ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Critical Assessment of Common Force Fields for Molecular Dynamics Simulations of Potassium Channels

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Furini, S., Domene, C. (2020). Critical Assessment of Common Force Fields for Molecular Dynamics

Simulations of Potassium Channels. JOURNAL OF CHEMICAL THEORY AND COMPUTATION, 16(11), 7148-
7159 [10.1021/acs.jctc.0c00331].

Availability:
This version is available at: https://hdl.handle.net/11585/892203 since: 2025-01-23
Published:

DOI: http://doi.org/10.1021/acs.jctc.0c00331

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

24 June 2026


http://doi.org/10.1021/acs.jctc.0c00331
https://hdl.handle.net/11585/892203

Journal of Chemical Theory and Computation

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not

copy or disclose without written permission. If you have received this item in error, notify the sender and
delete all copies.

Critical assessment of common force fields for Molecular
Dynamics simulations of potassium channels

Journal: | Journal of Chemical Theory and Computation

Manuscript ID | ct-2020-00331p.R2

Manuscript Type: | Article

Date Submitted by the

Author: n/a

Complete List of Authors: | Furini, Simone; Universita degli Studi di Siena, Department of Medical
Surgery and Bioengineering
Domene, Carmen; University of Bath, Chemistry

o

y || Moo=
ah_ AL

RONE™
Manuscripts

ACS Paragon Plus Environment



Page 1 of 34 Journal of Chemical Theory and Computation

Critical assessment of common force fields for Molecular

Dynamics simulations of potassium channels

oNOYTULT D WN =

12 Simone Furini>* and Carmen Domene?3

'Department of Medical Biotechnologies, University of Siena, Siena, Italy
2Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom
17 3Chemistry Research Laboratory, Mansfield Road, University of Oxford, Oxford OX1 3TA, United Kingdom

41 *Corresponding author:

42 Department of Medical Biotechnologies
43 University of Siena

44 Viale Mario Bracci, 16

4> 53100 Siena, ITALY

Phone: +39 0577585297

48 Email: simone.furini@unisi.it

ACS Paragon Plus Environment


mailto:simone.furini@unisi.it

oNOYTULT D WN =

Journal of Chemical Theory and Computation Page 2 of 34

Abstract

For the last two decades, the KcsA K*-channel has served as case-study to understand how potassium
channels operate at the atomic scale, and Molecular Dynamics simulations have contributed
significantly to the current knowledge of the atomic mechanisms of conduction, inactivation, and
gating in this family of membrane proteins. Currently, microsecond trajectories are becoming the new
standard in the field, and consequently, it is critical to assess and compare the performance of the
classical force fields ordinarily used in simulations of biological systems, as well as quantitatively
assess the agreement with experimental data for trajectories of this order of magnitude. To that extend,
we performed classical Molecular Dynamics simulations with the CHARMM?36 and AMBER-{f14sb
force fields using atomic models based on the experimental structure of the KcsA channel in the
open/conductive state, at conditions of ionic concentrations and membrane potentials resembling the
ones adopted in experiments. In simulations using the CHARMM force field, the experimental
open/conductive structure of the channel exhibited high conformational plasticity and a fast collapse
towards an occluded state. In contrast, in an identical set of simulations using the AMBER force field,
no major deviations from the experimental structure were recorded. Force field development is a
complex process in which many approximations are typically required and adopted. The results
presented here provide additional motivation to further improve the existing models, and crucially,

alert practitioners about limitations.
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Introduction

The first quantitative description of ion currents across cell membranes dates back to the 1950’s and
to the pioneering work that culminated in the Hodgkin and Huxley model of action potential in
excitable cells, which is still one of the greatest successes in the field of mathematical modelling of
biological systems !. In the Hodgkin and Huxley model, Na* and K* membrane currents are described
considering three functional properties: selectivity, gating, and inactivation. Currently, owing to the
availability of high-resolution experimental structures of the proteins responsible for cell membrane
currents — the ion channels — it is possible to investigate selectivity, gating, and inactivation at atomic
scale using Molecular Dynamics (MD) simulations. MD simulations complement the knowledge
gained from experimental structures providing dynamical information, and consequently, they have
played a major role in ion channel research. In addition, the timescale accessible by MD simulations
has rapidly increased in recent years, and consequently, some functional properties of ion channels,
like the conductance, can now be estimated directly from MD trajectories. Under these circumstances,
ion channels are once again at the frontiers in the field of mathematical modelling of biological
systems, being one of the first and few cases where a direct link between atomistic simulations and
macroscopic functional properties is possible. Likewise, we are in a unique position to test the
accuracy of the simulation protocols and the energy functional forms, the force fields, traditionally
used in MD simulations of biological systems. Force fields were originally developed in the eighties
by direct comparison with experimental data or quantities obtained from relatively simple quantum
calculations to current standards, and as more computational resources are becoming available, it has
also become apparent that there is ample room for improvement.

The KcsA potassium channel is an ideal system to test how accurately MD simulations can reproduce
the functional properties of ion channels. KcsA was the first K* selective ion channel to be resolved
crystallographically in 1998 2. The pore of the channel is composed of four identical subunits,
symmetrically arranged around the permeation axis. The selectivity filter, which is responsible for
efficient and selective conduction of potassium ions, is in the P-loop region, at the extracellular
entrance of the pore. This region includes five consecutive binding sites for potassium ions that are
known as SO to S4 starting from the extracellular side of the pore. At these binding sites, ions are
coordinated by one (S0) or two rings (S1 to S4) of oxygen atoms contributed by residues
T75V76G77Y 78G9 (Figure 1). It is well established that the ion current across KcsA is regulated by
two mechanisms: opening/closing of the intracellular gate in response to changes in pH, and a
decrease in the open probability of the channel over time at sustained pH values 3. The inactivation
process of KcsA is due to structural changes in the selectivity filter region, sharing many

characteristics with C-type inactivation of eukaryotic channels . In this respect, as the structure of
3
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the selectivity filter is conserved among potassium channels, KcsA is considered a prototype for
studying selective conduction and C-type inactivation in this family of membrane proteins 4.

Over the years, thanks to numerous MD simulation studies of KcsA and other K* channels, two
alternative mechanisms for conduction of potassium ions have been proposed, considering or not
water molecules involved in conduction events 813, These two mechanisms will be referred as KWK
and KK in what follows. The KWK mechanism was the first one to be proposed on the base of
experimental data ¢, free-energy perturbation calculations 8, and free-energy profiles estimated from
atomistic simulations '!. Subsequently, an alternative mechanism, denoted KK, was proposed, also
on the basis of free-energy calculations 4. Both conduction mechanisms share similar free energy
landscapes, with local free-energy minima separated by low free-energy barriers. The main difference
between these models of conduction resides in the presence or absence of vacancies or water
molecules between ions in the selectivity filter, and whether or not ions bind at adjacent sites. The
proposal of the KK mechanism from MD simulations led to reanalyse the electron densities from
crystallographic experiments, which contrary to what was originally proposed on the basis of
experimental data alone ', confirmed the possibility that potassium ions occupy consecutive binding
sites in the selectivity filter 1. Despite conspicuous research efforts from both the computational and
experimental communities, more than 20 years after the release of the first atomic structure of a K*
channel, the microscopic features of conduction and selectivity are still a matter of intense debate !’
18 In this scenario, MD simulation is a paramount method to investigate at atomic detail key features
of conduction, selectivity, and gating, especially considering that simulations in the microsecond
timescale are becoming routinely accessible. Crucially, results of MD simulations critically depend
on the force field and simulation protocols adopted, and at present, quantitative agreement between

microsecond trajectories and experimental observations needs to be verified.

In this study, MD simulations were performed using two atomic models of KcsA in the
open/conductive state. One model, denoted KcsA-E71A, was based on the experimental structure of
a KcsA mutant with glutamate at position 71 substituted by alanine !°. The second model, denoted
KcsA-WT, was identical to KcsA-E71A but with residue at position 71 modelled as glutamate, like
in the wild-type channel. In the wild-type KcsA, opening of the lower gate causes the collapse of the
selectivity filter, and this collapsed structure has been associated with the C-type inactivated state of
the channel 5. Experimental data and MD simulations have reported a H-bond between residues at
positions 71 and 80 that assists the collapse of the selectivity filter ®. As this H-bond is abolished in
KcsA-E71A, inactivation is also compromised. Similarly, MD simulations also revealed an intricate
network of H-bonds in the P-loop region, and an explanation for the role of water molecules at the

back of the selectivity filter in the process of recovery from inactivation 7. Nevertheless, an exhaustive
4
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comparison of the degree of stability of the selectivity filter in simulations of wild-type KcsA and
non-inactivating mutants using different force fields is still missing. This comparison could reveal
novel insights into the inactivation process, and it will also asses the degree by which atomistic force

fields are capable to capture and render information on the initial steps of this crucial process.

Here, MD simulations of KcsA-WT and KcsA-E71A models were performed under equilibrium
conditions and with applied membrane potentials, using the AMBER-ff14sb and CHARMM?36 force
fields (referred as AMBER and CHARMM in what follows), two of the most widely-used force fields
employed in simulations of membrane proteins, and more generally biological systems. KcsA-WT
and KcsA-E71A trajectories revealed that the presence or absence of water molecules inside the
selectivity filter has a major impact on its dynamics and its structure, with clear consequences on the
inactivation process. The effects of the presence of water molecules on the structure of selectivity
filter were found to be qualitatively similar in simulations using either AMBER or CHARMM force
fields. In contrast, major differences between the two force fields emerged with respect to the stability
of the open/conductive states of the channel in the microsecond timescale. As microsecond
trajectories are rapidly becoming standard for the simulation of biological systems, the information

that has emerged from this study should be critically considered by researchers working in the field.

Results

MD simulations including all possible combinations of the two channel models described (KcsA-WT
and KcsA-E71A), using three membrane potentials (0 mV, +100 mV, and +200 mV), three force
fields (AMBER, CHARMM, and CHARMM with NBFIX corrections for non-bonded interactions),
and two initial loading states of the selectivity filter (KWK and KK) were considered. A detail
summary of the simulated systems is presented in Table S1. At the start of the simulations, potassium
ions were placed in positions S0, S2, and S4, while the remaining binding sites, S1 and S3, were
vacant (in KK simulations) or occupied by water molecules (in KWK simulations). Four independent
replicas were considered for each system unless otherwise stated. Most of the trajectories reached 1
ps, with the exception of some of the simulations where the selectivity filter collapsed on a shorter
timescale (Table S1). More details about the simulation protocol are provided in the Methods section.
Next, the results of MD simulations at equilibrium and with applied membrane potentials are
described and compared for the trajectories obtained with the AMBER and the
CHARMM/CHARMM-NBFIX force fields.

Equilibrium simulations using the AMBER force field

The stability of the open structure of the selectivity filter was assessed using its diameter, defined as

the minimum distance between the G77 alpha carbon atoms in opposing subunits. This diameter is
5
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respectively 8.1 A and 5.5 A in the experimental open and collapsed structures of the selectivity filter
20, In simulations with the AMBER force-field, a diameter close to 8 A was preserved, regardless of
the channel model, KcsA-E71A or KesA-WT, or the presence of water molecules in the initial loading
state of the selectivity filter (Figure 1). However, significant dynamical differences emerged between
trajectories with and without water molecules inside the selectivity filter. In simulations of KcsA-
E71A starting from the KWK configuration, frequent exchanges of the ions in the selectivity filter
between S2-S4 and S1-S3 sites were observed (Figure S1). In one out of the four trajectories, these
transitions caused water molecules to leave the selectivity filter. Once water molecules left the
selectivity filter, ions reorganized and occupied consecutive sites S2 and S3, remaining stable in such
positions for the rest of the simulation (>800 ns). A similar behaviour was observed in all the
trajectories of KcsA-E71A that started without water molecules inside the selectivity filter; i.e. ions
rapidly moved to S2 and S3, and were stable in that configuration for most of the simulation time
(Figure S1). The reduced mobility of ions in simulations lacking water molecules correlates with
minor thermal fluctuations of the selectivity filter. The Root Mean Square Deviation (RMSD) of the
backbone atoms of the selectivity filter of KcsA-E71A was 0.60+0.13 A and 0.43+0.05 A respectively
in simulations with and without water molecules inside the selectivity filter (Figure 2). The higher
RMSD in simulations with water molecules inside the selectivity filter is due to frequent flipping of

the carbonyl oxygen atoms of V76 (Figure S2).

(@)
o '
ﬁi |
@
©

KcsA-E71A KcsA-WT

(b)

T 0T T 2
ps—_ Hs
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
[ B |
4 5 6 7 8 9

Selectivity Filter diameter [A]

ACS Paragon Plus Environment



Page 7 of 34 Journal of Chemical Theory and Computation

oNOYTULT D WN =

Figure 1. Distance between G77 alpha carbon atoms in opposing subunits in equilibrium
simulations using the AMBER force field. (a-b) Representative snapshots of the selectivity filter
in simulations of KcsA-WT, starting from the KWK and KK configuration respectively. Residues
71 to 80 are shown in licorice representation, ions and water molecules are shown as VDW spheres.
Only two out of the four subunits are shown for simplicity. (¢) Diameter of the selectivity filter in
simulations of KcsA-E71A and KcsA-WT starting from KWK or KK configuration, using the
AMBER force field. Four independent trajectories are shown for each combination of channel
model and starting configuration of the selectivity filter. The colour maps indicate the minimum
distance between G77 alpha carbon atoms in opposing subunits.

The equilibrium trajectories of KcsA-E71A presented earlier indicates that water molecules in
binding sites S2 or S3 impact on the dynamics of the selectivity filter. Therefore, as structural changes
of the selectivity filter are responsible for C-type inactivation, it is crucial to investigate the role of
water molecules also in the KcsA-WT system, which in contrast to KcsA-E71A, is prone to
inactivation. In the absence of water molecules, the behaviour of the selectivity filter is similar in
KcsA-WT and KesA-E71A. Binding sites S2 and S3 were occupied by ions with no intervening water
molecules for most of the simulated time (Figure S3). Moreover, the presence of ions in S2 and S3
sites prevented flipping of V76 (Figure S2), reducing thermal fluctuations of the selectivity filter
(Figure 2), as observed in the analogous simulations of KcsA-E71A. The only difference observed
between KcsA-WT and KcsA-E71A simulations is a minor deviation in the psi backbone angle of
Y78, which is caused by the H-bond established between Y78 and E71 in the wild-type channel
(Figure S4). At odds with the high-similarity between simulations of KcsA-WT and KcsA-E71A
starting from the KK configuration, the dynamics of the two models diverged in simulations starting
from the KWK configuration. In the latter case, the RMSD of the backbone atoms of the selectivity
filter (Figure 2) and the probability of V76 flipping (Figure S2) were higher in KcsA-WT than in
KcsA-E71A (KesA-WT RMSD is 0.70+£0.11 A versus 0.60+£0.12 A in Kcsa-E71A). On the basis of
previous MD simulations, flipping of V76 was associated with a non-conductive state of the
selectivity filter 21, and it was also proposed as a key step in the transition between the conductive
and the C-type inactivated state 22. In the simulations of KcsA-WT, the high-frequency of V76
flipping did not prevent ion translocations between S2-S4 and S1-S3 configurations. However, the
translocation of ions did not facilitate the exit of water molecules from the selectivity filter in any of
the simulations considered (Figure S3).

In summary, equilibrium simulations of KcsA-WT and KcsA-E71A with the AMBER force field

revealed that the selectivity filter undergoes less thermal fluctuations when depleted of water
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molecules, and that the effect of water molecules is more severe in the wild-type channel than in the

non-inactivating mutant.
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Figure 2. Root Mean Square Deviation of the selectivity filter backbone atoms in equilibrium
simulations with the AMBER force field. The RMSD was measured for the backbone atoms of
residues T75 to G79 with respect to the experimental conductive state of the selectivity filter (PDB
entry 1K4C). The histograms were estimated using four independent trajectories starting
respectively from the KWK/KK configurations of the selectivity filter for each of the simulated
systems: KcsA-E71A starting from KWK (dark blue line), KcsA-E71A starting from KK (light
blue line), KcsA-WT starting from KWK (red line), KesA-WT starting from KK (orange line).

Simulations with applied membrane potentials using the AMBER force field

Departure of water molecules from the selectivity filter in equilibrium simulations of KcsA-E71A
suggests a preference of the mutated channel for the KK over the KWK configuration. This preference
was confirmed in simulations with constant electric fields acting in the direction of the channel axis,
and mimicking the presence of membrane potentials. A set of simulations was performed starting
with water molecules inside the selectivity filter and with membrane potential equal to +100 mV or
+200 mV. The diameter of the selectivity filter was stable and close to ~8 A, regardless of the channel
model and membrane potential. In all the trajectories considered, the selectivity filter switched to a
state with no water molecules in S2 and S3 in less than 300 ns (Figure S5). In addition, water
molecules did not take part in any of the conduction events sampled during these trajectories (11 at
+100 mV and 37 at +200 mV). Conduction events involved switching between two main
configurations of the selectivity filter, with ions respectively in S2 and S3 or S0, S2, and S3, with a
vacancy (nor water nor ion) in S1 (Figure 3). In simulations with membrane potential equal to +200
mV, ions were found at binding sites S2 and S3 with probability close to 100%, and the average

occupancy of SO was ~60%. In contrast, the S1 and S4 binding sites, were rarely occupied by ions
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(Figure 3). The dynamics of the selectivity filter was similar to what was observed in equilibrium

simulations in the absence of water molecules; RMSD values of the backbone atoms were 0.45+0.0

A and flipping events of V76 were unlikely, confirming the stabilizing role exerted on the selectivity

filter by the contemporary presence of ions in S2 and S3.
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Figure 3. Ion conduction in simulations with membrane potential equal to +200 mV using the
AMBER force field. (a-b) Ion positions along the axis of the channel are shown for a 200 ns
interval of one replica (the entire trajectories are available as supplementary material), using thin
grey lines for the ions outside the selectivity filter, and thick coloured lines for the ions inside the
selectivity filter. All the coordinates are referred to the centre of mass of the carbonyl oxygen atoms
of T75 residues (z = 0 A). Thick black lines represent the centre of mass of the side chain oxygen
atoms of T75, and the carbonyl oxygen atoms of V76, G77, Y79, and G79 from bottom to top. SO
to S4 labels indicate the positions of the ion binding sites. Binding sites are shaded in light blue
when occupied by at least one water molecule. Snapshots of the selectivity filter are shown using
licorice representation for residues 71-80, and VDW representation for ions and water molecules
inside binding sites S1-S4. The probabilities of the different occupancy states of the selectivity
filter were calculated using the entire simulation time of four independent replicas. Ions were
considered at a binding site when their position along the permeation axis was in between the
position of the centre of mass of each of the two rings of four oxygen atoms delimiting the
corresponding binding site. (c-d) Percentage of ion occupancy for S0-S4 binding sites. Data
collected from four independent trajectories are reported amounting to 4 us for each channel model.
Standard deviations among the four trajectories were calculated and are shown as vertical lines.

7

The rapid departure of water molecules from the selectivity filter observed in simulations of KcsA-

E71A in the presence of membrane potentials did not take place in analogous simulations of KcsA-
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WT. When the membrane potential was set to +100 mV, water molecules initially in S1 and S3 never
left the selectivity filter, and no conduction event was sampled in any of the four independent
trajectories considered, with a cumulative simulation time of 4 ps (Figure S6), whilst 11 conduction
events were observed in the analogous set of simulations of KcsA-E71A. In simulations with
membrane potential set to +200 mV, five conduction events were recorded (Figure S6) in contrast to
37 events in KcsA-E71A under the same conditions. A possible explanation for the lower
conductance of KcsA-WT compared to KcsA-E71A is the fact that water molecules are more stable
in the selectivity filter of the wild-type channel, and that consequently, it is harder to switch from the
KWK to the KK configuration. In agreement with this hypothesis, switching from KWK to KK was
observed in equilibrium simulations of KcsA-E71A, but not in equilibrium simulations of KcsA-WT.
Moreover, four out of the five conduction events in simulations of KcsA-WT took place in the same
trajectory that corresponds to the unique trajectory where water molecules were expelled from the
selectivity filter. If the presence of water molecules is the actual barrier preventing ions from crossing
KcsA-WT, the conductance should increase in simulations initialized with ions and not water
molecules inside the selectivity filter. This hypothesis was confirmed in simulations of KcsA-WT
starting from the KK configuration. When water molecules were not present in the selectivity filter,
the number of conduction events recorded was 4 at +100 mV and 34 at +200 mV (Figures S7); these
results resemble the data obtained for the KcsA-E71A system (respectively 11 and 37). The lower
conductivity of KcsA-WT compared to KcsA-E71A might easily be explained by minor differences
in the dynamics of the selectivity filter. Compared to KcsA-E71A, the probability of observing ions
in S0, S2 and S3 decreased (18% in KcsA-WT versus 61% in KcsA-E71A), while the probability of
observing ions only in S2 and S3 increased (66% in KcsA-WT versus 36% in KcsA-E71A), and a
state with ions in S1, S2 and S4 emerged with probability ~9% (the probability of this state was lower
than 1% in KcsA-E71A). As a consequence, whilst binding sites S2 and S3 are occupied with high
probability in both channel models, the average occupancy of SO is much lower in the wild-type
model than in the mutant (Figure 3). Negligible occupancy of SO is likely correlated to the presence
of an H-bond between residues Y78 and E71 that structurally modifies the lower boundary of SO in
KcsA-WT compared to KesA-E71A.

The estimated conductance at +200 mV was 7.44+0.8 pS and 6.8+4.3 pS for KcsA-E71A and KcsA-
WT respectively (standard deviation computed among replicas). Noticeably, when the intracellular
gate is locked in the open state, like in the atomic structures used in this study, the experimental
conductance with symmetrical ion concentrations of 200 mM is around 200 pS, which is one order

of magnitude higher than the estimated value '°.

10
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Equilibrium simulations using the CHARMM force field
The same set of simulations presented previously using the AMBER force field were also performed
with the CHARMM force field and are discussed next. The first remarkable difference between the
two sets of simulations is the facility of the selectivity to collapse when the CHARMM force field is
used, an event that was never observed in the simulations with the AMBER force field (compare
Figure 1 with Figure 4). In MD trajectories, the selectivity filter was considered to have switched to
a collapsed state when its diameter averaged over the last 10 ns of the trajectory was lower than 5.5
A. In none of the simulated trajectories, the selectivity filter recovered to the canonical open
configuration after such a collapsing event. In simulations of KcsA-E71A, collapse events were
observed in three out of four trajectories when the initial state of the selectivity filter included water
molecules, and in two out of four trajectories when water was not present in the selectivity filter at
first. When the analysis is restricted to the trajectories where the selectivity filter collapses, the time
of the collapsing event is respectively 347+282 ns and 617+77 ns in sets with/without water molecules
initially inside the selectivity filter. The times of the collapsing events were estimated as averages
and standard deviations among independent trajectories. Due to the limited number of trajectories,
these values should be considered only as approximations. However, the shorter time interval for the
first collapsing event observed in simulations starting from the KWK configuration compared to
simulations starting from the KK configuration seems to support the hypothesis that the presence of
water molecules inside the selectivity filter destabilize the open/conductive state. In order to better
characterize the dynamics of the selectivity filter, the trajectories of KcsA-E71A with collapsing
events were synchronized using as reference the time of the collapse as defined above. This analysis
revealed that collapsing is associated with an increase in the number of water molecules behind the
selectivity filter (Figure 5), in agreement with previous MD simulations ?2. As a reference, the number
of water molecules in the same region in simulations with the AMBER force field is stable at 9 + 1
(standard deviation computed among replicas). The deviation of the selectivity filter from the
experimental open/conductive structure and the increase in the number of water molecules behind the
selectivity filter appears as concurrent events, and so it was not possible to establish a causal link
between the entrance of water molecules and the collapsing of the selectivity filter. Instead, the two
processes seem to reinforce each other, until a critical threshold is reached, and the selectivity filter
switches to a collapsed state (Figure 5). A similar behaviour was observed in simulations of KcsA-
WT, where in all instances, the selectivity filter switched to a collapsed state, regardless of the
presence or absence of water molecules inside the selectivity filter. The time when the first collapsing
event occurs was slightly quicker in simulations starting with water molecules inside the selectivity
filter, 346201 ns, compared to simulations starting from a water-free selectivity filter, 460+248 ns,
11

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation Page 12 of 34

which once again supports the hypothesis that water molecules destabilize the open/conductive
structure of the selectivity filter. Analogous dynamics of the selectivity filter were observed in
simulations using the CHARMM force field including correction terms for non-bonded interactions
(NBFIX), with rapid collapsing of the selectivity filter both in simulations of KcsA-WT and KcsA-
E71A, in the presence or absence of water molecules (Figure S8). On average, collapse of the
selectivity filter was faster in simulations with NBFIX terms than in simulations using the standard
CHARMM parameters for ions. Another set of simulations was performed using the ion parameters
developed by Joung and Cheatham 23, like in the AMBER simulations described in previous sections,
in combination with the CHARMM force field for protein and lipids. The behaviour of the selectivity
filter in these trajectories was comparable to the other CHARMM trajectories, with large deviations

from the experimental conductive structure of the selectivity filter (Figure S9).
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Figure 4. Distance between G77 alpha carbon atoms in opposing subunits in equilibrium
simulations using the CHARMM force field. (a-b) Snapshot of the selectivity filter in
simulations of KcsA-WT before and after a collapsing event. Snapshots were taken from replica
#4 of KcsA-WT starting with a KWK loading state, as indicated by the blue markers in the
corresponding colour map. Residues 71 to 80 are shown in licorice representation, ions and water
molecules are shown as VDW spheres. (¢) Diameter of the selectivity filter in simulations of KcsA-
E71A and KcsA-WT starting from KWK or KK configurations. Four independent trajectories are
shown for each combination of channel model and starting configuration of the selectivity filter.
The colour maps reflect the minimum value of the distance between G77 alpha carbon atoms in
opposing subunits.
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Figure 5. Collapse events of the selectivity filter in equilibrium simulations of KcsA-E71A
with the CHARMM force field. The trajectories where the selectivity filter collapses (replicas
2,3,4 in simulations starting from the KWK loading state; replicas 2 and 4 in simulations starting
from the KK loading state) were synchronized using the time of such event (t = 0 ns in the plots).
The average and the standard errors calculated over independent replicas are shown for: (a)
minimal distance between G77 alpha carbon atoms in opposing subunits; (b) RMSD of the
backbone atoms of residues T75 to G79 with respect to the experimental open structure of the
selectivity filter (PDB entry 1K4C); (c) number of ions in binding sites S3, S2 and S1; (d) water
molecules within 6 A from carbonyl oxygen atoms of residues T75, V76 and G77.

Simulations with applied membrane potentials using the CHARMM force field
The collapsing of the selectivity filter observed in equilibrium simulations of KcsA-WT and KcsA-
E71A is obviously correlated with the distribution of ions inside the channel, as the selectivity filter
cannot collapse if binding site S2 is occupied by an ion. Thus, since the presence of a membrane
potential affects ion dynamics, it is also likely to affect the break-down of the open structure of the
selectivity filter. Indeed, in simulations of KcsA-E71A, conformational changes of the selectivity
filter were observed only in one out of four trajectories when the membrane potential was equal to
+100 mV, and in none of the four trajectories with membrane potential equal to +200 mV (Figure 6).
All the trajectories of KcsA-E71A in the presence of membrane potentials were initialized with water
molecules inside the selectivity filter. However, with the exception of a single conduction event at
+100 mV, all the other conduction events did not involve water molecules (Figure 7 and Figure S10).
While the preference for the KK mechanism is a common feature in simulations with AMBER and
CHARMM force fields, the fine details of conduction events are different. In simulations using
AMBER, binding sites S2 and S3 were mostly occupied by ions, and conduction events consisted of
13
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an incoming ion entering S3 and pushing the ions already inside the selectivity filter from S3 and S2
toward S2 and SO. This same conduction mechanism was observed also in simulations using
CHARMM. However, the state with ions in S2 and S3, and not in SO, was less likely is simulations
using CHARMM (10%) than in simulations using AMBER (36%). Moreover, in CHARMM
simulations, KcsA-E71A also exhibited an alternative conduction route; where ions bind to S1, S2,
and S4, (S3 empty) and conduction is initiated by an incoming ion pushing the ions first towards SO0,
S2, and S3, and finally re-establishing the S1, S2, and S4 configuration with the exit of the outermost
ion towards the extracellular space. This alternative conduction route represents ~20% of the total
number of conduction events sampled in the four replicas. As a consequence of the different
conduction strategies, the distribution of ions inside the selectivity filter is also different, with the
CHARMM force field exhibiting higher occupancy of S1 and lower occupancy of S3 with respect to
the AMBER force field (compare Figure 3 with Figure 7). Not surprisingly, this difference with
regard to conduction mechanisms between the two force fields is also reflected on the estimated
conductance values, which are higher for CHARMM (19.0£3.8 pS at +200 mV) compared to
AMBER (7.4£0.8 pS at +200 mV) force field.

Page 14 of 34

(a) KcsA-E71A
+100 mV +200 MV
Ty
Selll WA S0

4 [RHIVAN 0T 0 0
0.2 04 0.6 0.8 1

44 1R A Tl
1

0.2 04 0.6 08

KcsA-WT
+100 mV +200 mV
« ¢ | AT « gl A TR AR (0
= # [l R AR (U ;*2Illll-l--|l
S #3 | I 0O [0 SN TN e
jg O 111 TR 1Y e ALY TN
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
4| 1 AARAE O A 2 e
§#2-I-IIIIII-IIIIIII §*2II-IIIIIIWII-
+a| N D | e 1000 0 e R TR R
jg--N‘IIIIIIIIlI 3;I-II--III-I
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
[ B |
4 5 6 7 8 9

Selectivity Filter diameter [A]

Figure 6. Distance between G77 alpha carbon atoms in opposing subunits in equilibrium
simulations using the CHARMM force field. Diameter of the selectivity filter in simulations of
(a) KesA-E71A, and (b) KesA-WT starting from KWK or KK configurations. Four independent
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trajectories are shown for each set. The colour maps reflect the minimum value of the distance
between G77 alpha carbon atoms in opposing subunits.

In the equilibrium MD simulations presented in the previous section, the selectivity filter of KcsA-
WT was more prone to collapse than the selectivity filter of KcsA-E71A. Since the presence of an
electric field in the direction of the channel axis impacts on the stability of the selectivity filter in
KcsA-E71A, it is essential to evaluate its effect on the wild-type, inactivating channel, as well.
Indeed, striking differences emerged between simulations of KcsA-E71A and KcsA-WT in the
presence of membrane potentials equal to +100 mV and +200 mV. When water molecules were
included in the selectivity filter at the beginning of the simulation, KcsA-WT collapsed in all the four
trajectories with membrane potential equal to +100 mV, and in three out of the four trajectories with
membrane potential equal to +200 mV, compared to a single collapsing trajectory for KcsA-E71A
(Figure 6). The selectivity filter collapsed at 547+£257 ns compared to 346+201 ns in equilibrium
simulations, which suggests that the electric field has a stabilizing effect on the open structure, as it
was also observed for KcsA-E71A. However, at odds with the non-inactivating channel, in KcsA-
WT the stabilizing effect of the electric field is not sufficient to prevent the break-down of the open
structure of the selectivity filter. Moreover, in the single trajectory where the selectivity filter did not
collapse, not a single conduction event was observed in 1 us despite the membrane potential was
equal to +200 mV (Figure S11). Simulations using the CHARMM force field with NBFIX corrections
exhibited a rapid collapse of the selectivity filter in all the trajectories, regardless of the channel model
and membrane potential (Figures S12), and consequently, this combination was not investigated

further.
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Figure 7. Ion conduction in simulations with membrane potential equal to +200 mV using the
CHARMM force field. (a-b) lon positions along the axis of the channel are shown for a 200 ns interval of
one replica (the entire trajectories are available as supplementary material), using thin grey lines for the ions
outside the selectivity filter, and thick coloured lines for the ions inside the selectivity filter. All the
coordinates are referred to the centre of mass of the carbonyl oxygen atoms of T75 residues (z=0 A). Thick
black lines corresponds to the centre of mass of the side chain oxygen atoms of T75, and the carbonyl oxygen
atoms of V76, G77, Y79, and G79 from bottom to top. SO to S4 labels indicate the positions of the ion
binding sites. Binding sites are shaded in light blue when occupied by at least one water molecule.
Representative snapshots of the selectivity filter are shown using a licorice representation for residues 71-
80, and ions and water molecules inside binding sites S1-S4 are shown in van der Waals representation. The
probabilities of the different occupancy states of the selectivity filter were calculated using the cumulative
simulation time of four independent replicas. Ions were considered at a binding site when their position
along the permeation axis was in between the position of the centre of mass of each of the two rings of four
oxygen atoms delimiting the corresponding binding site. (¢-d) Percentage of ion occupancy for S0-S4
binding sites. Data collected from four independent trajectories are reported amounting to 4 us for each
channel. Standard deviations of the four trajectories were calculated and are shown as vertical lines.

As the presence of water molecules promotes destabilization of the selectivity filter, simulations of
KcsA-WT in the presence of membrane potentials and starting without water molecules inside the
selectivity filter were considered next. In agreement with equilibrium simulations, the absence of
water molecules decreased the propensity of the selectivity filter to collapse. Both with membrane
potential equal to +100 mV and +200 mV, the break-down of the open structure was observed only
in one out the four trajectories (Figures 6). More surprisingly, the fact that the structure of the
selectivity filter remained stable did not correlate with an increase in the number of conduction events

across the channel (Figures S13). In trajectories where the selectivity filter was stable in the open
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configuration, one conduction event was observed at +100 mV (over 3 ps) and two conduction events
were observed at +200 mV (over 3 ps), compared to 15 (over 3 ps) and 95 (over 4 ps) in KcsA-E71A.
For most of the simulated time, ions occupy binding sites S1, S2, and S4, a configuration that was
observed also in simulations of KcsA-E71A but that seems particularly stable for KesA-WT (Figure
7). The different behaviour observed at the lower boundary of S0 is probably prompted by the ability
of the protein to establish a H-bond between residues Y78 and E71 which prevent ions from changing
easily between (S1, S3, S4) and (S0, S2, S3) configurations. Another feature that characterized the
simulations of KcsA-WT with applied membrane potentials was the presence of extremely low
thermal fluctuations. The RMSD value of the backbone atoms of the selectivity filter was 0.34+0.05
A, a value remarkably lower than the one observed in analogous simulations with the AMBER force

field (Figure 2) or in simulations of KcsA-E71A with the CHARMM force field (Figure 8).
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0.04 1
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= 0.031
o]
3
O 0.021
o
0.01 1

02 04 06 08 10 12
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Figure 8. Root Mean Square Deviation of the selectivity filter backbone atoms in simulations
with the CHARMM force field. The RMSD was measured for the backbone atoms of residues
T75 to G79 with respect to the experimental conductive state of the selectivity filter (PDB entry
1K4C). The histograms were estimated using four trajectories of KcsA-E71A starting from the
KWK configuration and membrane potential equal to +200 mV (orange line), and three non-
collapsing trajectories of KcsA-WT starting from the KK configuration and membrane potential
equal to +200 mV (light blue line).

Discussion

Potassium channels, and in particular KcsA, are ideal systems to validate the methods and force fields
employed in MD simulations. The reason is twofold: the numerous 3D structure of different
functional states available as starting models for computational studies, and the abundant

experimental data at the single molecule level. Crucially, the timescale of ion conduction events
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allows a direct comparison between the results of MD simulations and experimental measurements,
facilitating a quantitative comparison between atomic trajectories and experimental observations. In
this context, the MD simulations presented in this study have been used to assess the quality and
reliability of two of the most common force fields employed in computer simulations of complex
biological systems, AMBER and CHARMM.

The most striking difference between the two force fields concerns the stability of the
open/conductive structure of the selectivity filter. In simulations using the AMBER force field, this
open/conductive structure was stable on a microsecond timescale. In contrast, in simulations using
the CHARMM force field, complete transitions between the open/conductive and the open-
inactivated structure of the channel were observed on the same timescale. The fast collapse of the
selectivity filter observed in simulations with the CHARMM force field is in apparent conflict with
available experimental data on inactivation, as this process is orders of magnitude slower, taking
place in the millisecond timescale ?*. Fast inactivation of wild-type KcsA in simulations with the
CHARMM force field were also observed by Roux and collaborators 2. They argued that opening of
the intracellular gate is the rate-limiting step of inactivation rather than the collapse of the selectivity
filter to justify these rapid collapsing events. However, we observed analogous collapsing events in
simulations of KesA-E71A. The starting model of KcsA-E71A was the high-resolution experimental
structure of the channel in the open/conductive state, and as KcsA-E71A does not inactivate,
inactivation events should not be observed in MD simulations, especially on a microsecond timescale.
Fast inactivation events were reported also in MD simulations of the hERG K*-channel using the
CHARMM force field 3. The simulations presented in this study discourage an interpretation of such
structural changes of the selectivity filter as representative of early events involved in inactivation,
as they are also observed in a non-inactivating channel. An alternative interpretation of these
structural changes is that they represent rapid state transitions of a conductive selectivity filter. Rapid
switching between alternative states of the selectivity filter was observed in MD simulations of other
ion channels 26, and in the case of KcsA, these rapid movements are in agreement with experimental
data that showed that the P-loop of the channel is a highly dynamic region >’. While it is not possible
to exclude this hypothesis, in our view, the most likely explanation for the fast collapse of the
selectivity filter observed in MD simulations of KcsA with the CHARMM force field is a bias of this
model toward the inactivated state of the selectivity filter. Indeed, in some of the MD trajectories, a
complete transition from the conductive to the inactivated state of the selectivity filter was detected,
while the opposite transition was never observed. Moreover, full recovery of binding sites S1-S4 was

never achieved in any of the simulations where the selectivity filter deviated from the initial structure.
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If these dynamics were representative of rapid structural changes of a conductive selectivity filter,
transitions in both directions should be expected.

Most of the previous studies of conduction and selectivity in potassium channels were based on MD
trajectories that rarely exceeded a few hundreds of nanoseconds in length which is possibly the upper
limit of the temporal scale that these models were originally designed to sample reliably 283!, As
deviations from the open/conductive structure emerges only in the microsecond timescale, the
conclusions on conduction and selectivity reported earlier using shorter simulations can accurately
describe the properties of the canonical open/conductive structure of the selectivity filter.

The second conclusion that can be drawn from the set of simulations performed in this study is that
the estimated conductance was approximatively one order of magnitude lower than the experimental
counterparts '°, both in simulations using the AMBER and CHARMM force fields. The atomic
models used in the simulations only resembles partly the experimental set-up; the structure did not
include the full intracellular domain of the channel, and the composition of the lipid bilayer is not
identical. In addition, the simulation set-up also differs from the experimental one as a consequence
of the periodic boundary conditions and the protocol used to impose the membrane potentials. The
impact of these features on the estimated conductance values leaves room for future studies. In
previous studies, the agreement between estimated and experimental conductance values was
obtained only by adopting membrane potentials of 750 mV or above '3 2. The risk of using high
membrane potentials is to sample conduction strategies that are not representative of the normal
channel functioning, or even to force the passage of ions across channel states that are actually
occluded at physiological conditions. When membrane potentials are restricted to nearly
physiological values, an underestimation of the channel conductance similar to the one observed here
for KcsA was reported by Jensen et al. for the Kv1.2 channel using the CHARMM?27 force field 3.
The fact that the channel conductance is underestimated by 1-2 orders of magnitude regardless of the
force field or the ion channel model suggests that a similar shortcoming is responsible for this
disagreement. The lack of polarization effects, which is a common characteristic of the classical force
fields used in these studies, is an immediate candidate as the main source of error. Intensive efforts
are underway to develop polarizable force fields for biomolecules simulations 32. In the context of
ion channels, the more accurate description of ions that is potentially offered by polarizable force
fields when ions move between bulk water and protein functional groups 33, is a promising strategy
to improve the agreement between experimental and computational values of channel conductance.
The shortcomings of MD simulations when it comes to a quantitative comparison with experimental
data should not shadow the importance of the technique in the analysis of the structure-function

relation in biological systems. In this respect, it is noteworthy to highlight the agreement in the results
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obtained in simulations with the AMBER and CHARMM force fields. Firstly, the KK mechanism
emerged as the dominant conduction strategy in both force fields under the conditions employed in
the simulations, in agreement with previous results !7. Furthermore, not only water molecules were
excluded from participating in conduction events, but the presence of water in binding sites S2 or S3
impacted on the dynamics of the selectivity filter in simulations with both force fields. The effect of
water molecules at S2 or S3 sites on the dynamics of the selectivity filter was critically different in
simulations with the AMBER and the CHARMM force fields. In simulations with the AMBER force
field, water molecules increased the likelihood of V76 flipping, while in the simulations with the
CHARMM force field, water molecules accelerated the collapse of the selectivity filter. Nevertheless,
in both cases, the structure of the selectivity filter remained closer to the open/conductive structure
observed in crystallographic experiments in the absence of water molecules from the selectivity filter,
which suggests a potential role of the water molecules at S2 or S3 sites for the inactivation process.
In agreement with this hypothesis, the impact of water molecules in S2 and S3 was more severe in
simulations of KcsA-WT than of KcsA-E71A, again regardless of the force field. The possible role
of water molecules occupying S2 or S3 on inactivation might explain experimental data from KcsA
channels mutated with amide-to-ester substitutions in residues G77 and Y78 34. Amide-to-ester
substitutions at these residues decrease the likelihood of ions binding to S2, and the rate of
inactivation. On the base of these experimental observations, it was concluded that an ion in S2 is
necessary for inactivation, and consequently, that the collapsed state of the selectivity filter cannot be
the inactivated state. However, amide-to-ester substitutions not only impact on ion binding, but also
on water binding, as exemplified by the correlation between the presence of water and the flipping of
V76. If water molecules in binding sites S2 and S3 are necessary for inactivation, as suggested by the
simulations presented in this study, the lack of inactivation of KcsA channels with ester to amide
substitutions in residues G77 and Y78 might results from the dehydration of the selectivity filter
prompted by these mutations rather than by the lower ion occupancy of binding site S2.

Currently, MD simulations are widely used to interpret experimental data at atomic detail and to
explore the structure-function relationship of complex biological systems. The data presented in this
study clearly reveals some of the current shortcomings of MD simulations when it comes to a
quantitative comparison with experimental data. Classical force fields were initially developed in the
1980s, when timescales accessible to MD simulations were very limited compared to today’s
standards. As longer timescales are steadily becoming the norm, the shortcomings of these force fields
are becoming more apparent. Knowledge of these shortcomings and work to circumvent their

limitations is crucial to further advance the field.
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Methods

The channel models were based on the experimental structure of KcsA in the open/conductive state,
Protein Data Bank entry S5VK6 22, The entire transmembrane domain of the channel, from residue
Trp26 to residue GIn121, was considered in the models. The initial atomic coordinates of the systems
were obtained with CHARMM-GUI 3°. The lipid membrane was a mixture of 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA), with
a ratio of 3-POPC:1-POPA. The channel was inserted in the lipid membrane as defined in the
Orientations of Proteins in Membranes (OPM) database 3¢. The systems were solvated using TIP3P
water molecules 37 (~15.000 molecules) and ions to reach a 200 mM of KCI. Potassium ions were
manually placed at binding sites SO, S2 and S4. For KWK simulations, water molecules were also
manually placed in S1 and S3 binding sites. The crystallographic water molecules at the back of the
selectivity filter, close to residues Alal7 and Gly79, were preserved in the KcsA-E71A model. For
the definition of KcsA-WT, the alanine residue at position 71 was manually modified to glutamate.
For simulations with the CHARMM force field, the latest version of CHARMM?36 was used 3. When
explicitly indicated, the Lennard-Jones parameters of K* were modified by NBFIX terms 3°, or
alternatively the ion parameters by Joung and Cheatham 23 were adopted. van der Waals interactions
were smoothly truncated between 10 and 12 A. For simulations with the AMBER force field, the
ff14sb version was used 4, in combination with ion parameters by Joung and Cheatham 2* for the
TIP3P water model. van der Waals interactions were truncated at 9 A. Standard AMBER scaling of
1-4 interactions was applied. The same equilibration protocol was used for simulations with both
force fields, consisting of 10.000 of energy minimization, followed by 10 ns in the NPT ensemble
with timestep equal to 1 fs and 60 ns in the NPT ensemble with timestep equal to 2 fs. In the course
of the equilibration protocol, restraints on protein and lipid atoms were gradually reduced to zero.
Long-range electrostatic interactions were calculated with the Particle Mesh Ewald method using a
grid spacing of 1.0 A 4!, The SETTLE algorithm was used to restrain bonds with the hydrogen atom
42 The temperature was controlled at 310 K by coupling to a Langevin thermostat with a damping
coefficient of 1 ps™!. A pressure of 1 atm was maintained by coupling the system to a Nose—Hoover
Langevin piston, with a damping constant of 25 ps and a period of 50 ps 43. The presence of membrane
potentials was mimicked by applying a constant electric field acting in the direction perpendicular to
the lipid membrane. The simulations with external electric field were performed in the NVT

ensemble. All the simulations were rendered using NAMD2.11 44,
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SUPPORTING INFORMATION. List of MD simulations (Table S1). lon trajectories (Figures
S1,3,5-7,10,11,13). Dihedral angles of the selectivity filter (Figures S2,4). Diameter of the
selectivity filter (Figures S8,9,12). This information is available free of charge via the Internet at

http://pubs.acs.org.
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