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Abstract: Here, we report an allosteric effect of an anionic phospholipid on a model K+ channel, KcsA.
The anionic lipid in mixed detergent–lipid micelles specifically induces a change in the conformational
equilibrium of the channel selectivity filter (SF) only when the channel inner gate is in the open state.
Such change consists of increasing the affinity of the channel for K+, stabilizing a conductive-like
form by maintaining a high ion occupancy in the SF. The process is highly specific in several aspects:
First, lipid modifies the binding of K+, but not that of Na+, which remains unperturbed, ruling out a
merely electrostatic phenomenon of cation attraction. Second, no lipid effects are observed when a
zwitterionic lipid, instead of an anionic one, is present in the micelles. Lastly, the effects of the anionic
lipid are only observed at pH 4.0, when the inner gate of KcsA is open. Moreover, the effect of the
anionic lipid on K+ binding to the open channel closely emulates the K+ binding behaviour of the
non-inactivating E71A and R64A mutant proteins. This suggests that the observed increase in K+

affinity caused by the bound anionic lipid should result in protecting the channel against inactivation.

Keywords: potassium channels; C-type inactivation; selectivity filter conformation; protein thermal
stability; fluorescence anisotropy; ion-protein interactions; lipid modulation

1. Introduction

The more we know about biological membranes, the more we realize the variety of
ways by which lipids interact with membrane proteins to influence their structure and
function, thus modulating the overall cellular response. Such influence is sometimes
exerted through an indirect effect on the protein by altering physical properties of the
membrane bilayer, such as tension, curvature, lateral pressure, thickness, hydrophobic
mismatch, or others [1–3]. In some other instances, however, there is a direct effect caused
by lipid binding to specific sites on the protein [4–6]. In this paper, we use the KcsA channel
in mixed detergent–lipid micelles (DLMs) as an experimental system in which to study
the modulation of this model membrane protein by lipids. Although departing from a
classical liposome-like membrane bilayer model, DLMs have the advantage of contributing
much less scattering in spectroscopic (fluorescence) measurements due to their small size.
Moreover, because DLMs lack an organized bilayer, the observations of lipid effects on the
proteins should mainly reflect the direct interactions of the lipids, acting truly as specific
protein effectors.

KcsA is a prokaryotic K+ channel from Streptomyces lividans. By X-ray crystallography,
the structure of this channel has been determined, showing a homotetrameric transmem-
brane protein. Two transmembrane segments (TM1 and TM2) in the form of alpha-helices,
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as well as the cytoplasmic N- and C-termini, stand out in each monomer (Scheme 1). In
the case of the four C-termini, these form a bundle of helices that acts as a channel gate
(the inner gate) that is sensitive to pH [7]. The channel pore consists of an aqueous cavity
flanked by a short tilted helix (pore helix) as well as the selectivity filter (SF), whose TVGYG
sequence is homologous to that of eukaryotic K+ channels, acting as a secondary gate (the
outer gate). It contains four binding sites for K+, formed by the backbone carbonyls of the
SF residues (sites S1–S4 of the crystal, from the extracellular to the intracellular side) [8].
This SF is able to adopt two different conformations at high and low K+ concentration
[8–18]. For the second one, ions would bind only to sites S1 and S4, so there would be no
ions in the center (sites S2 and S3), resulting in a collapsed non-conducting conformation.
At high K+ concentration, a conformational change would occur, in which the ions would
access all the SF sites, enabling conduction [8,12]. In the case of the non-permeant Na+ ion,
it is not able to induce such a conformational change, remaining in a situation similar to
that of K+ at low concentrations, i.e., with the SF collapsed and with the internal sites S2
and S3 empty [19].
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Scheme 1. (A) Structure of the transmembrane domain of the potassium channel KcsA (PDB entry:
1K4C). Only two diagonally opposed subunits are shown for clarity. Each monomer consists of two
transmembrane helices (TM1 and TM2) connected by the P-loop, pore helix, and the selectivity filter
(SF). It should be noticed that the most distal region of the C-terminal sequence is not included.
(B) Top-view model of KcsA (ribbon representation) with four DPPA (1,2-dipalmitoyl-sn-glycero-
3-phosphate) molecules (CPK representation) bound to the “non-annular” protein sites located at
the four intersubunit crevices. Such DPPA molecules were built by using the partial lipid structure
appearing in the protein crystal as a scaffold. R64 and R89 residues involved in the interaction with
the lipid are shown as pink and green sticks, respectively. The details of such interactions have been
reported previously [20–22]. (C,D) Structure of the KcsA selectivity filter and nearby domains in
the collapsed (C) or conductive conformations (D) (PDB entry: 1K4D and 1K4C, respectively). The
Trp67 residues (intrinsic fluorescent reporters) are highlighted in panels (A,C,D). S1 to S4 sites in
the selectivity filter refer to the originally reported K+ binding sites. K+ ions within the filter are
represented as green spheres.
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Ion binding to the SF of KcsA in detergent micelles has also been studied through
different assays based on the cation-dependent variation of (i) the intrinsic fluorescence
emission spectrum, (ii) the steady-state anisotropy, or (iii) the fluorescence monitoring
of thermal denaturation of the protein [23–26]. In these studies, the published crystal
structures of the channel protein were always used as the basis to interpret the binding
results. On the one hand, the addition of K+ induced a blue shift in the fluorescence
emission spectrum of the protein, together with an increase in its intensity, in any case
greater than those caused by the addition of Na+. This is an expected effect since K+ induces
a greater conformational change than Na+ in the SF of KcsA, according to crystallographic
data [23]. On the other hand, the use of tryptophan to phenylalanine mutants of KcsA
allowed us to assign the cation-induced changes in fluorescence mainly to residues Trp67
and Trp68 [26,27]. These residues are located in the short helix of the protein with their side
chains practically in contact with the polypeptide backbone of the selectivity filter [11,28,29].
From these results, it can be concluded that, as indicated by previous X-ray studies, it is
the selectivity filter and/or its closest surroundings that are involved both in the binding
of cations and in the conformational changes from which this binding originates. Finally,
another experimental observable with which ion binding to KcsA can be monitored is the
thermal denaturation of the protein, followed by its intrinsic fluorescence; the apparent tm
(midpoint denaturation temperature in degrees Celsius) of the thermal transition from the
native to the denatured state can be calculated, and its major advantage being the wide
range of variation of this parameter [24,26]. With these experiments, it was detected that
for non-permeant Na+ or Li+ ions, there would only be a low affinity binding event [25],
however, in the case of permeant K+, Rb+, Tl+, and even Cs+ ions, two binding events were
detected as their concentration increases—one high and one low affinity [25]. By comparing
these results with previous ones obtained by crystallography, we were able to hypothesize
that the first binding event for any of these ions would correspond to the binding to the
S1 and S4 sites of the SF as defined by crystallography, giving rise to a non-conducting
collapsed conformation. The higher affinity shown by the permeant ions (micromolar KD
values) would ensure the displacement of competing non-permeant cations (millimolar
KD) and, thus, a selectivity towards these ions. The second binding event of lower affinity
(millimolar KD values) would favour the dissociation of the ions and, thus, their permeation.
In this case, as described by crystallography, only permeant ions would be able to induce
this change of state and occupy on average all the S1–S4 sites of the SF, thus facilitating their
flux [13]. Derived from these data, it is interesting to note that the differences in affinity
between permeant and non-permeant cations, as well as the similarities in ion binding
within each group, correlate with their relative permeabilities to K+, which allows us to
conclude that ion channel selectivity is strongly determined by the binding of cations to the
channel [25]. Additional evidence to support the role of the SF as the main site for cation
binding comes from the altered binding observed in channel mutants affecting the SF such
as M96V or E71A [24,30], or using specific SF channel blockers [24,31].

The activity cycle of KcsA has been defined in four stages with allosteric communica-
tion between the two gates of the channel being a key factor. Thus, at neutral pH and in
the presence of K+, the closed/conductive state would be the predominant one, in which
the cytoplasmic helical bundle (inner gate) would prevent the flow of ions, leaving the
SF (outer gate) in a conductive conformation. Upon lowering the pH, it would switch to
an “open/conductive” state since the internal gate would open, making KcsA a proton-
activated channel [32–34]; however, this conformation is not stable and drifts within a
few seconds to one in which the outer gate closes, preventing ions from permeating the
channel, thus defining an “open/inactivated” state [35,36]. This process is modulated by
a network of interactions, among which include the E71, D80, and W67 residues of each
subunit located behind and in contact with the SF and known as the inactivation triad,
stand out [11,37–39]. When the pH is back to neutral, the cycle is completed by closing the
internal gate and returning the SF to its resting conductive state [40].
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The examination of the KcsA crystal structure reveals that it contains noncovalently
bound lipid [8,41], initially modeled as diacylglycerol and, later on, identified as phos-
phatidylglycerol (PG) [41,42]. The crystallographic evidence and other studies [43] conclude
that the PG binding sites on the KcsA protein have the features of so-called “non-annular”
lipid binding sites on the protein surface [44] between the TM1 and TM2 of each pair of
adjacent KcsA monomers. The negatively charged polar headgroup of the lipid interacts
with nearby positively charged R64 or R89 residues in a not-too-specific manner, as there
are only minor differences in the binding affinities of different negatively charged phospho-
lipids [43,45,46]. In addition to the R64 and R89 residues, other amino acids were described
to be involved in the binding of anionic lipids to the “non-annular” sites in KcsA, providing
the required architecture to hold the lipid molecule in the crevices between subunits [47].
Similar “non-annular” sites containing bound lipids have been documented in several other
membrane proteins where they also play important roles in modulating protein features
ranging from their correct folding to their optimal activity [2,5,48]. In KcsA in particular,
the binding of anionic phospholipids to such sites are crucial for the correct insertion of
the tetrameric KcsA channel into the cell membrane and are needed to completely refold
the channel upon trifluoroethanol unfolding [49,50]. Anionic phospholipids also increase
the thermal stability of the KcsA protein much more efficiently than zwitterionic phospho-
lipids [47] by holding together adjacent KcsA subunits through protein–lipid interaction
at the intersubunit, “non-annular” lipid binding sites [4,5,20,47,51]. Finally, anionic phos-
pholipids are required for optimal activity of the KcsA channel [52,53]. A reduction in the
macroscopic rate of inactivation and an increase in the single-channel mean open time are
also observed as the concentration of anionic phospholipids is increased; these effects are at-
tributed to specific lipid interaction with the “non-annular” arginines [20]. Such interaction
and its role on inactivation has been documented by functional, structural and molecular
dynamics simulation studies [20–22,54]. Still, the molecular mechanisms involved in the
alteration of the selectivity filter by lipid binding need to be further addressed. Additionally,
anionic phospholipids have been reported to interact with Arg residues at the N-terminal
domain, where they could modulate the opening of the channel’s inner gate [53].

Our main goal in this paper is to study the effects of lipids in modulating the interaction
between the channel and relevant permeating and non-permeating cations. Monitoring
such interactions by the thermal denaturation or fluorescence anisotropy of the detergent-
solubilized KcsA protein have proven to be a very useful tool to illustrate the conformational
equilibrium at the channel’s SF throughout its functional cycle.

2. Materials and Methods
2.1. Materials

N-dodecyl-β-D-maltoside (DDM) ULTROL® Grade was from Merck. Hepes, suc-
cinic acid, N-methyl-D-glucamine (NMG), NaCl, and KCl, were from Sigma-Aldrich.
Ni2+-Sepharose Fast Flow Resin was from GE Healthcare. 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (sodium salt)
(POPA) were from Avanti Polar Lipids. The stocks of POPC and POPA were usually made
in chloroform:methanol (3:1) at 5–10 mg/mL, and appropriate aliquots were then evapo-
rated under vacuum for at least 3 h. The lipids where then solubilized in the samples buffer
under gentle agitation for at least 3 h.

2.2. KcsA Heterologous Expression and Purification

The heterologous expression of KcsA wild-type (WT) and the mutants W26,68,87,113F
(W67); W26,68,87,113F E71A (E71A W67); W26,68,87,113F R64A (R64A W67); and L90C
were performed in E. coli M15 (pRep4) and purified by Ni2+/His-tag affinity chromatogra-
phy according to previous reports [27,49]. The tetrameric state of the protein was routinely
checked by SDS-PAGE (12%) [55].
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2.3. Fluorescence Monitoring of Cation Binding through Thermal Denaturation

Thermal denaturation of WT KcsA channel was performed as described previously [26]
using a Varian Cary Eclipse spectrofluorometer to record the temperature dependence
of the protein intrinsic emission fluorescence at 340 nm after excitation at 280 nm. In
these experiments, the protein was diluted to 1 µM concentration (in terms of monomers
of KcsA) in either 20 mM Hepes buffer, pH 7.0, containing 5 mM DDM and 1.5 mM
NaCl (pH 7.0 buffer) or 10 mM succinic acid buffer, pH 4.0, containing 5 mM DDM and
1.5 mM NaCl (pH 4.0 buffer). To prepare the DLMs, the above samples were supplemented
with 0.5 mM of the desired phospholipid. For the cation titrations, aliquots from stock
solutions of either NaCl or KCl were added to the samples prior to the thermal denaturation
recordings to provide the desired final cation concentrations.

The midpoint temperature of dissociation and unfolding of the tetramer (tm, in Celsius)
was calculated from the thermal denaturation curves by fitting a two-state unfolding model
to the data [47]. The dissociation constants of the KcsA-cation complexes (KD) can be
estimated from:

∆Tm

Tm
=

Tm − (Tm)0
Tm

=
R(Tm)0

∆H0
ln
(

1 +
[L]
KD

)
(1)

where Tm and (Tm)0 refer to the denaturation temperature (in Kelvin) for the protein in the
presence and absence of ligand, respectively, R is the gas constant, and ∆H0 is the enthalpy
change upon protein denaturation in the absence of ligand.

2.4. Steady-State and Time-Resolved Fluorescence Measurements

Spectroscopic measurements in the DLMs at different cation concentrations, were
carried out exactly as described above for the thermal denaturation assays, except that a
5–6 µM (monomer based) final protein concentration was used throughout.

Steady-state fluorescence measurements were performed on a Horiba Jobin Yvon
Fluorolog3 (Piscataway, NJ, USA) or SLM-8000 C (SLM Aminco, Urbana, IL, USA) spec-
trofluorometer, using 0.5 cm pathlength quartz cuvettes at room temperature. Steady-state
anisotropy was measured at 340 nm using an excitation wavelength of 300 nm and calcu-
lated as:

< r >=
IVV − G × IVH
IVV + 2 × GIVH

(2)

where IVV and IVH are the fluorescence intensities (blank subtracted) of the vertically and
horizontally polarized emission when the sample is excited with vertically polarized light,
respectively. The G-factor corresponds to the instrument correction factor (G = IHV/IHH).
Ten measurements were done for each sample [27].

Time-resolved fluorescence and anisotropy measurements with picosecond resolution
were obtained using the time-correlated single-photon timing (SPT) technique as in [27].

The W67–W67 intersubunit distances were calculated from the anisotropy decays of
W67 KcsA or E71A W67 KcsA and R64A W67 KcsA mutant channels in either DLMs or in
plain detergent protein micelles, respectively, as described previously [27,31].

2.5. Calculation of the K+ Binding Affinity to KcsA from Changes in the Steady-State
Anisotropy Values

When monitored by the changes in steady-state anisotropy (<r>), the binding of K+ to
W67 KcsA presented a sigmoidal behavior that was used to calculate the binding affinity of
the channel for this permeant cation, as is in [31]. Briefly, the KD values can be calculated
from the following equation:

< r >= < r >NC + (Q< r >C/I −< r >NC)
[X +

]h

Kh
D + [X +

]h (3)
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where <r>NC and <r>C/I are the steady-state anisotropy of the initial (non-conductive, NC)
and final (conductive or inactivated, C/I) states, respectively, [X+] is the concentration of
the cation, KD is the dissociation constant, and h is the Hill coefficient. The Q parameter
represents the relative change between the quantum yield of the non-conductive and
conductive (or inactivated) forms.

2.6. DLS Measurements

Plain and mixed micelle size determination was carried out by dynamic light scattering
(DLS) technique using a Malvern Zetasizer Nano-ZS instrument (Worcestershire, UK) with
a Helium–Neon laser (λ = 633 nm). Measurements were performed at 25 ◦C in triplicate at
an angle of 173◦.

2.7. Statistics

Statistical analysis was performed using Graphpad Prism version 5 (Graphpad Soft-
ware). The statistical significance of observed differences was assessed by two-tailed
unpaired t-student test.

3. Results
3.1. Thermal Denaturation of WT-KcsA in Mixed Detergent–Lipid Micelles (DLMs)

Our purpose in this paper is to study the possible changes taking place in the cation-
dependent, conformational equilibrium of the KcsA channel upon lipid binding, as a way
to explain their modulatory role. To do so, mixed detergent–lipid micelles (DLMs) have
been used, which minimizes light scattering in our spectroscopic studies due to their small
size relative to lipid membranes. In addition, the lack of a membrane bilayer structure
in the DLMs allows us to attribute the observed effects to lipid-channel binding instead
of to changes in bilayer properties. In this respect, we reported previously that lipids
binding to the channel in DLMs could be easily illustrated by monitoring the thermal
denaturation of the KcsA protein in the presence of increasing concentrations of different
phospholipids within the micelles [47]. The mid-point protein denaturation temperature
(tm) increases considerably, even at lipid concentrations as low as 10−4–10−5 M, much
more markedly for anionic phospholipids over zwitterionic ones, thus, providing an
excellent experimental observable with a wide range of variation [47]. Such lipid-induced
stabilization is susceptible to further rise in the presence of increasing concentrations of
cations, as shown below. For the above reasons, we decided to do cation titrations in
thermal denaturation experiments using the WT KcsA channel in DLMs containing either
POPA or POPC and at the indicated pHs (see Section 2). Figures 1 and 2 illustrate such
titrations using Na+ or K+ as non-permeating or permeating cation species, respectively.
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Table 1. Apparent dissociation constants (KD) for the binding of different cations to WT KcsA channel
in DLMs at pH 7.0 and pH 4.0. Mean ± SD values given here come from the experiments reported in
Figures 1 and 2. a Statistical significant differences with respect to the DDM group (p < 0.05).

pH Cation

Number of
Binding
Events

Detected

DDM POPC DLMs POPA DLMs

KD (mM) KD (mM) KD (mM)

7.0

Na+ 1 3.3 ± 0.5 4.5 ± 0.6 4.6 ± 0.1

K+ 2
(1.9 ± 0.5) × 10−3 (1.4 ± 1.1) × 10−3 (2.1 ± 0.2) × 10−3

3.5 ± 0.5 0.36 ± 0.01 a 0.17 ± 0.01 a

4.0

Na+ 1 7.7 ± 0.6 5.1 ± 0.6 5.2 ± 0.1

K+ 2
(91 ± 11) × 10−3 (56 ± 11) × 10−3 (62 ± 10) × 10−3

8.4 ± 0.5 4.9 ± 0.5 0.26 ± 0.05 a
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Figure 2. Binding of K+ to WT KcsA in DLMs. Panels (A,B) illustrate K+ binding to WT KcsA at pH
7.0 and 4.0, respectively, monitored through the K+ concentration dependence of the tm of the protein
thermal denaturation with samples containing 1.5 mM Na+ as the starting titration point. The results
are the average (n = 3) tm (in Celsius) ± S.D. Inset to panels A and B are semi-log plots of the binding
processes to illustrate, in a simple manner, the presence of two different sets of K+ binding sites. The
determination of apparent KD values estimated for the above binding events are given in Table 1.

In the Na+ titrations (Figure 1A,B), besides the initial thermal stabilization of the KcsA
protein induced by the lipids in the DLMs, the responses to increasing Na+ concentration
are somewhat similar to that observed in the plain detergent micelles. The analysis of the
thermal denaturation patterns, were carried out as described in detail earlier [25,26], with
supplementary information available in [24]. Single binding events are observed in all
cases and well described by the binding curves throughout the Na+ concentration range,
which allow us to calculate the apparent dissociation constants (KD) for Na+ binding to
KcsA (Table 1). Regardless of whether we started with the channel at pH 7.0 or 4.0, with
a closed or an open inner gate, respectively, there is a similarity in the estimated KD for
the observed low-affinity, single Na+ binding event. This event has been related to the
adoption of a collapsed conformation of the KcsA SF [8,23,26,56], which seems not to be
sensitive to the presence or to the absence of lipids in the DLMs.

Figure 2 shows K+ titration patterns in the DLMs, which are also reminiscent of those
reported previously in plain detergent micelles, including the larger cation-induced thermal
stabilization of the KcsA protein, compared to that caused by Na+, or the occurrence of two
successive binding events as the K+ concentration is increased [25,26,57]. As concluded
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previously, the first high-affinity K+ binding event is associated with the stabilization of
the non-conductive, collapsed SF conformation (S1 and S4 sites occupied), whereas the
second low-affinity set correspond to the self-induced conformational change to a conduc-
tive, fully occupied (sites S1 to S4, Scheme 1) SF form [8,12,26]. In previous reports using
plain detergent–protein micelles, the analysis of thermal denaturation at increasing K+

concentration allows for the determination of the dissociation constants for both binding
events [24–26]. In this case, however, the cumulative thermal stabilization caused by lipids
in the DLMs, particularly POPA, added to that from the increasing K+ concentrations,
causes the tm’s determination above a certain K+ concentration to exceed the capacity of
our thermostating system (tm values near or over 100 ◦C). Therefore, the resulting binding
curves only cover a limited range of K+ concentrations, from which KD determinations be-
come uncertain (Table 1), and thus, a precise analysis of the data is prevented. Still, the data
can be analyzed taking into account these limitations to conclude that POPA, in particular,
and at pH 4.0 (Figure 2B) shifts the titration curve to lower K+ concentrations, that is, in-
creasing the affinity of the channel to bind the cation, especially in the second binding event
(Table 1). Such effects can perhaps be more clearly observed in the semilog plots included as
inserts in the panels. Although just an approximation, this could be a relevant observation
since channel inactivation requires emptying the SF of cations [58–60], which would not
occur as easily if the affinity of the SF for K+ is increased. In other words, the presence of
POPA in the DLMs could be protecting the channel against inactivation. This could explain
why much lower inactivation rates are observed in patch-clamp measurements of KcsA in
reconstituted membranes containing the anionic phospholipid [20].

3.2. Binding of K+ to the W67-KcsA Mutant in DLMs Followed by Fluorescence Anisotropy

Because of the limitations of the thermal denaturation assay to assess the binding
of K+ to the KcsA channel in the DLMs with accuracy, as indicated above, we turned to
use fluorescence anisotropy measurements, which are taken at room temperature. For
this we used the W67 KcsA mutant (W26,68,87,113F KcsA mutant), which only has a
single tryptophan residue left (W67) at the channel pore helix, just behind the SF. This is
a region sensitive to the presence of K+ within the SF, particularly at the S2 and S3 sites,
which are heavily involved in channel inactivation [27,61–63]. Previous reports from our
group have shown that W67 KcsA is structurally and functionally similar to WT KcsA [27].
Still, we started by optimizing the experimental conditions to form the DLMs. Dynamic
light scattering measurements of DLMs made from W67 KcsA in detergent and variable
concentrations of phospholipids (see Section 2) showed that, below 0.5 mM of either POPA
or POPC, the size of the resulting DLMs did not increase significantly with respect to
plain detergent–protein micelles (10–12 nm average diameter). Furthermore, thermal
denaturation experiments at increasing lipid concentrations, similar to those reported
previously [47], showed that 0.5 mM of either lipid in the DLMs already causes a maximum
effect on increasing the thermal stability of the protein. Therefore, as is in the above DLMs
from WT KcsA, we chose 0.5 mM lipid in the DLMs to secure both a maximum saturated
effect of the lipid on the protein and a minimum size of the resulting DLMs to minimize
light scattering contributions to the fluorescence measurements.

In spite of the advantages of the anisotropy monitoring mentioned above, it should
be noticed that changes in <r>ss in the W67 KcsA are a consequence of the changes in the
homo-FRET rates among the W67 residues, i.e., changes in the W67–W67 intersubunit dis-
tances [27]. In plain detergent–protein micelles and at pH 7.0, we reported previously that
the single binding event of Na+, as well as the first binding event of K+ at low concentration
(the first equilibrium from an empty SF to a collapsed/non-conductive conformation),
are associated with only a small modification in the intersubunit distances, and therefore,
it is expected that anisotropy changes under those conditions provide low sensitivity to
estimate the KD value. Indeed, we observed here that increasing the concentration of Na+

in the samples has little effect on the anisotropy measurements, particularly at pH 4.0. This
suggests that Na+ binding to W67 KcsA does not significantly affect the conformation of
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the collapsed protein around the short helix where the W67 reporter groups are located.
For this reason, and also because Na+ binding was adequately described by thermal de-
naturation, Na+ titrations of the DLMs were not further pursued in this work. Likewise,
according to the expectations, changes in the anisotropy observed at low K+ concentrations,
corresponding to the first K+ binding event by the channel, are also minor, and therefore,
in K+ titrations such as those shown in Figure 3, we paid attention particularly to the K+

concentration range covering the second K+ binding event to W67 KcsA in the DLMs. This
second event is associated with the filling of the innermost binding sites of the SF (namely
S2 and S3 binding sites) and in plain detergent–protein micelles at pH 7.0, causing nearly a
3 Å modification in the intersubunit distances [27]. Fortunately, this is precisely the K+ con-
centration range that could not be properly addressed from the above thermal denaturation
experiments, and it is most relevant in ion conduction and channel inactivation.

Table 2. Apparent dissociation constants (KD) for the K+ binding of W67, E71A W67, and R64A W67
KcsA mutant channels in different experimental conditions. Dissociation constants were calculated
from the changes of the steady-state fluorescence anisotropy (<r>) when increasing the K+ concentra-
tion in the sample buffer (Equation (3)). a Statistically significant differences with respect to the pH 7
group (p < 0.05).

Channel Micelles
pH 7.0 pH 4.0

KD (mM) KD (mM)

W67

DDM 0.45 ± 0.09 46 ± 2 a

POPC DLMs 1.0 ± 0.1 51 ± 3 a

POPA DLMs 0.5 ± 0.1 8 ± 2 a

E71A W67 DDM 6.0 ± 0.7 4.1 ± 0.3

R64A W67 DDM 4.9 ± 0.8 9.0 ± 0.3
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Figure 3. Panels (A,B) illustrate K+ binding to W67 KcsA at pH 7.0 and 4.0, respectively, monitored
through the K+ concentration dependence of the steady-state fluorescence anisotropy (<r>) of the
protein with samples containing 1.5 mM Na+ as the starting titration point. The results are the average
(n = 3) <r> ± S.D. The continuous line represents the fit of Equation (3) to the data. The calculated
apparent KD values for the above binding events are given in Table 2.

Both panels in Figure 3 show that, regardless of either pH or the presence of a given
phospholipid in the DLMs, the W67 KcsA channel seemingly transits in a K+ concentration-
dependent manner between two states, characterized by steady-state anisotropy values
approaching 0.165 and near 0.130, respectively. We reported previously that the square
geometry of the four W67 residues within the channel, gives raise to W67–W67 homo-FRET,
from which intersubunit distances can be estimated from time-dependent fluorescence
anisotropy decays [27]. Moreover, such experimentally determined intersubunit distances
have an excellent linear correlation with the steady-state anisotropy values (Figure 4E
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in [31]). Therefore, the steady-state anisotropies given in Figure 3 serve to predict an
approximately 18 and 15 Å intersubunit distance, respectively, for the collapsed and the
resting conductive states of the partly empty and fully occupied SF. The above intersubunit
distances are formally correct only for the plain detergent–protein micelles, in which
such linear correlation was experimentally established [31]. Nonetheless, the similarities
between the steady-state anisotropies in the plain detergent–protein micelles and either
one of the DLMs predicts a similar situation in the latter, suggesting that the initial and
final states of the channel’s SF are not significantly modified by the presence of either
phospholipid in the DLMs. Following the same procedures reported earlier [27], this
expectation was indeed validated by measuring time-dependent fluorescence intensity
and anisotropy decays, along with a determination of the rotational relaxation time in the
DLMs, to experimentally determine the intersubunit distances at saturating (200 mM) K+

concentrations. The intersubunit distances determined for either of the DLMs under those
conditions, were almost identical to those determined previously for W67 KcsA in plain
detergent–protein micelles [27].

Figure 3A shows that at pH 7.0, where the inner gate is closed and the SF is being
occupied by K+ and converted into the conductive state, the affinities of K+ to bind to the
channel are comparable in the plain detergent–protein micelles and in either one of the
DLMs, suggesting that none of the phospholipids tested significantly modify the binding
of K+ to the channel. The apparent KD for the binding processes were estimated from
the anisotropy vs. K+ concentration curves, as described in the Section 2, and are given
in Table 2. Likewise, at pH 4.0, when the inner gate is open (Figure 3B), K+ binding
is also practically identical in plain detergent–protein micelles and in POPC-containing
DLMs. Conversely, however, K+ binding differs significantly from the above in DLMs
containing POPA (Figure 3B), in which the affinity of K+ to bind the channel clearly increases
(Table 2). This conclusion is similar to that reached above from the qualitative interpretation
of thermal denaturation experiments (Figure 2B). This further suggests that POPA acts
specifically to increase the affinity for K+ binding when the inner gate of the channel is
open, thereby partly preventing the SF from emptying of bound K+, which is a prerequisite
for channel inactivation to occurs.

3.3. Binding of K+ to Model Non-Inactivating W67 KcsA Mutants Followed by
Fluorescence Anisotropy

In an attempt to confirm that the above effects of POPA in preventing the inactivated
state in W67 KcsA in DLMs resembles the behavior of well-known non-inactivating chan-
nel mutants, we prepared E71A W67 and R64A W67 KcsA mutants and did K+ titration
experiments followed by fluorescence steady-state anisotropy. The E71A mutant was first
described by Cordero-Morales and collaborators [11]; it lacks a complete “inactivation
triad” (E71-W67-D80) because of the absence of the E71 residue and presents a much higher
open probability and mean open time than the WT KcsA channel. On the other hand,
the R64A mutant, lacking one of the two R64 and R89 “non-annular” arginine residues
involved in anionic phospholipid binding, was also described first by Cordero-Morales
and collaborators [11], and likewise, it presents a higher open probability and mean open
time than the WT channel, although slightly lower than the E71A mutant counterpart.
Interestingly, the addition of anionic phospholipids to these mutant channels reconstituted
in asolectin giant liposomes did not modify their macroscopic current profile in electrophys-
iological measurements [20,64]. Furthermore, MD simulation studies highlighted the main
role of the R64 residue not only in mediating the specific binding of anionic lipids to the
“non-annular” binding sites, but also in translating such binding to specific conformational
changes in the SF [20,54].

Figure 4A,B show that both of these non-inactivating mutant channels present a similar
trend when binding to K+ almost independently of the conformational state of the channel’s
inner gate reached at pH 7.0 or 4.0. The estimated KD values all fall in the low mM range
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(Table 2), which are very similar to those determined for the W67 KcsA sample in the
POPA-containing DLMs at pH 4.0.
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fluorescence anisotropy (<r>) of the protein with samples containing 1.5 mM Na+ as the starting
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The comparison between the non-inactivating effects of POPA on the W67 KcsA and
the behavior of the non-inactivating model channels can be more clearly seen in Figure 5
and reinforces the idea that POPA protects the channel against inactivation, specifically
at pH 4.0 by increasing K+ affinity. On the contrary, the behavior of the channel in POPC
DLMs does not differ from that in plain DDM micelles, showing a clear affinity loss for K+,
associated with the channel inactivation induced by the opening of the inner gate at pH 4.0.
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Figure 5. K+ binding to E71A W67 KcsA and R64A W67 KcsA, both in plain detergent micelles
and W67 in POPA DLMs, monitored through the K+ concentration dependence of the steady-state
fluorescence anisotropy (<r>) of the protein. All samples are at pH 4.0, containing 1.5 mM Na+
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represents the fit of Equation (3) to the data. The apparent KD values for the above binding events are
given in Table 2.

4. Discussion

The conformation of the inactivated state of K+ channels and their modulation are still
a matter of debate. In KcsA in particular, where this process was first structurally addressed,
two major hypotheses have been entertained. First, it was postulated that the inactivated
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state of the selectivity filter has a “collapsed” conformation, similar to that seen at low K+

concentration, in which access to the internal S2 and S3 sites is not permitted [65]; however,
a second hypothesis claimed that the filter remains in a “resting-like” conformation upon
inactivation with only subtle structural changes with respect to the conductive SF [57,66,67].
Using the thermal denaturation assay, we reported previously that all the binding sites
within the inactivated SF remain as accessible as in the resting state under equilibrium
conditions [57], and therefore, we have no evidence to support the “collapsed” filter
conformation hypothesis. Moreover, the comparison between the equilibrium constants
from the binding of cations to the resting channel and to inactivated channel models
indicates a decreased affinity for binding of permeant cations to the inactivated channel
states, which is particularly notorious of K+ [57,68,69]. Electrophysiologically, although
under non-equilibrium experimental conditions, inactivation has long been associated with
a loss of K+ from the SF [70], which explains why C-type inactivation is favored at low K+

concentrations in eukaryotic potassium channels [19,35,71], while a higher concentration
of the cation prevents it [71–75]. These led to postulating the “foot in the door” or the
“ion depletion of the pore” hypothesis, which propose that the presence of ions inside the
selectivity filter is essential to stabilize it in the conductive conformation [58–60]. Thus, it
could be speculated that the drop in the affinity we detected in our equilibrium thermal
denaturation assays could increase the probability of K+ loss from the filter and partly
explain inactivation, although the details on the molecular mechanisms involved in the
process remain to be stablished.

Another piece of evidence relevant to the work presented here comes from studies
on macroscopic and single-channel current measurements of KcsA reconstituted into
liposomes containing added PA [20]. It was observed that the presence of the anionic
phospholipids in the liposomes caused a drastic reduction of channel inactivation. As
those experiments used liposomes, it was not clear whether the lipid effects were exerted
directly on the protein or through modification of bilayer properties. Nonetheless, similar
effects to those of PA on KcsA currents were seen when either one of the “non-annular”
arginine residues were mutated to alanine, regardless of the added anionic lipid [20].
Finally, NMR and Molecular Dynamics simulation studies concluded that, indeed, the
effects of lipids were a consequence of their binding to the “non-annular” arginines (R64
and R89) in KcsA [20,22,43,54]. According to Molecular Dynamics predictions, such lipid
binding prevents interaction between those arginines and the inactivation triad (E71-
D80-W67) behind the selectivity filter, which seems critical to stabilize the triad and to
allow inactivation.

Here, we provide experimental evidence for the first time that binding to the KcsA
channel of the anionic POPA in DLMs specifically induces a change in the conformational
equilibrium of the channel SF when the inner gate is in the open state. Such change consists
of increasing the affinity of the channel to bind to the permeant K+, thus stabilizing a
conductive-like channel state at physiological amounts of K+ and contributing to maintain
ion occupancy in the pore. As we used DLMs, no lipid bilayers are formed, and therefore,
the observed effects should be attributed to direct interaction of the lipid with the protein,
acting as an allosteric effector. The term “specific” used before in reference to the lipid effects
on the channel has several connotations: First, it modifies the binding of K+ but not that of
Na+, which remains unperturbed, ruling out a merely electrostatic phenomenon of cation
attraction by the extracellular channel region containing the anionic phospholipid bound
at the “non-annular” sites. Second, no lipid effects were observed when the zwitterionic
POPC, instead of the anionic POPA, was present in the DLMs. Third and finally, the effects
of POPA on the channel protein were only observed at pH 4.0, which was the experimental
condition of reference to open the channel inner gate.

From the above results on the increase in K+ affinity caused by POPA on the channel
with an open inner gate, it is tempting to speculate that bound POPA protects the channel
against inactivation; however, we cannot measure K+ currents and its rate of inactivation
in the DLMs to provide a direct, experimental evidence in this respect. Instead, we decided
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to characterize the K+ binding behavior of two well-known non-inactivating KcsA channel
mutants, E71A and R64A, and compare these with the observed effects of POPA on KcsA.
Both E71A W67 KcsA and R64A W67 KcsA non-inactivating mutants in plain detergent–
protein micelles (i) behaved similarly in the K+ titrations, (ii) were not very sensitive to
changes in pH, and (iii) their KD values for K+ binding was in the low mM range in all
cases. These quite closely emulate the behavior of W67 KcsA in the POPA DLMs at pH
4.0, strongly suggesting that, indeed, the presence of POPA bound to the channel and
the increase in K+ affinity caused by the lipid under those conditions protects against
inactivation. Moreover, such effects of bound POPA on increasing K+ affinity by the
channel, also provides a reasonable mechanism to explain the previously reported effects of
anionic phospholipids on slowing down the rates of channel inactivation [20,52]. In other
words, the effects of lipids on inactivation previously reported by electrophysiological
methods would be mediated by the lipid-induced changes in the affinity of the selectivity
filter to bind to the potassium observed in the DLMs.

KcsA is a prokaryotic K+ channel with no associated human physiopathological
conditions. Nonetheless, the idea that an ion channel may be modulated allosterically by
binding of ligands to “non-annular” sites contributes new pharmacological targets and
paves the way to the design of “lipid-like” molecules as potential channel-modulating
drugs. In fact, “non-annular” sites have also been detected in some instances in eukaryotic
channels, which also modulate channel function [2,4,5,48,76,77].

A corollary from the main results from above, with the W67 channel at pH 7.0 or
4.0, is that, at sufficiently high K+ concentration, the anisotropy values as well as the
derived intersubunit distances, are almost undistinguishable between the resting and the
inactivated states of the channel, at least from the data provided by the W67 reporter group
used in the experiments. This seems to contribute further evidence that the inactivated
channel state is “resting-like” rather than “collapsed”, as discussed previously [57].

Author Contributions: Conceptualization, M.L.R., J.M.G.-R. and J.A.P.; formal analysis, A.M.G. and
M.L.R.; investigation, A.M.G., C.C.-D. and M.L.R.; writing—original draft, J.A.P. and J.M.G.-R.;
writing—review and editing, M.L.R., A.M.G., J.A.P. and J.M.G.-R.; funding acquisition, J.A.P. and
J.M.G.-R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by grants PGC2018-093505-B-I00 from the Spanish “Min-
isterio de Ciencia e Innovación”/FEDER, UE. C.C.-D. acknowledges support from the “Programa
Investigo”, GVA (INVEST/2022/108).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data are contained in the article.

Acknowledgments: We acknowledge Ana Coutinho and Manuel Prieto for their help with the time-
resolved fluorescence measurements and analysis. Eva Martinez provided excellent technical help
throughout this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Andersen, O.S.; Koeppe, R.E. Bilayer Thickness and Membrane Protein Function: An Energetic Perspective. Annu. Rev. Biophys.

Biomol. Struct. 2007, 36, 107–130. [CrossRef] [PubMed]
2. Lee, A.G. How Lipids Affect the Activities of Integral Membrane Proteins. Biochim. Biophys. Acta Biomembr. 2004, 1666, 62–87.
3. Marsh, D. Protein Modulation of Lipids, and Vice-Versa, in Membranes. Biochim. Biophys. Acta Biomembr. 2008, 1778, 1545–1575.
4. Poveda, J.A.; Giudici, A.M.; Renart, M.L.; Molina, M.L.; Montoya, E.; Fernández-Carvajal, A.; Fernández-Ballester, G.; Encinar,

J.A.; González-Ros, J.M. Lipid Modulation of Ion Channels through Specific Binding Sites. Biochim. Biophys. Acta Biomembr. 2014,
1838, 1560–1567.

5. Poveda, J.A.; Marcela Giudici, A.; Lourdes Renart, M.; Morales, A.; González-Ros, J.M. Towards Understanding the Molecular
Basis of Ion Channel Modulation by Lipids: Mechanistic Models and Current Paradigms. Biochim. Biophys. Acta Biomembr. 2017,
1859, 1507–1516. [CrossRef]

https://doi.org/10.1146/ANNUREV.BIOPHYS.36.040306.132643
https://www.ncbi.nlm.nih.gov/pubmed/17263662
https://doi.org/10.1016/j.bbamem.2017.04.003


Biomedicines 2023, 11, 1376 14 of 16

6. Levental, I.; Lyman, E. Regulation of Membrane Protein Structure and Function by Their Lipid Nano-Environment. Nat. Rev. Mol.
Cell Biol. 2023, 24, 107–122. [CrossRef]

7. Uysal, S.; Vasquez, V.; Tereshko, V.; Esaki, K.; Fellouse, F.A.; Sidhu, S.S.; Koide, S.; Perozo, E.; Kossiakoff, A. Crystal Structure of
Full-Length KcsA in Its Closed Conformation. Proc. Natl. Acad. Sci. USA 2009, 106, 16644–16649. [CrossRef]

8. Zhou, Y.; Morais-Cabral, J.H.; Kaufman, A.; Mackinnon, R. Chemistry of Ion Coordination and Hydration Revealed by a K+
Channel-Fab Complex at 2.0 Å Resolution. Nature 2001, 414, 43–48. [CrossRef]

9. Cheng, W.W.L.; McCoy, J.G.; Thompson, A.N.; Nichols, C.G.; Nimigean, C.M. Mechanism for Selectivity-Inactivation Coupling in
KcsA Potassium Channels. Proc. Natl. Acad. Sci. USA 2011, 108, 5272–5277. [CrossRef]

10. Chill, J.H. NMR Study of the Tetrameric KcsA Potassium Channel in Detergent Micelles. Protein Sci. 2006, 15, 684–698. [CrossRef]
11. Cordero-Morales, J.F.; Cuello, L.G.; Zhao, Y.; Jogini, V.; Cortes, D.M.; Roux, B.; Perozo, E. Molecular Determinants of Gating at the

Potassium-Channel Selectivity Filter. Nat. Struct. Mol. Biol. 2006, 13, 311–318. [CrossRef] [PubMed]
12. Morais-Cabral, J.H.; Zhou, Y.; MacKinnon, R. Energetic Optimization of Ion Conduction Rate by the K+ Selectivity Filter. Nature

2001, 414, 37–40. [CrossRef] [PubMed]
13. Zhou, Y.; MacKinnon, R. The Occupancy of Ions in the K+ Selectivity Filter: Charge Balance and Coupling of Ion Binding to a

Protein Conformational Change Underlie High Conduction Rates. J. Mol. Biol. 2003, 333, 965–975. [CrossRef] [PubMed]
14. Ader, C.; Schneider, R.; Hornig, S.; Velisetty, P.; Vardanyan, V.; Giller, K.; Ohmert, I.; Becker, S.; Pongs, O.; Baldus, M. Coupling of

Activation and Inactivation Gate in a K+-Channel: Potassium and Ligand Sensitivity. EMBO J. 2009, 28, 2825–2834. [PubMed]
15. Baker, K.A.; Tzitzilonis, C.; Kwiatkowski, W.; Choe, S.; Riek, R. Conformational Dynamics of the KcsA Potassium Channel

Governs Gating Properties. Nat. Struct. Mol. Biol. 2007, 14, 1089–1095. [CrossRef]
16. Bhate, M.P.; Wylie, B.J.; Tian, L.; McDermott, A.E. Conformational Dynamics in the Selectivity Filter of KcsA in Response to

Potassium Ion Concentration. J. Mol. Biol. 2010, 401, 155–166. [CrossRef]
17. Imai, S.; Osawa, M.; Takeuchi, K.; Shimada, I. Structural Basis Underlying the Dual Gate Properties of KcsA. Proc. Natl. Acad. Sci.

USA 2010, 107, 6216–6221. [CrossRef]
18. Wylie, B.J.; Bhate, M.P.; McDermott, A.E. Transmembrane Allosteric Coupling of the Gates in a Potassium Channel. Proc. Natl.

Acad. Sci. USA 2014, 111, 185–190. [CrossRef]
19. Lockless, S.W.; Zhou, M.; MacKinnon, R. Structural and Thermodynamic Properties of Selective Ion Binding in a K+ Channel.

PLoS Biol. 2007, 5, 1079–1088. [CrossRef]
20. Poveda, J.A.; Giudici, A.M.; Renart, M.L.; Millet, O.; Morales, A.; González-Ros, J.M.; Oakes, V.; Furini, S.; Domene, C. Modulation

of the Potassium Channel KcsA by Anionic Phospholipids: Role of Arginines at the Non-Annular Lipid Binding Sites. Biochim.
Biophys. Acta Biomembr. 2019, 1861, 183029–183043. [CrossRef]

21. Weingarth, M.; Prokofyev, A.; Van Der Cruijsen, E.A.W.; Nand, D.; Bonvin, A.M.J.J.; Pongs, O.; Baldus, M. Structural Determinants
of Specific Lipid Binding to Potassium Channels. J. Am. Chem. Soc. 2013, 135, 3983–3988. [CrossRef]

22. Marius, P.; De Planque, M.R.R.; Williamson, P.T.F. Probing the Interaction of Lipids with the Non-Annular Binding Sites of the
Potassium Channel KcsA by Magic-Angle Spinning NMR. Biochim. Biophys. Acta 2012, 1818, 90–96. [CrossRef] [PubMed]

23. Renart, M.L.; Barrera, F.N.; Molina, M.L.; Encinar, J.A.; Poveda, J.A.; Fernández, A.M.; Gómez, J.; González-Ros, J.M. Effects of
Conducting and Blocking Ions on the Structure and Stability of the Potassium Channel KcsA. J. Biol. Chem. 2006, 281, 29905–29915.
[CrossRef] [PubMed]

24. Renart, M.L.; Montoya, E.; Giudici, A.M.; Poveda, J.A.; Fernández, A.M.; Morales, A.; González-Ros, J.M. Selective Exclusion and
Selective Binding Both Contribute to Ion Selectivity in KcsA, a Model Potassium Channel. J. Biol. Chem. 2017, 292, 15552–15560.
[CrossRef] [PubMed]

25. Montoya, E.; Lourdes Renart, M.; Marcela Giudici, A.; Poveda, J.A.; Fernández, A.M.; Morales, A.; González-Ros, J.M. Differential
Binding of Monovalent Cations to KcsA: Deciphering the Mechanisms of Potassium Channel Selectivity. Biochim. Biophys. Acta
Biomembr. 2017, 1859, 779–788. [CrossRef] [PubMed]

26. Renart, M.L.; Triano, I.; Poveda, J.A.; Encinar, J.A.; Fernández, A.M.; Ferrer-Montiel, A.V.; Gómez, J.; González Ros, J.M. Ion
Binding to KcsA: Implications in Ion Selectivity and Channel Gating. Biochemistry 2010, 49, 9480–9487. [CrossRef]

27. Renart, M.L.; Giudici, A.M.; Poveda, J.A.; Fedorov, A.; Berberan-Santos, M.N.; Prieto, M.; Díaz-García, C.; González-Ros, J.M.;
Coutinho, A. Conformational Plasticity in the KcsA Potassium Channel Pore Helix Revealed by Homo-FRET Studies. Sci. Rep.
2019, 9, 6215–6228. [CrossRef]

28. Doyle, D.A.; Cabral, J.M.; Pfuetzner, R.A.; Kuo, A.; Gulbis, J.M.; Cohen, S.L.; Chait, B.T.; MacKinnon, R. The Structure of the
Potassium Channel: Molecular Basis of K+ Conduction and Selectivity. Science 1998, 280, 69–77. [CrossRef]

29. Shealy, R.T.; Murphy, A.D.; Ramarathnam, R.; Jakobsson, E.; Subramaniam, S. Sequence-Function Analysis of the K+-Selective
Family of Ion Channels Using a Comprehensive Alignment and the KcsA Channel Structure. Biophys. J. 2003, 84, 2929–2942.
[CrossRef]

30. Renart, M.L.; Montoya, E.; Fernández, A.M.; Molina, M.L.; Poveda, J.A.; Encinar, J.A.; Ayala, J.L.; Ferrer-Montiel, A.V.; Gómez, J.;
Morales, A.; et al. Contribution of Ion Binding Affinity to Ion Selectivity and Permeation in KcsA, a Model Potassium Channel.
Biochemistry 2012, 51, 3891–3900. [CrossRef]

31. Giudici, A.; Díaz-García, C.; Renart, M.; Coutinho, A.; Prieto, M.; González-Ros, J.; Poveda, J. Tetraoctylammonium, a Long Chain
Quaternary Ammonium Blocker, Promotes a Noncollapsed, Resting-Like Inactivated State in KcsA. Int. J. Mol. Sci. 2021, 22, 490.
[CrossRef]

https://doi.org/10.1038/S41580-022-00524-4
https://doi.org/10.1073/pnas.0810663106
https://doi.org/10.1038/35102009
https://doi.org/10.1073/pnas.1014186108
https://doi.org/10.1110/ps.051954706
https://doi.org/10.1038/nsmb1069
https://www.ncbi.nlm.nih.gov/pubmed/16532009
https://doi.org/10.1038/35102000
https://www.ncbi.nlm.nih.gov/pubmed/11689935
https://doi.org/10.1016/j.jmb.2003.09.022
https://www.ncbi.nlm.nih.gov/pubmed/14583193
https://www.ncbi.nlm.nih.gov/pubmed/19661921
https://doi.org/10.1038/nsmb1311
https://doi.org/10.1016/j.jmb.2010.06.031
https://doi.org/10.1073/pnas.0911270107
https://doi.org/10.1073/pnas.1319577110
https://doi.org/10.1371/journal.pbio.0050121
https://doi.org/10.1016/j.bbamem.2019.183029
https://doi.org/10.1021/ja3119114
https://doi.org/10.1016/j.bbamem.2011.09.017
https://www.ncbi.nlm.nih.gov/pubmed/21963409
https://doi.org/10.1074/jbc.M602636200
https://www.ncbi.nlm.nih.gov/pubmed/16815844
https://doi.org/10.1074/jbc.M117.795807
https://www.ncbi.nlm.nih.gov/pubmed/28778926
https://doi.org/10.1016/j.bbamem.2017.01.014
https://www.ncbi.nlm.nih.gov/pubmed/28088447
https://doi.org/10.1021/bi101235v
https://doi.org/10.1038/s41598-019-42405-5
https://doi.org/10.1126/science.280.5360.69
https://doi.org/10.1016/S0006-3495(03)70020-4
https://doi.org/10.1021/bi201497n
https://doi.org/10.3390/ijms22020490


Biomedicines 2023, 11, 1376 15 of 16

32. Cuello, L.G.; Cortes, D.M.; Jogini, V.; Sompornpisut, A.; Perozo, E. A Molecular Mechanism for Proton-Dependent Gating in
KcsA. FEBS Lett. 2010, 584, 1126–1132. [CrossRef] [PubMed]

33. Hirano, M.; Onishi, Y.; Yanagida, T.; Ide, T. Role of the KcsA Channel Cytoplasmic Domain in PH-Dependent Gating. Biophys. J.
2011, 101, 2157–2162. [CrossRef] [PubMed]

34. Posson, D.J.; Thompson, A.N.; McCoy, J.G.; Nimigean, C.M. Molecular Interactions Involved in Proton-Dependent Gating in
KcsA Potassium Channels. J. Gen. Physiol. 2013, 142, 613–624. [CrossRef] [PubMed]

35. Gao, L.; Mi, X.; Paajanen, V.; Wang, K.; Fan, Z. Activation-Coupled Inactivation in the Bacterial Potassium Channel KcsA. Proc.
Natl. Acad. Sci. USA 2005, 102, 17630–17635. [CrossRef]

36. Li, J.; Ostmeyer, J.; Cuello, L.G.; Perozo, E.; Roux, B. Rapid Constriction of the Selectivity Filter Underlies C-Type Inactivation in
the KcsA Potassium Channel. J. Gen. Physiol. 2018, 150, 1408–1420. [CrossRef] [PubMed]

37. Cordero-Morales, J.F.; Jogini, V.; Lewis, A.; Vasquez, V.; Cortes, D.M.; Roux, B.; Perozo, E. Molecular Driving Forces Determining
Potassium Channel Slow Inactivation. Nat. Struct. Mol. Biol. 2007, 14, 1062–1069. [CrossRef]

38. Rotem, D.; Mason, A.; Bayley, H. Inactivation of the KcsA Potassium Channel Explored with Heterotetramers. J. Gen. Physiol.
2010, 135, 29–42. [CrossRef]

39. Cordero-Morales, J.F.; Jogini, V.; Chakrapani, S.; Perozo, E. A Multipoint Hydrogen-Bond Network Underlying KcsA C-Type
Inactivation. Biophys. J. 2011, 100, 2387–2393. [CrossRef] [PubMed]

40. Cuello, L.G.; Cortes, D.M.; Perozo, E. The Gating Cycle of a K+ Channel at Atomic Resolution. eLife 2017, 6, e28032. [CrossRef]
41. Valiyaveetil, F.I.; Zhou, Y.; MacKinnon, R. Lipids in the Structure, Folding, and Function of the KcsA K+ Channel. Biochemistry

2002, 41, 10771–10777. [CrossRef] [PubMed]
42. Demmers, J.A.; van Dalen, A.; de Kruijff, B.; Heck, A.J.; Killian, J.A. Interaction of the K+ Channel KcsA with Membrane

Phospholipids as Studied by ESI Mass Spectrometry. FEBS Lett. 2003, 541, 28–32. [CrossRef] [PubMed]
43. Deol, S.S.; Domene, C.; Bond, P.J.; Sansom, M.S.P. Anionic Phospholipid Interactions with the Potassium Channel KcsA: Simulation

Studies. Biophys. J. 2006, 90, 822–830. [CrossRef] [PubMed]
44. Lee, A.G. Lipid-Protein Interactions in Biological Membranes: A Structural Perspective. Biochim. Biophys. Acta Biomembr. 2003,

1612, 1–40. [CrossRef]
45. Alvis, S.J.; Williamson, I.M.; East, J.M.; Lee, A.G. Interactions of Anionic Phospholipids and Phosphatidylethanolamine with the

Potassium Channel KcsA. Biophys. J. 2003, 85, 3828–3838. [CrossRef]
46. Marius, P.; Alvis, S.J.; East, J.M.; Lee, A.G. The Interfacial Lipid Binding Site on the Potassium Channel KcsA Is Specific for

Anionic Phospholipids. Biophys. J. 2005, 89, 4081–4089. [CrossRef]
47. Triano, I.; Barrera, F.N.; Renart, M.L.; Molina, M.L.; Fernandez-Ballester, G.; Poveda, J.A.; Fernandez, A.M.; Encinar, J.A.;

Ferrer-Montiel, A.V.; Otzen, D.; et al. Occupancy of Nonannular Lipid Binding Sites on KcsA Greatly Increases the Stability of the
Tetrameric Protein. Biochemistry 2010, 49, 5397–5404. [CrossRef] [PubMed]

48. Opekarová, M.; Tanner, W. Specific Lipid Requirements of Membrane Proteins—A Putative Bottleneck in Heterologous Expression.
Biochim. Biophys. Acta Biomembr. 2003, 1610, 11–22. [CrossRef]

49. Barrera, F.N.; Renart, M.L.; Molina, M.L.; Poveda, J.A.; Encinar, J.A.; Fernández, A.M.; Neira, J.L.; González-Ros, J.M. Unfolding
and Refolding in Vitro of a Tetrameric, Alpha-Helical Membrane Protein: The Prokaryotic Potassium Channel KcsA. Biochemistry
2005, 44, 14344–14352. [CrossRef]

50. Barrera, F.N.; Renart, M.L.; Poveda, J.A.; De Kruijff, B.; Killian, J.A.; González-Ros, J.M. Protein Self-Assembly and Lipid Binding
in the Folding of the Potassium Channel KcsA. Biochemistry 2008, 47, 2123–2133. [CrossRef]

51. Renart, M.L.; Giudici, A.M.; Díaz-García, C.; Molina, M.L.; Morales, A.; González-Ros, J.M.; Poveda, J.A. Modulation of Function,
Structure and Clustering of K+ Channels by Lipids: Lessons Learnt from KcsA. Int. J. Mol. Sci. 2020, 21, 2554. [CrossRef]
[PubMed]

52. Marius, P.; Zagnoni, M.; Sandison, M.E.; Malcolm East, J.; Morgan, H.; Lee, A.G. Binding of Anionic Lipids to at Least Three
Nonannular Sites on the Potassium Channel KcsA Is Required for Channel Opening. Biophys. J. 2008, 94, 1689–1698. [CrossRef]
[PubMed]

53. Iwamoto, M.; Oiki, S. Amphipathic Antenna of an Inward Rectifier K+ Channel Responds to Changes in the Inner Membrane
Leaflet. Proc. Natl. Acad. Sci. USA 2013, 110, 749–754. [CrossRef]

54. Cosseddu, S.M.; Choe, E.J.; Khovanov, I.A. Unraveling of a Strongly Correlated Dynamical Network of Residues Controlling the
Permeation of Potassium in KcsA Ion Channel. Entropy 2021, 23, 72. [CrossRef] [PubMed]

55. Molina, M.L.; Encinar, J.A.; Barrera, F.N.; Fernandez-Ballester, G.; Riquelme, G.; Gonzalez-Ros, J.M. Influence of C-Terminal
Protein Domains and Protein-Lipid Interactions on Tetramerization and Stability of the Potassium Channel KcsA. Biochemistry
2004, 43, 14924–14931. [CrossRef]

56. Thompson, A.N.; Kim, I.; Panosian, T.D.; Iverson, T.M.; Allen, T.W.; Nimigean, C.M. Mechanism of Potassium-Channel Selectivity
Revealed by Na(+) and Li(+) Binding Sites within the KcsA Pore. Nat. Struct. Mol. Biol. 2009, 16, 1317–1324. [CrossRef]

57. Giudici, A.M.; Renart, M.L.; Díaz-García, C.; Morales, A.; Poveda, J.A.; González-Ros, J.M. Accessibility of Cations to the
Selectivity Filter of KcsA in the Inactivated State: An Equilibrium Binding Study. Int. J. Mol. Sci. 2019, 20, 689. [CrossRef]

58. Rasmusson, R.L.; Morales, M.J.; Wang, S.; Liu, S.; Campbell, D.L.; Brahmajothi, M.V.; Strauss, H.C. Inactivation of Voltage-Gated
Cardiac K+ Channels. Circ. Res. 1998, 82, 739–750. [CrossRef]

https://doi.org/10.1016/j.febslet.2010.02.003
https://www.ncbi.nlm.nih.gov/pubmed/20138880
https://doi.org/10.1016/j.bpj.2011.09.024
https://www.ncbi.nlm.nih.gov/pubmed/22067153
https://doi.org/10.1085/jgp.201311057
https://www.ncbi.nlm.nih.gov/pubmed/24218397
https://doi.org/10.1073/pnas.0505158102
https://doi.org/10.1085/jgp.201812082
https://www.ncbi.nlm.nih.gov/pubmed/30072373
https://doi.org/10.1038/nsmb1309
https://doi.org/10.1085/jgp.200910305
https://doi.org/10.1016/j.bpj.2011.01.073
https://www.ncbi.nlm.nih.gov/pubmed/21575572
https://doi.org/10.7554/eLife.28032
https://doi.org/10.1021/bi026215y
https://www.ncbi.nlm.nih.gov/pubmed/12196015
https://doi.org/10.1016/S0014-5793(03)00282-5
https://www.ncbi.nlm.nih.gov/pubmed/12706814
https://doi.org/10.1529/biophysj.105.071407
https://www.ncbi.nlm.nih.gov/pubmed/16272446
https://doi.org/10.1016/S0005-2736(03)00056-7
https://doi.org/10.1016/S0006-3495(03)74797-3
https://doi.org/10.1529/biophysj.105.070755
https://doi.org/10.1021/bi1003712
https://www.ncbi.nlm.nih.gov/pubmed/20481584
https://doi.org/10.1016/S0005-2736(02)00708-3
https://doi.org/10.1021/bi050845t
https://doi.org/10.1021/bi700778c
https://doi.org/10.3390/ijms21072554
https://www.ncbi.nlm.nih.gov/pubmed/32272616
https://doi.org/10.1529/biophysj.107.117507
https://www.ncbi.nlm.nih.gov/pubmed/18024500
https://doi.org/10.1073/pnas.1217323110
https://doi.org/10.3390/e23010072
https://www.ncbi.nlm.nih.gov/pubmed/33418985
https://doi.org/10.1021/bi048889+
https://doi.org/10.1038/nsmb.1703
https://doi.org/10.3390/ijms20030689
https://doi.org/10.1161/01.RES.82.7.739


Biomedicines 2023, 11, 1376 16 of 16

59. Swenson, R.P.; Armstrong, C.M. K+channels Close More Slowly in the Presence of External K+and Rb+. Nature 1981, 291, 427–429.
[CrossRef]

60. Santos, J.S.; Syeda, R.; Montal, M. Stabilization of the Conductive Conformation of a Voltage-Gated K+ (Kv) Channel: The Lid
Mechanism. J. Biol. Chem. 2013, 288, 16619–16628. [CrossRef]

61. Matulef, K.; Komarov, A.G.; Costantino, C.A.; Valiyaveetil, F.I. Using Protein Backbone Mutagenesis to Dissect the Link between
Ion Occupancy and C-Type Inactivation in K+ Channels. Proc. Natl. Acad. Sci. USA 2013, 110, 17886–17891. [CrossRef] [PubMed]

62. Cuello, L.G.; Jogini, V.; Cortes, D.M.; Perozo, E. Structural Mechanism of C-Type Inactivation in K(+) Channels. Nature 2010, 466,
203–208. [CrossRef] [PubMed]

63. Matulef, K.; Annen, A.W.; Nix, J.C.; Valiyaveetil, F.I. Individual Ion Binding Sites in the K(+) Channel Play Distinct Roles in
C-Type Inactivation and in Recovery from Inactivation. Structure 2016, 24, 750–761. [CrossRef] [PubMed]

64. Kiya, T.; Takeshita, K.; Kawanabe, A.; Fujiwara, Y. Intermolecular Functional Coupling between Phosphoinositides and the
Potassium Channel KcsA. J. Biol. Chem. 2022, 298, 102257. [CrossRef] [PubMed]

65. Cuello, L.G.; Jogini, V.; Cortes, D.M.; Pan, A.C.; Gagnon, D.G.; Dalmas, O.; Cordero-Morales, J.F.; Chakrapani, S.; Roux, B.;
Perozo, E. Structural Basis for the Coupling between Activation and Inactivation Gates in K+channels. Nature 2010, 466, 272–275.
[CrossRef] [PubMed]

66. Liu, S.; Focke, P.J.; Matulef, K.; Bian, X.; Moënne-Loccoz, P.; Valiyaveetil, F.I.; Lockless, S.W. Ion-Binding Properties of a K+
Channel Selectivity Filter in Different Conformations. Proc. Natl. Acad. Sci. USA 2015, 112, 15096–15100. [CrossRef]

67. Devaraneni, P.K.; Komarov, A.G.; Costantino, C.A.; Devereaux, J.J.; Matulef, K.; Valiyaveetil, F.I. Semisynthetic K+ Channels
Show That the Constricted Conformation of the Selectivity Filter Is Not the C-Type Inactivated State. Proc. Natl. Acad. Sci. USA
2013, 110, 15698–15703. [CrossRef]

68. van der Cruijsen, E.A.W.; Prokofyev, A.V.; Pongs, O.; Baldus, M. Probing Conformational Changes during the Gating Cycle of a
Potassium Channel in Lipid Bilayers. Biophys. J. 2017, 112, 99–108. [CrossRef]

69. Xu, Y.; Bhate, M.P.; McDermott, A.E. Transmembrane Allosteric Energetics Characterization for Strong Coupling between Proton
and Potassium Ion Binding in the KcsA Channel. Proc. Natl. Acad. Sci. USA 2017, 114, 8788–8793. [CrossRef]

70. Baukrowitz, T.; Yellen, G. Modulation of K+current by Frequency and External [K+]: A Tale of Two Inactivation Mechanisms.
Neuron 1995, 15, 951–960. [CrossRef]

71. López-Barneo, J.; Hoshi, T.; Heinemann, S.H.; Aldrich, R.W. Effects of External Cations and Mutations in the Pore Region on
C-Type Inactivation of Shaker Potassium Channels. Recept. Channels 1993, 1, 61–71.

72. Chakrapani, S.; Cordero-Morales, J.F.; Perozo, E. A Quantitative Description of KcsA Gating I: Macroscopic Currents. J. Gen.
Physiol. 2007, 130, 465–478. [CrossRef] [PubMed]

73. Hoshi, T.; Zagotta, W.N.; Aldrich, R.W. Biophysical and Molecular Mechanisms of Shaker Potassium Channel Inactivation. Science
1990, 250, 533–538. [CrossRef] [PubMed]

74. Fedida, D.; Maruoka, N.D.; Lin, S. Modulation of Slow Inactivation in Human Cardiac Kv1.5 Channels by Extra- and Intracellular
Permeant Cations. J. Physiol. 1999, 515 Pt 2, 315–329. [CrossRef]

75. Rasmusson, R.L.; Morales, M.J.; Castellino, R.C.; Zhang, Y.; Campbell, D.L.; Strauss, H.C. C-Type Inactivation Controls Recovery
in a Fast Inactivating Cardiac K+ Channel (Kv1.4) Expressed in Xenopus Oocytes. J. Physiol. 1995, 489 Pt 3, 709–721. [CrossRef]

76. Lee, A.G. Biological Membranes: The Importance of Molecular Detail. Trends Biochem. Sci. 2011, 36, 493–500. [CrossRef]
77. Yeagle, P.L. Non-Covalent Binding of Membrane Lipids to Membrane Proteins. Biochim. Biophys. Acta Biomembr. 2014, 1838,

1548–1559. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/291427a0
https://doi.org/10.1074/jbc.M113.468728
https://doi.org/10.1073/pnas.1314356110
https://www.ncbi.nlm.nih.gov/pubmed/24128761
https://doi.org/10.1038/nature09153
https://www.ncbi.nlm.nih.gov/pubmed/20613835
https://doi.org/10.1016/j.str.2016.02.021
https://www.ncbi.nlm.nih.gov/pubmed/27150040
https://doi.org/10.1016/j.jbc.2022.102257
https://www.ncbi.nlm.nih.gov/pubmed/35839854
https://doi.org/10.1038/nature09136
https://www.ncbi.nlm.nih.gov/pubmed/20613845
https://doi.org/10.1073/pnas.1510526112
https://doi.org/10.1073/pnas.1308699110
https://doi.org/10.1016/j.bpj.2016.12.001
https://doi.org/10.1073/pnas.1701330114
https://doi.org/10.1016/0896-6273(95)90185-X
https://doi.org/10.1085/jgp.200709843
https://www.ncbi.nlm.nih.gov/pubmed/17938230
https://doi.org/10.1126/science.2122519
https://www.ncbi.nlm.nih.gov/pubmed/2122519
https://doi.org/10.1111/j.1469-7793.1999.315ac.x
https://doi.org/10.1113/jphysiol.1995.sp021085
https://doi.org/10.1016/j.tibs.2011.06.007
https://doi.org/10.1016/j.bbamem.2013.11.009

	Introduction 
	Materials and Methods 
	Materials 
	KcsA Heterologous Expression and Purification 
	Fluorescence Monitoring of Cation Binding through Thermal Denaturation 
	Steady-State and Time-Resolved Fluorescence Measurements 
	Calculation of the K+ Binding Affinity to KcsA from Changes in the Steady-State Anisotropy Values 
	DLS Measurements 
	Statistics 

	Results 
	Thermal Denaturation of WT-KcsA in Mixed Detergent–Lipid Micelles (DLMs) 
	Binding of K+ to the W67-KcsA Mutant in DLMs Followed by Fluorescence Anisotropy 
	Binding of K+ to Model Non-Inactivating W67 KcsA Mutants Followed by Fluorescence Anisotropy 

	Discussion 
	References

