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lon channels allow for the passage of ions across biological membranes, which is
essential for the functioning of a cell. In pore loop channels the selectivity filter (SF)
is a conserved sequence that forms a constriction with multiple ion binding sites.
It is becoming increasingly clear that there are several conformations and dynamic
states of the SF in cation channels. Here we outline specific modes of structural
plasticity observed in the SFs of various pore loop channels: disorder, asymmetry, and
collapse. We summarize the multiple atomic structures with varying SF conformations
as well as asymmetric and more dynamic states that were discovered recently using
structural biology, spectroscopic, and computational methods. Overall, we discuss here
that structural plasticity within the SF is a key molecular determinant of ion channel
gating behavior.
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INTRODUCTION

The ability of ion channels to permit ion flux across biological membranes is essential for the
functioning of a cell. There are a wide array of diseases associated with ion channel dysfunction that
are collectively termed channelopathies including epilepsy, cardiac arrhythmia, deafness, asthma,
and cancer (Kim, 2014). Pore loop channels are a family of tetrameric ion channels including
potassium-, calcium-, and sodium-selective channels that all share a pore domain architecture. The
pore domain consists of two transmembrane helices connected via a reentrant loop that forms
the selectivity filter (SF) and a stabilizing pore helix (MacKinnon, 1995). For potassium-selective
channels the SF is made from the conserved sequence TVGYG (Heginbotham et al., 1994). The
backbone carbonyl oxygens plus the hydroxyl group of the threonine form four ion binding sites,
called S1 to S4 from the extracellular side (see Figure 1A), and they perfectly mimic the hydration
shell of potassium ions (Liu et al., 2012). There is an additional SO site above the SF sequence with
less precise ion coordination. The non-selective channel NaK has a similar SF sequence of TVGDG
but forms only two ion binding sites that are equivalent to S3 and S4 (Shi et al., 2006). It is a model
system for other non-selective pore loop channels, such as the hyper-polarization cyclic nucleotide-
gated (HCN) channel (Lee and MacKinnon, 2017) and cyclic nucleotide-gated (CNG) channels (Li
et al., 2017; Xue et al., 2021). Within the pore loop family there are several channels with a non-
traditional SF sequence, such as calcium or sodium channels (Payandeh et al., 2011; Naylor et al.,
2016). Here we will focus only on the potassium-selective and non-selective cation channels with
traditional SF sequences.
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The SF can act as a gate and modulate the electrophysiological
behavior of the ion channel. One regulatory mechanism is
C-type inactivation that was first discovered in voltage-gated
potassium channels, where prolonged activation of the channel
by an external stimulus leads to a non-conductive conformation
of the SF. In the model potassium channel KcsA high external
potassium concentrations are able to slow C-type inactivation,
which highlights the link between the SF and C-type inactivation
(Cuello et al., 2010).

In recent years there has been a strong increase in research
demonstrating the dynamic nature of the SF in various channels.
Commonly used structural biology techniques, such as X-ray
crystallography or cryogenic electron microscopy (cryo-EM),
lead to static snapshots of biological processes where the
dynamics can easily be overlooked. Molecular dynamics (MD)
simulations complement experimental approaches by obtaining
information on the dynamics of previously determined structures
(Li et al, 2018; Kopec et al, 2019; Saponaro et al., 2021).
However, MD simulations are still limited in terms of the
timescale that can be sampled and sometimes suffer from
the inaccuracy of force field parameters. Solid-state nuclear
magnetic resonance (ssNMR) spectroscopy is a technique that
is able to detect and quantify the dynamics of membrane
proteins, all while maintaining native-like conditions of a
lipid bilayer environment at physiological conditions and
temperatures (Wylie et al, 2014; Van Der Cruijsen et al,
2017; Mandala et al., 2018; Jekhmane et al., 2019). Combining
various types of experimental data with MD simulations
allows for a more complete investigation of biological systems,
including the dynamics.

We will discuss several modes of structural plasticity for the SF
region of potassium-selective and non-selective cation channels;
specifically collapse, asymmetry and disorder. These discoveries
highlight recent developments in the field and indicate the
importance of SF plasticity in pore loop channel function.

SELECTIVITY FILTER COLLAPSE

The first glimpse of structural plasticity of the SF came from
crystal structures of the conductive and collapsed conformations
of KcsA with high and low potassium concentrations, respectively
(Doyle et al, 1998; Zhou et al, 2001). The conformations
described only concern the SE as the activation gate of KcsA
is in a closed state for both structures. The conductive SF
conformation has the canonical four ion binding sites, whereas
the collapsed conformation is constricted with only the SI and
$4 binding sites remaining (see Figure 1B). The constriction
at the S2 site is caused by a reorientation of the glycine
residue in the middle of the SF and this is stabilized through
interactions with three water molecules behind the SF (Zhou
et al, 2001). The SF conformational change is correlated to
the potassium concentration as was also shown using NMR
titration experiments (Chill et al., 2006; Bhate et al., 2010). The
pore helix region surrounding the SF influences the transition
between the conductive and collapsed SF state as demonstrated
through a combination of point mutation experiments and

MD simulations (Cordero-Morales et al., 2007). Solid-state
NMR studies on KcsA showed allosteric regulation of the
SE conformation by the activation gate, a pH sensor at the
C-terminal end of the protein (Wylie et al., 2014; Xu et al,
2019). This allosteric control of the collapsed SF conformation
was also observed in recent microsecond-scale MD simulations
(Li et al., 2018), which clearly revealed that the SF of KcsA
acts as another gate and plays an important role for ion
channel functioning.

Mutations of E71 in the pore helix of KcsA change
the equilibrium between the conductive and collapsed SF
conformations. The E71A mutant was crystallized in two distinct
conformations, one similar to wild-type KcsA and one with
several flipped residues (Cordero-Morales et al., 2006). The
flipped conformation shows W67 in the pore helix and D80 as
well as V76 in the SF with a reoriented sidechain or carbonyl
group (see Figure 1C). This flipped conformation was found
again when the E71A mutant was crystallized under sodium
conditions (Cheng et al., 2011). The flipped conformation was
suggested to be responsible for the increased sodium conduction
observed in the E71A mutant and therefore gives some insight
into the principles behind selective ion conduction.

A recent study using MD simulations of a homology model
of the Shaker channel also displayed a stable constricted SF
conformation that was allosterically regulated (Li et al., 2021b).
This conformation was stabilized by only one water molecule
behind the SF and a hydrogen bond ring of donor-acceptor pairs
at the bottom of the SF is in the opposite direction compared to
KcsA, because the SF valine residue is in a flipped orientation.
MD simulations of the KcsA mutant E71V revealed the same
constricted conformation as for the Shaker channel, which has
a valine residue at the position equivalent to E71 in KcsA
(Lietal., 2021b).

SELECTIVITY FILTER ASYMMETRY

All SF conformations described so far assume fourfold symmetry
across the tetramer assembly, but this is not necessarily the
case. A functional example of an asymmetric SF conformation
was found in the non-selective channel NaK with the unique
SF sequence TVGDGN. Using ssNMR we discovered that the
channel adopts two distinct SF conformations, stabilized by
either potassium or sodium ions (Shi et al., 2018). This directly
contradicted the previously reported identical structures of
NaK that had been crystallized in the presence of potassium
or sodium ions (see Figure 1D; Shi et al, 2006). One of
the discovered SF conformations corresponds to the crystal
structure of NaK, whereas the other conformation consists of
a backbone carbonyl flipped conformation that distorts the
SE. This flipped conformation was shown in MD simulations
to be essential in creating an asymmetric pore, which has a
mixture of subunits in the crystal and flipped conformation,
and allows for efficient sodium permeation (Shi et al.,, 2018).
The predicted sodium permeation pathway contained a novel
side-entry ion binding site, which is the result of the sidechain
reorientation of the SF residue D66. A recent crystal structure
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FIGURE 1 | Atomic structures of selectivity filter conformations. (A) The conductive conformation of the SF of KcsA (PDB ID: 1K4C) with two opposing subunits
depicted and with the sequence and ion binding sites indicated. (B) The collapsed SF conformation of KcsA under low potassium conditions (PDB ID: 1K4D).

(C) The flipped SF conformation of the E71A KcsA mutant (PDB ID: 2ATK) with the reoriented backbone carbonyl groups of the SF circled. Residues D80 and E71
are indicated and depicted as lines. The hydrogen bond network is symbolized with black dashed lines and water molecules are depicted as red spheres in one of
the two opposing subunits. (D) The crystal conformation of the SF of NaK (PDB ID: 3E86). (E) The asymmetric SF conformations of TREK-1 under low potassium
conditions (PDB ID: 6W7C) with the opposing subunit pairs of SF1 and SF2 shown. (F) The asymmetric SF conformations of TASK-2 at pH 6.5 (PDB ID: 6WLV) with

the opposing subunit pairs of SF1 and SF2 shown.

TASK-2

SF2
<
52
©
©

of NaK revealed dual conformations of two residues in the
SE among them D66, and confirmed this side-entry ion
binding site (Roy et al, 2021). In contrast, for potassium
permeation the symmetric pore with all subunits in the
crystal conformation is required in NaK (Shi et al, 2018).
A recent study characterized the structural plasticity of NaK on
multiple timescales using solution NMR (Lewis et al., 2021).
The results from this study confirmed the ion dependence
of the SF, which was even shown to continue along an
allosteric pathway that couples the SF conformation to the lower
region of the channel.

Since then, SF asymmetry has been observed in other pore
loop channels. A subset of pore loop channels that lend
themselves especially well for asymmetric SF configurations are
K,p channels. These channels consist of two dimers that form
a pseudo-tetramer that can have different SF sequences, often
with a tyrosine to phenylalanine substitution [T(V/I)GFG] in
one or both of the SF sequences. The primary gating of Kyp
channels occurs at the SF (Schewe et al., 2016). In a series of
recent cryo-EM structures, the SF of the K;p channel TREK-
1 undergoes changes at low potassium concentrations (Lolicato
et al., 2020). The SF1 of opposing subunits showed a pinching

movement whereas the other SF2 pair of opposing subunits
showed a dilation, disrupting the S1 and S2 ion binding sites
(see Figure 1E). These changes highlight the dynamic nature
of the inactivated state of the channel and were suppressed by
the addition of a small molecule activator (Lolicato et al., 2020).
Similarly, a recent cryo-EM structure of another K,p channel,
TASK-2, revealed that the closed channel is asymmetric instead
of the open pseudo-fourfold symmetric channel (Li et al., 2020).
There is an asymmetric expansion at the S1 site and strikingly
the SO site has a constriction for the opposing SF1 subunits, but
an expansion for the SF2 subunit pair (see Figure 1F). Overall,
this deformation of the SF in TASK-2 is not as pronounced as
that observed for TREK-1. However, it is likely that other K;p
channels have similar asymmetric conformations of the SF as
closed states of the channel that disrupt ion binding sites.

Recent work on an inactivated mutant of the potassium-
selective Shaker channel showed a similar SF conformation to
the closed TASK-2 channel (Li et al.,, 2021b). MD simulations
revealed the SF conformation of the W434F mutant (equivalent
to W67 in KcsA) where the aspartate residue above the SF has
flipped outward and the SF is stabilized by the sidechain of
the neighboring residue in an asymmetric constriction of the

Frontiers in Physiology | www.frontiersin.org

December 2021 | Volume 12 | Article 792958


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Hendriks et al.

Selectivity Filter Structural Plasticity

SO site. The constriction at the top of the SF does not seem
to be allosterically linked to the activation gate, in contrast to
the constriction at the S2 ion binding site seen in KcsA. The
similarity between the asymmetric conformations of different
pore loop channels, K2P and Shaker, points toward a potentially
conserved mechanism.

The human ether-a-go-go related gene (hERG) channel
is a pore loop channel that functions as a fast-inactivating
potassium-selective channel, which has a phenylalanine instead
of a tyrosine in its SF sequence (SVGFG). The cryo-EM
structure of the open state of the channel revealed that the
sidechain of the phenylalanine was slightly shifted compared
to other potassium-selective channels, and this was proposed
to be linked to the fast inactivation of the hERG channel
(Wang and MacKinnon, 2017). A recent study of the hERG
channel using MD simulations resulted in asymmetric SF
constrictions for which no ion conduction was observed
(Li et al, 2021a). The phenylalanine sidechains of two
opposing subunits reorient and form stabilizing hydrogen bonds
behind the other subunit. This reorientation constricts the
conduction pathway at the S2 site, which is not constricted
in the other pair of opposing subunits. Multiple mutants
were analyzed and a correlation was found between the
level of inactivation and the stabilization of the asymmetric
SF conformation.

SELECTIVITY FILTER DISORDER

The previously discussed non-selective channel NaK can be made
potassium-selective by two point mutations in the SF sequence
from TVGDGN to TVGYGD or TVGFGD (Alam and Jiang,
2009; Sauer et al,, 2011). We have shown using ssNMR that
these potassium-selective mutants lose their SF stability under
sodium conditions and become disordered without stabilizing
potassium ions (Oster et al., 2019; Hendriks et al., 2021). The
loss of SF stability strongly influences the hydrogen bonding
network behind the SF and through this network impacts the
pore helix (Hendriks et al., 2021). Reintroduction of potassium
ions allowed for the stabilization of the SF into the canonical
four ion binding sites conformation. This finding shows the
intrinsic instability of the potassium-selective SF and highlights
the interplay between the SF and the permeant ions. It also
highlights that a stable closed SF conformation, as found for
the collapsed conformation in KcsA, is not available to all
pore loop channels.

Another example of SF disorder comes from recent work
using FRET (Forster resonance energy transfer) in the potassium-
selective channel KirBacl.1. A decrease in the concentration of
potassium ions changes the SF from a rigid high-FRET state
to a more dilated and dynamic state with medium and low-
FRET signals (Wang et al., 2019). This increase in disorder again
shows that interactions with the permeant ion are essential for
maintaining the integrity of the SF conductive conformation.

KcsA displays three different gating modes within the wild-
type channel which can be mimicked by a set of three mutants for
E71 (Chakrapani et al., 2011). Solid-state NMR investigations of

FIGURE 2 | Structural plasticity of the selectivity filter of cation channels.

(A) Schematic representation of the conductive SF conformation with four ion
binding sites. Arrows indicate the conversion into (B) a stable collapsed
conformation as observed in KcsA (Zhou et al., 2001) or Shaker (Li et al.,
2021b). (C) A carbonyl flipped conformation as observed in KcsA E71A
(Cordero-Morales et al., 2006; Cheng et al., 2011) or NaK (Roy et al., 2021).
(D) an asymmetric conformation as observed in NaK (Shi et al., 2018) or
TREK-1 (Lolicato et al., 2020) or TASK-1 (Li et al., 2020). (E) An unstable
disordered SF conformation as observed in hERG (Miranda et al., 2020) or the
potassium-selective mutants of NaK in the presence of sodium (Hendriks

et al., 2021).

these mutants pointed toward the water molecules behind the SF
stabilizing different conformational landscapes (Jekhmane et al.,
2019). The dynamics of the SF clearly have a great effect on the
electrophysiological behavior of the channel.

Microsecond-timescale MD simulations of the hERG channel
show SF instability (Miranda et al., 2020). This is in contrast
to the stable asymmetric conformation of hERG discussed
previously (Li et al., 2021a). Two distinct metastable states were
found for hERG with transitions between the two states on
a low-microsecond timescale, indicating the overall instability
of the SF (Miranda et al, 2020). Both states were defined
as non-conducting and are characterized by asymmetric SF
conformations, where the distances between SF residues of
opposing subunit pairs differ significantly. The most populated
state shows a constricted pore for one SF pair, whilst the
other pair remains structurally similar to the original cryo-
EM structure. Importantly, the sidechain of the phenylalanine
residue also displays large fluctuations in this state. The less
populated metastable SF state is distinctive in the fact that
the sidechain of the phenylalanine of one subunit blocks
the conduction pathway of the channel. This study describes
a SF that is both asymmetric as well as disordered, more
research is needed to determine if this is linked to the fast
inactivation of the channel.

DISCUSSION

It has become increasingly clear in recent years that structural
data alone does not give enough information to describe ion
channel functioning. Recent research has shown that a lack of
dynamic information has limited the mechanistic understanding
of ion channels. We have summarized all examples of structural
plasticity of the SF in the pore loop channel family, focusing
on the potassium- and non-selective cation channels. The SF
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structures include various constricted, stable conformations as
well as asymmetric or even disordered states (see Figure 2).
Recently, the TRPV1 and the HCN4 pore loop channels were
discovered to have more subtle structural plasticity of the SF in
their ability to adapt to different ion types (Saponaro et al., 2021;
Zhang et al., 2021).

It was already known that the SF is one of the structural
elements responsible for gating in many pore loop channels. The
balance between conductive, asymmetric, collapsed or disordered
SF states is very important for the specific electrophysiological
profile of a channel. The various constricted states of the SF, both
collapsed and asymmetric, with a narrowed ion pore all show
stabilization by either water molecules or a residue sidechain
behind the SF. Interestingly, it seems that the constriction of
the conduction pathway can be found at either the S2 or SO
ion binding site of the SE, where the constriction at the SO site
appears to be linked to an asymmetric state of the channel. It is
unclear if all these different modes lead to the same behavior of
C-type inactivation.

It is particularly challenging to obtain high-resolution
structural information on the SF of ion channels by methods
such as X-ray crystallography or cryo-EM when this is a dynamic
region. MD simulations and NMR can provide additional
information taking structural plasticity into account which
aids the further understanding of ion channel functioning. An
emerging theory links ion selectivity of the channel and SF
disorder. It was first shown by us that multiple SF conformations
are essential for non-selective ion conduction in NaK, with a
symmetric state responsible for potassium and an asymmetric
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