA. 1992. The weighted histogram analysis method
for free-energy calculations on biomolecules. I. The method. Journal of Computational Chemistry 13:1011-
1021. DOI: https://doi.org/10.1002/jcc.540130812

Koépfer DA, Song C, Gruene T, Sheldrick GM, Zachariae U, de Groot BL. 2014. lon permeation in K* channels
occurs by direct coulomb knock-on. Science 346:352-355. DOI: https://doi.org/10.1126/science. 1254840,
PMID: 25324389

Lees-Miller JP, Subbotina JO, Guo J, Yarov-Yarovoy V, Noskov SY, Duff HJ. 2009. Interactions of H562 in the S5
helix with T618 and S621 in the pore helix are important determinants of hERG1 potassium channel structure
and function. Biophysical Journal 96:3600-3610. DOI: https://doi.org/10.1016/j.bpj.2009.01.028, PMID: 19413
965

Lu N, Singh JK, Kofke DA. 2003. Appropriate methods to combine forward and reverse free-energy perturbation
averages. The Journal of Chemical Physics 118:2977-2984. DOI: https://doi.org/10.1063/1.1537241

Lérinczi E, Gémez-Posada JC, de la Pefia P, Tomczak AP, Fernandez-Trillo J, Leipscher U, Stiilhmer W, Barros F,
Pardo LA. 2015. Voltage-dependent gating of KCNH potassium channels lacking a covalent link between
voltage-sensing and pore domains. Nature Communications 6:6672. DOI: https://doi.org/10.1038/
ncomms?7672, PMID: 25818916

MacKerell AD, Bashford D, Bellott M, Dunbrack RL, Evanseck JD, Field MJ, Fischer S, Gao J, Guo H, Ha S,
Joseph-McCarthy D, Kuchnir L, Kuczera K, Lau FT, Mattos C, Michnick S, Ngo T, Nguyen DT, Prodhom B,
Reiher WE, et al. 1998. All-atom empirical potential for molecular modeling and dynamics studies of proteins.
The Journal of Physical Chemistry B 102:3586-3616. DOI: https://doi.org/10.1021/jp973084f, PMID: 24889800

Mackerell AD, Feig M, Brooks CL. 2004. Extending the treatment of backbone energetics in protein force fields:
limitations of gas-phase quantum mechanics in reproducing protein conformational distributions in molecular
dynamics simulations. Journal of Computational Chemistry 25:1400-1415. DOI: https://doi.org/10.1002/jcc.
20065, PMID: 15185334

Marcus Y, Kamlet MJ, Taft RW. 1988. Linear solvation energy relationships: standard molar Gibbs free energies
and enthalpies of transfer of ions from water into nonaqueous solvents. The Journal of Physical Chemistry 92:
3613-3622. DOI: https://doi.org/10.1021/j100323a057

Morais-Cabral JH, Zhou Y, MacKinnon R. 2001. Energetic optimization of ion conduction rate by the K+
selectivity filter. Nature 414:37-42. DOI: https://doi.org/10.1038/35102000, PMID: 11689935

Ostmeyer J, Chakrapani S, Pan AC, Perozo E, Roux B. 2013. Recovery from slow inactivation in K+ channels is
controlled by water molecules. Nature 501:121-124. DOI: https://doi.org/10.1038/nature12395

Panyi G, Deutsch C. 2006. Cross talk between activation and slow inactivation gates of shaker potassium
channels. The Journal of General Physiology 128:547-559. DOI: https://doi.org/10.1085/jgp.200609644,
PMID: 17043151

Phillips LR, Nichols CG. 2003. Ligand-induced closure of inward rectifier Kir6.2 channels traps spermine in the
pore. The Journal of General Physiology 122:795-805. DOI: https://doi.org/10.1085/jgp.200308953,

PMID: 14638936

Posson DJ, Thompson AN, McCoy JG, Nimigean CM. 2013a. Molecular interactions involved in proton-
dependent gating in KcsA potassium channels. The Journal of General Physiology 142:613-624. DOI: https://
doi.org/10.1085/jgp.201311057, PMID: 24218397

Posson DJ, McCoy JG, Nimigean CM. 2013b. The voltage-dependent gate in MthK potassium channels is
located at the selectivity filter. Nature Structural & Molecular Biology 20:159-166. DOI: https://doi.org/10.
1038/nsmb.2473, PMID: 23262489

Posson DJ, Rusinova R, Andersen OS, Nimigean CM. 2015. Calcium ions open a selectivity filter gate during
activation of the MthK potassium channel. Nature Communications 6:8342. DOI: https://doi.org/10.1038/
ncomms9342, PMID: 26395539

Proks P, Antcliff JF, Ashcroft FM. 2003. The ligand-sensitive gate of a potassium channel lies close to the
selectivity filter. EMBO reports 4:70-75. DOI: https://doi.org/10.1038/sj.embor.embor708, PMID: 12524524

Raghuraman H, Islam SM, Mukherjee S, Roux B, Perozo E. 2014. Dynamics transitions at the outer vestibule of
the KcsA potassium channel during gating. PNAS 111:1831-1836. DOI: https://doi.org/10.1073/pnas.
1314875111, PMID: 24429344

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 17 of 18


https://doi.org/10.1085/jgp.114.4.551
http://www.ncbi.nlm.nih.gov/pubmed/10498673
https://doi.org/10.1085/jgp.201210820
https://doi.org/10.1085/jgp.201210820
http://www.ncbi.nlm.nih.gov/pubmed/23589581
https://doi.org/10.1002/jcc.20945
http://www.ncbi.nlm.nih.gov/pubmed/18351591
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1085/jgp.200609726
http://www.ncbi.nlm.nih.gov/pubmed/17353352
https://doi.org/10.1002/jcc.540130812
https://doi.org/10.1126/science.1254840
http://www.ncbi.nlm.nih.gov/pubmed/25324389
https://doi.org/10.1016/j.bpj.2009.01.028
http://www.ncbi.nlm.nih.gov/pubmed/19413965
http://www.ncbi.nlm.nih.gov/pubmed/19413965
https://doi.org/10.1063/1.1537241
https://doi.org/10.1038/ncomms7672
https://doi.org/10.1038/ncomms7672
http://www.ncbi.nlm.nih.gov/pubmed/25818916
https://doi.org/10.1021/jp973084f
http://www.ncbi.nlm.nih.gov/pubmed/24889800
https://doi.org/10.1002/jcc.20065
https://doi.org/10.1002/jcc.20065
http://www.ncbi.nlm.nih.gov/pubmed/15185334
https://doi.org/10.1021/j100323a057
https://doi.org/10.1038/35102000
http://www.ncbi.nlm.nih.gov/pubmed/11689935
https://doi.org/10.1038/nature12395
https://doi.org/10.1085/jgp.200609644
http://www.ncbi.nlm.nih.gov/pubmed/17043151
https://doi.org/10.1085/jgp.200308953
http://www.ncbi.nlm.nih.gov/pubmed/14638936
https://doi.org/10.1085/jgp.201311057
https://doi.org/10.1085/jgp.201311057
http://www.ncbi.nlm.nih.gov/pubmed/24218397
https://doi.org/10.1038/nsmb.2473
https://doi.org/10.1038/nsmb.2473
http://www.ncbi.nlm.nih.gov/pubmed/23262489
https://doi.org/10.1038/ncomms9342
https://doi.org/10.1038/ncomms9342
http://www.ncbi.nlm.nih.gov/pubmed/26395539
https://doi.org/10.1038/sj.embor.embor708
http://www.ncbi.nlm.nih.gov/pubmed/12524524
https://doi.org/10.1073/pnas.1314875111
https://doi.org/10.1073/pnas.1314875111
http://www.ncbi.nlm.nih.gov/pubmed/24429344
https://doi.org/10.7554/eLife.25844

e LI FE Research article

Biophysics and Structural Biology

Rapedius M, Schmidt MR, Sharma C, Stansfeld PJ, Sansom MS, Baukrowitz T, Tucker SJ. 2012. State-
independent intracellular access of quaternary ammonium blockers to the pore of TREK-1. Channels 6:473-478.
DOI: https://doi.org/10.4161/chan.22153, PMID: 22991046

Rodriguez BM, Sigg D, Bezanilla F. 1998. Voltage gating of Shaker K+ channels. The effect of temperature on
ionic and gating currents. The Journal of General Physiology 112:223-242. PMID: 9689029

Roux B, Bernéche S. 2002. On the potential functions used in molecular dynamics simulations of ion channels.
Biophysical Journal 82:1681-1684. DOI: https://doi.org/10.1016/S0006-3495(02)75520-3, PMID: 11898796

Schumaker MF, MacKinnon R. 1990. A simple model for multi-ion permeation. Single-vacancy conduction in a
simple pore model. Biophysical Journal 58:975-984. DOI: https://doi.org/10.1016/S0006-3495(90)82442-5,
PMID: 1701102

Thompson AN, Posson DJ, Parsa PV, Nimigean CM. 2008. Molecular mechanism of pH sensing in KcsA
potassium channels. PNAS 105:6900-6905. DOI: https://doi.org/10.1073/pnas.0800873105, PMID: 18443286

Uysal S, Cuello LG, Cortes DM, Koide S, Kossiakoff AA, Perozo E. 2011. Mechanism of activation gating in the
full-length KesA K+ channel. PNAS 108:11896-11899. DOI: https://doi.org/10.1073/pnas.1105112108,

PMID: 21730186

Whicher JR, MacKinnon R. 2016. Structure of the voltage-gated K™ channel Eag1 reveals an alternative voltage
sensing mechanism. Science 353:664-669. DOI: https://doi.org/10.1126/science.aaf8070, PMID: 27516594

Wilkens CM, Aldrich RW. 2006. State-independent block of BK channels by an intracellular quaternary
ammonium. The Journal of General Physiology 128:347-364. DOI: https://doi.org/10.1085/jgp.200609579,
PMID: 16940557

Wojtas-Niziurski W, Meng Y, Roux B, Bernéche S. 2013. Self-learning adaptive umbrella sampling method for
the determination of free energy landscapes in multiple dimensions. Journal of Chemical Theory and
Computation 9:1885-1895. DOI: https://doi.org/10.1021/ct300978b, PMID: 23814508

Woolf TB, Roux B. 1994. Molecular dynamics simulation of the gramicidin channel in a phospholipid bilayer.
PNAS 91:11631-11635. DOI: https://doi.org/10.1073/pnas.91.24.11631, PMID: 7526400

Wu EL, Cheng X, Jo S, Rui H, Song KC, Davila-Contreras EM, Qi Y, Lee J, Monje-Galvan V, Venable RM, Klauda
JB, Im W, Wu EL, Song KC. 2014. CHARMM-gui membrane builder toward realistic biological membrane
simulations. Journal of Computational Chemistry 35:1997-2004. DOI: https://doi.org/10.1002/jcc.23702,
PMID: 25130509

Wylie BJ, Bhate MP, McDermott AE. 2014. Transmembrane allosteric coupling of the gates in a potassium
channel. PNAS 111:185-190. DOI: https://doi.org/10.1073/pnas.1319577110

Yellen G. 1998. The moving parts of voltage-gated ion channels. Quarterly Reviews of Biophysics 31:239-295.
DOI: https://doi.org/10.1017/5S0033583598003448, PMID: 10384687

Zheng J, Sigworth FJ. 1997. Selectivity changes during activation of mutant Shaker potassium channels. The
Journal of General Physiology 110:101-117. DOI: https://doi.org/10.1085/jgp.110.2.101, PMID: 9236204

Zhou Y, Morais-Cabral JH, Kaufman A, MacKinnon R. 2001. Chemistry of ion coordination and hydration revealed
by a K+ channel-Fab complex at 2.0 A resolution. Nature 414:43-48. DOI: https://doi.org/10.1038/35102009,
PMID: 11689936

Zhou Y, Xia XM, Lingle CJ. 2011. Cysteine scanning and modification reveal major differences between BK
channels and Kv channels in the inner pore region. PNAS 108:12161-12166. DOI: https://doi.org/10.1073/
pnas.1104150108, PMID: 21730134

Heer et al. eLife 2017;6:e25844. DOI: https://doi.org/10.7554/eLife.25844 18 of 18


https://doi.org/10.4161/chan.22153
http://www.ncbi.nlm.nih.gov/pubmed/22991046
http://www.ncbi.nlm.nih.gov/pubmed/9689029
https://doi.org/10.1016/S0006-3495(02)75520-3
http://www.ncbi.nlm.nih.gov/pubmed/11898796
https://doi.org/10.1016/S0006-3495(90)82442-5
http://www.ncbi.nlm.nih.gov/pubmed/1701102
https://doi.org/10.1073/pnas.0800873105
http://www.ncbi.nlm.nih.gov/pubmed/18443286
https://doi.org/10.1073/pnas.1105112108
http://www.ncbi.nlm.nih.gov/pubmed/21730186
https://doi.org/10.1126/science.aaf8070
http://www.ncbi.nlm.nih.gov/pubmed/27516594
https://doi.org/10.1085/jgp.200609579
http://www.ncbi.nlm.nih.gov/pubmed/16940557
https://doi.org/10.1021/ct300978b
http://www.ncbi.nlm.nih.gov/pubmed/23814508
https://doi.org/10.1073/pnas.91.24.11631
http://www.ncbi.nlm.nih.gov/pubmed/7526400
https://doi.org/10.1002/jcc.23702
http://www.ncbi.nlm.nih.gov/pubmed/25130509
https://doi.org/10.1073/pnas.1319577110
https://doi.org/10.1017/S0033583598003448
http://www.ncbi.nlm.nih.gov/pubmed/10384687
https://doi.org/10.1085/jgp.110.2.101
http://www.ncbi.nlm.nih.gov/pubmed/9236204
https://doi.org/10.1038/35102009
http://www.ncbi.nlm.nih.gov/pubmed/11689936
https://doi.org/10.1073/pnas.1104150108
https://doi.org/10.1073/pnas.1104150108
http://www.ncbi.nlm.nih.gov/pubmed/21730134
https://doi.org/10.7554/eLife.25844

