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ABSTRACT lon conduction across the cellular membrane requires the simultaneous opening of activation and inactivation
gates of the K™ channel pore. The bacterial KcsA channel has served as a powerful system for dissecting the structural changes
that are related to four major functional states associated with K™ gating. Yet, the direct observation of the full gating cycle of
KcsA has remained structurally elusive, and crystal structures mimicking these gating events require mutations in or stabilization
of functionally relevant channel segments. Here, we found that changes in lipid composition strongly increased the KcsA open
probability. This enabled us to probe all four major gating states in native-like membranes by combining electrophysiological and
solid-state NMR experiments. In contrast to previous crystallographic views, we found that the selectivity filter and turret region,
coupled to the surrounding bilayer, were actively involved in channel gating. The increase in overall steady-state open probability
was accompanied by a reduction in activation-gate opening, underscoring the important role of the surrounding lipid bilayer in the

delicate conformational coupling of the inactivation and activation gates.

INTRODUCTION

Membrane proteins are embedded in the lipid bilayer in
close contact with surrounding lipids. These contacts play
important roles in membrane protein folding, structure, and
function (1). Binding of lipids to specific sites has been
observed in crystal structures (2), and increasing evidence
suggests that membrane lipids play a critical functional
role in a variety of membrane protein classes, including chan-
nels (3-6), transporters (7), G-protein coupled receptors (8),
and receptor tyrosine kinases (9).

In addition to strong binding, subtle changes in lipid char-
acter and bilayer state can have significant effects on protein
function, such as those observed for the bacterial KcsA po-
tassium channel (3,10,11). Upon activation at acidic pH,
KcsA mediates a transient K* current that is characterized
by a fast activation time course followed by a slow C-type
inactivation process (12). This time course is well described
by a successive and coordinate opening and closing of acti-
vation and inactivation gates within the conduction pathway
of the KcsA channel (Fig. 1 A). The resting state of the KcsA
channel, with the inactivation gate open and the activation
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gate closed (closed-conductive state), and the inactivated
state, with the inactivation gate closed and the activation
gate open (open-inactivated state), are relatively long-lived.
Therefore, conformational changes associated with the
opening and closing of the KcsA activation and inactiva-
tion gates can be studied with the use of crystallographic
(10,11,13,14) and spectroscopic methods. The inner KcsA
helices form an important part of the conduction pathway.
Previous electron paramagnetic resonance experiments
showed that they rotate upon activation in a counterclock-
wise direction, thereby opening the conduction pathway
(15,16). Furthermore, solid-state NMR (ssNMR), which
can be applied in lipid bilayers (17-20), provided detailed
insights into the structural basis of the coupling of KcsA
activation and inactivation gates during channel gating
(21-23).

Despite these advancements, a direct structural visualiza-
tion of the entire KcsA gating cycle, including the confor-
mation with an open activation and closed inactivation
gate (open-conductive conformation) in a lipidic environ-
ment has remained challenging due to the very short lifetime
of this channel state and the propensity of the selectivity fil-
ter to rapidly collapse when the activation gate is opened
(12-14,24,25). Using solid-state NMR spectroscopy, we
previously identified a lipid-KcsA interaction site at the
turret region, which connects the outer transmembrane helix
of KcsA (transmembrane helix 1 (TM1)) and the pore helix
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FIGURE 1 (A) Four-state minimal gating model
with upper (inactivation) and lower (activation)
gates in the conduction pathway of the KcsA chan-
nel. Gate positions (O for closed and 1 for opened)
are diagrammed in one-column matrices, with the
upper gate in the top row and the lower gate in
the bottom row. C, closed channel in resting state;
O, open channel; I and I*, inactivated states as in
Ref. (22). (B) Representative current traces of
KcsA recorded in different anionic phospholipid
environments. The specific anionic phospholipid
is indicated above the current traces. On the left,
long 30 s traces are presented; on the right, 5 s
traces are shown. All experiments were performed
at +100 mV in symmetrical 150 mM KCl solution
at pH 7.0 on the cis side and pH 4.0 on the trans
side. Lipid bilayers were composed of 70% anionic
phospholipid and 30% neutral DOPC. (C) Open
probability (Pp) of KcsA in different anionic phos-
pholipids. All experiments were performed in sym-
metrical 150 mM KCl solution at pH 7.0 on the cis

side and pH 4.0 on the trans side. Lipid bilayers were composed of 70% anionic lipid and 30% neutral DOPC. Bottom: overall Pg values calculated for entire
recordings of the single-channel currents conducted by KcsA, including long closed periods, for different anionic phospholipid environments (see main text).

Po values are given in the text as mean = SEM.

behind the selectivity filter of the KcsA channel. The inter-
action between the turret and lipid modulates the conduc-
tion properties of the KcsA channel pore (4,26). Here, we
exploited that earlier observation and modulated KcsA
channel gating by varying the lipid composition of the sur-
rounding bilayer. By combining electrophysiological and
ssNMR experiments, we found that lipid bilayers rich in
cardiolipin (CL) stabilized the open-conductive conforma-
tion of the KcsA channel. This enabled us to study for the
first time, to our knowledge, the structure of a functionally
defined open state of the KcsA channel. A comparison of
our findings for wild-type (WT) KcsA with earlier crystallo-
graphic results for KcsA mutants (13,14,25) led to a detailed
understanding of the conformational changes that occur
during the KcsA gating cycle in lipid bilayers. The data pro-
vide a general picture of how ion channels transit from
activated to inactivated states and back.

MATERIALS AND METHODS
Sample preparation

KcsA was expressed in M15 Escherichia coli cells and purified using Ni**-
affinity chromatography. For ssNMR experiments, KcsA was uniformly
(*3C,"N) labeled. An unlabeled KcsA was used for single-channel mea-
surements. After purification, KcsA was reconstituted into proteoliposomes
composed of 3:7 molar ratios of 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-
phosphocholine (DOPC)/1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phospho-
(1'-rac-glycerol) (DOPG), DOPC/1,2-di-(9Z-octadecenoyl)-sn-glycero-
3-phospho-L-serine (DOPS), DOPC/1,2-dioleoyl-sn-glycero-3-phosphate
(DOPA), and DOPC/CL. Lipids were solubilized in reconstitution buffer
(150 mM KCI, 10 mM HEPES, pH 7.4) and KcsA was added to the
phospholipid mixture to give a protein/lipid molar ratio of 1:1000 for
single-channel measurements and a protein/lipid molar ratio of 1:100 for
samples used in ssSNMR experiments. Proteoliposomes were formed upon
detergent removal by addition of Bio-Beads (Merck, Darmstadt, Germany).
KcsA proteoliposomes for the planar lipid bilayer experiments were split
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into 250 uL aliquots, flash frozen with liquid N, and stored at —80°C until
use. Proteoliposomes for ssNMR experiments were centrifuged at 100,000
g at 4°C, resuspended in sample buffer (150 mM KCI, 10 mM succinic acid,
0.01% sodium azide, pH 4.0), and centrifuged again. Pelleted proteolipo-
somes were packed in a 3.2 mm rotor and kept at 4°C until use.

Solid-state NMR spectroscopy and analysis

SsNMR experiments were conducted on NMR spectrometers operating at
500 and 700 MHz 'H resonance frequencies (Bruker Biospin, Germany)
equipped with 3.2 mm triple-resonance ('H, '>C, '°N) magic-angle spin-
ning (MAS) probe heads (see, e.g., (26)). All experiments were carried
out at an effective sample temperature of 273 K using MAS frequencies
of 11.4,12, or 15 kHz. *C-13C proton-driven spin diffusion (PDSD) exper-
iments used homonuclear mixing times of 30 ms and 150 ms. The latter ex-
periments were conducted under weak coupling conditions (27). NCACX
spectra were acquired using 2.5 ms spectrally induced filtering in combina-
tion with cross polarization (SPECIFIC-CP; 28) contact times and a 30 ms
13C-13C PDSD magnetization transfer step. SPINAL64 (29) proton decou-
pling at 83 kHz was used in both evolution and detection periods. Data
acquisition and analysis were performed with Topspin 3.1 (Bruker Biospin,
Billerica, MA). KcsA resonance assignments were taken from previous
work (4,21,22,26,30). Chemical-shift values representing protonated and
deprotonated glutamate Cy and Co correlations were taken from the liter-
ature (see, e.g., Ref. (31)).

Electrophysiology

Single-channel recordings of KcsA were performed on a planar lipid bilayer
setup (Compact, Ionovation, Osnabriick, Germany). Lipid bilayers were
formed by painting the lipids dissolved in n-decan over a 200 um hole
that separated two chambers (cis and trans). Initially, the trans chamber
contained 20 mM KCI and the cis chamber contained 250 mM KCl, both
of which were buffered to pH 4 with 10 mM succinic acid. KcsA proteoli-
posomes (1-5 uL) were added to the cis chamber of the planar bilayer sys-
tem with a micropipette. After channel insertion, recording conditions were
established by perfusion to symmetrical conditions. The cis side contained
150 mM KCI and 10 mM HEPES, pH 7.0, and the trans side contained
150 mM KCI and 10 mM succinic acid, pH 4.0. All measurements were



performed at room temperature. Data were sampled at 10 kHz and filtered at
1 kHz. The reported data are the results of a statistical analysis of at least six
independent experiments. A kinetic analysis was done using the QuB soft-
ware for single-channel analysis (www.qub.buffalo.edu). Single-channel
currents were first idealized into noise-free open and closed transitions
using a half-amplitude threshold algorithm. Closed and open intervals
were compiled into dwell-time histograms with a logarithmic abscissa
and square-root ordinate (32) and were fitted by sums of exponentials
according to the following equations:

f(t) = Ea[)\ieq‘[t Za,— = 1,

i=1 i=1

where A, is the reciprocal of the time constant of the i component, 7 is the

number of exponential components, g; is the fractional area occupied by the

it component, and ¢ is the decay constant.

RESULTS AND DISCUSSION

Increasing the open probability by changing the
lipid environment

Under steady-state conditions, KcsA exhibits a low open
probability (Pp) because most of the time it resides in a
C-type inactivated state (12,33-35). It was previously shown
that anionic phospholipids may increase Pg, providing a
more favorable environment for the open state of KcsA
(36-38). These observations prompted us to test different
anionic phospholipid conditions for maximizing the sta-
bilization of the open-conductive conformation. This exper-
imental strategy avoided mutation of the KcsA protein,
which may result in unnatural conformational changes.

We incorporated KcsA into four different types of anionic
phospholipids: DOPG, DOPS, DOPA, and CL (heart,
bovine). Single-channel currents were recorded using planar
lipid bilayer electrophysiology. The data indicated that
anionic phospholipids (at a 7:3 ratio with neutral DOPC)
exerted significant effects on the KcsA channel Pg (Fig. 1
B). Pg correlated with the charge of the phospholipid head-
group. P was high in a lipid environment with more nega-
tively charged headgroups (DOPA (—1.3, P = 0.19 =
0.02, n =10, mean = SE) and CL (-2, Po = 0.37 = 0.09,
n =8, mean = SE), and comparably low in a lipidic environ-
ment with less negatively charged headgroups (e.g., DOPG
(—=1,Po =0.010 = 0.002, n = 9, mean * SE) and DOPS
(—1, Po = 0.013 + 0.003, n = 6, mean + SE; Fig. 1 O).
Maximal Py was observed in the presence of CL (0.37 =+
0.09, n = 8, mean *= SE), which has the highest headgroup
charge (39) of the anionic phospholipids tested (Fig. 1 C).

Analysis of the dwell-time histograms revealed that both
open and closed durations were composed of multiple ki-
netic components, which is in good agreement with previous
studies (40,41). Under all experimentally tested phospho-
lipid conditions, dwell-time histograms for closed durations
were best fit with three exponentials corresponding to three
nonconductive states of the KcsA channel (Fig. S1 in the
Supporting Material). Closed times representing mainly

K* Channel Gating Seen by NMR

inactivated states under steady-state conditions (40) were
sensitive to changes in the anionic phospholipid environ-
ment. The total mean closed time (Tyeqn) Was ~8 fold shorter
in the presence of DOPA and CL in comparison with DOPG
and DOPS (Fig S1; Table S1). This effect of DOPA and CL
was due to a reduction of the most prevalent second closed
state (7,), which was predominant in the presence of DOPG
and DOPS (Fig. S1; Table S1). In the presence of DOPA and
CL, the second closed state was greatly reduced and the first
short-lived closed state (7;) became the predominant one
(Fig. S1; Table S1). Altogether, the analysis of closed
time distributions indicated a significant effect of the
anionic phospholipids on KcsA channel C-type inactivation.
The channel spent less time in the inactivated state in a
lipidic environment enriched by phospholipids with more
negatively charged headgroups such as DOPA and CL.

The three-exponential fit of dwell-time histograms for
open durations revealed that the KcsA mean open time
(Tmean) Was higher in the presence of DOPA and CL than
in the presence of DOPG and DOPS. Two factors contrib-
uted to this effect. First, the duration and impact of the
second open state were higher in the presence of DOPA
and CL in comparison with DOPG and DOPS (1)
(Fig. S1; Table S1). Second, in the presence of DOPA and
CL, the third long-lived open state of KcsA was observed
in the dwell-time distributions, whereas in DOPG and
DOPS, the third long-lived open state was not detectable
(13) (Fig. S1; Table S1).

Our findings suggest that the effect of anionic phospho-
lipids on KcsA closed and open durations depends on the
phospholipid headgroup charge. More negatively charged
headgroups reduce the mean closed time of the inactivated
channel and thereby increase its mean open time, which
then results in an increase in channel Po (Fig. 1, B and C).
The maximal mean open time of KcsA was observed in
CL, which is the most negatively charged phospholipid
among the tested phospholipids.

CL stabilizes the open-conductive conformation
of the KcsA potassium channel

Our electrophysiological experiments suggested that
CL-rich bilayers had a major effect on KcsA gating and
stabilized KcsA in an open-conductive conformation. To
correlate the changes in Py with conformational changes at
the channel pore, we performed two-dimensional (2D)
(13C,13C) and (15N,13C) ssNMR correlation experiments
on KcsA in phospholipid environments identical to those
used in the electrophysiological experiments described
above. In contrast to previous solution-state NMR experi-
ments using bilayer mimetics (see, e.g., (42-44)), the
13C-13C correlation spectra recorded with short mixing times
enabled us to identify '*C chemical shifts (see Table S2 for a
complete list) for the key residues T74, T75, and V76 within
the KcsA selectivity filter (Fig. 2, A and B), as well as for G99,
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FIGURE 2 (A-C) Spectral cutouts of 2D 13C13C correlation (A and C)
and ""N-'3C (B) correlation spectra recorded in the presence of 150 mM
KCI at pH 4.0 in different anionic phospholipid environments. KcsA was
reconstituted into proteoliposomes composed of DOPC/DOPG, DOPC/
DOPA, or DOPC/CL) at a 3:7 molar ratio. Data obtained using CL-rich lipids
(pH 4.0) are shown in green. ssNMR spectra recorded for DOPC/DOPG
(data not shown) and DOPC/DOPA lipids (pH 4.0, red) were identical and
are denoted by PA/PG for brevity. As a reference, data obtained using asolec-
tin at pH 7.0 or pH 4 are indicated in black and blue, respectively. Specific
residues for each state are color-coded correspondingly. Experimental data
were recorded at magnetic fields corresponding to a 500-700 MHz 'H fre-
quency and at an effective sample temperature of 273 K. (D) Ca chemi-
cal-shift changes of the selectivity filter in the collapsed state of PA, PG,
and CL (left), and the conductive SF conformation (denoted by 2) appearing
for CL-rich membranes at pH 4.0 (middle) and pH 3.5 (right). The color-
coding refers to differences in Ca chemical-shift values measured for the
indicated KcsA lipid preparations and pH values relative to ssNMR shifts
obtained for the conductive state of KcsA at pH 7 in asolectin lipids (26).
To see this figure in color, go online.

1100, and T101 located at the activation gate (Fig. 2 C). Note
that in Figs. 2, A—C (lower panels), results obtained using
asolectin bilayers (as previously described (26)) are only
included as a reference to mark the conductive (black,
pH 7) and collapsed (blue, pH 4) states of the selectivity filter.

The ssNMR correlation patterns obtained using
DOPC/DOPG (data not shown) and DOPC/DOPA bilayers
(Fig. 2, A and C, lower panel, red) were indistinguishable
from those observed in previous studies (22,26) using aso-
lectin bilayers, which are included for reference and corre-
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sponded at pH 4 to a collapsed (inactivated) conformation
of the KcsA selectivity filter (Fig. 2, A and B, lower panels).
To analyze our data using DOPC/CL bilayers at pH 4
(Fig. 2 A, upper panel), we again compared well-resolved
correlations (e.g., for T74CA-CB, T74CG2-CB, T75CA-
CB, and T75CG2-CA in CC data (Fig. 2 A), and for G77
and G79 in NCA data (Fig. 2 B)) with previous results
obtained using asolectin bilayers. In both type of spectra,
we could readily identify correlations diagnostic for a
collapsed inactivation gate. Moreover, we observed addi-
tional correlations that, as indicated by crosses and vertical
lines, perfectly overlap with shifts seen in asolectin bilayers
for an open inactivation gate. These observations strongly
suggested that we observed two sets of '*C-'>C intraresi-
due correlations at T74CA-CB, T74CG2-CB, T75CA-CB,
and T75CG2-CA compatible with the presence of both
collapsed (inactivated) and conductive conformations of
the selectivity filter (Fig. 2 A, upper panel). The existence
of both populations was also confirmed in 2D NCACX ex-
periments for additional residues (G77 and G79 (Fig. 2 B,
upper panel) and Thr74 (Fig. S2)).

Spectra obtained using longer '*C,'>C mixing times ex-
hibited sequential G99-1100 correlations for all lipid prepara-
tions that were compatible with an open activation gate
(Fig. 2 C, top panel). Note that we did not find a second pop-
ulation exhibiting a closed activation gate that, for example,
characterizes the selectivity filter state for asolectin bilayers
at pH 7 (Fig. 2 C, lower panel). Furthermore, our '*C-">C in-
traresidue correlation spectra clearly show that in the
presence of CL lipids, KcsA still adopts an extended
TMI1 (Fig. S3), which is involved in KcsA-lipid interactions
(26). Altogether, we observed two conformations in the case
of CL: the well-known open-collapsed state (Fig. 2 D, confor-
mation 1) and one most likely corresponding to the conduc-
tive state (Fig. 2 D, conformation 2). Interestingly, when we
lowered the pH of the CL sample to 3.5 (Fig. 2 D, right), we
observed chemical-shift changes for the conductive state at
residue Thr75. In addition, correlations expected for residue
V76 disappeared at pH 3.5 (indicated in black in Fig. 2 D,
right), possibly due to local motion. Previously, we detected
such increased mobility of selectivity filter residues, in
particular for V76, in ssNMR studies using synthetic (45)
as well as native bacterial membranes (46,47), in line with
results of previous molecular-dynamics studies (48).

As we have shown before (22), the isotropic chemical shift
of glutamate 6 carbon atoms that is correlated with the
side-chain protonation state (49) provides a sensitive means
of probing residue-specific protonation levels in different
functional KcsA states. Therefore, in addition to examining
conformational changes on the backbone level, we investi-
gated the relative protonation level of glutamate residues
located at both channel gates (namely, E71 and E118/
E120) as a function of phospholipid type and pH (Fig. 3,
A-C). For the inactivation gate, the protonation levels
deduced from the measured Cs; NMR chemical shift (see
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figure in color, go online.

also Ref. (22)) for E71 corroborated our previous analysis of
the chimeric KcsA-Kv1.3 channel, which differs from the
WT KcsA in 11 amino acids in the turret region (45). In
both cases, the collapsed state of the selectivity filter (SF) in-
volves protonation of E71 (Fig. 3 D). In CL bilayers (pH 4),
we observed additional correlations that are consistent with a
reduction in E71 protonation due to the presence of a KcsA
channel population in an open-conductive state (Fig. 3 D,
top row). This is also in agreement with our earlier work
showing that E71 deprotonation is indicative of a conductive
SF. Furthermore, lipid-induced changes became apparent at
residues E118/E120 located at the activation gate (Fig. 3 D,
bottom panel). In PG lipid bilayers, glutamate residues
(E118/E120) close to the activation gate were fully proton-
ated, similar to the protonation levels seen for KcsA-Kv1.3
and in line with a fully open activation gate. In more nega-
tively charged CL lipids, however, this state was only
observed at pH 3.5. At pH 4, CL-rich lipids showed E71 res-
onances (Fig. 3 D) that confirmed the coexistence of the
collapsed and conductive filter states described in Fig. 2 B.
Taken together, our ssNMR data presented in Figs. 2
and 3 provide structural insights into three of the four states
of the KcsA gating cycle, i.e., the closed-conductive, open-
inactivated, and open-conductive states, with the latter being

visible only in CL lipids at low pH. The fourth state of the
gating cycle, i.e., the closed-collapsed state (see Fig. 1),
can be stabilized at pH 7 and vanishing K™ concentrations
(11). In Fig. 4 A, ssNMR data obtained under such condi-
tions (red) are compared with reference experiments in the
closed-conductive (black) and open-collapsed (blue) states.
With these results, we could readily track channel residues,
such as those belonging to the selectivity filter, to study
changes in channel conformation. Note that the Ca chemi-
cal shifts at low K' are similar to those seen for the
collapsed state at pH 4, high K" (blue), for residue Thr75
(Fig. 4 A, upper-left panel) as well as residues Gly77 and
Gly79 (Fig. 4 A, lower panel). The same applies to residue
Thr74, where the data would also be consistent with a
second backbone conformation as seen in the conductive
state. For Val76 (see also Fig. S4 for data obtained at lower
contours), we observe a correlation with lower intensity that
is separated by ~0.8 ppm from both the conductive (black)
and collapsed (blue) states. Next to the inactivation gate,
we could also detect deprotonated glutamate residues
(E118/120; Fig. 4 A, upper-right panel), which, as expected,
is in line with a closed activation gate.

Previous root mean-square deviations (RMSDs) seen be-
tween crystallographic data obtained in the conductive
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(PDB: 1K4C) and collapsed (PDB: 1K4D) states indicate
that structural changes are predominantly found around
Gly77 (Fig. 4 B). In contrast to KcsA crystal-structural
data (11), our ssNMR chemical-shift data (relative to Ca
shifts seen in the conductive state) indicate that the entire
filter (comprising residues Thr74-Gly79) is involved in
closing of the inactivation gate (Fig. 4 B).

KcsA-lipid interaction at the residue-specific level

Next, we conducted a series of experiments to dissect the
atomic interactions that may explain the influence of the
lipid type on channel gating. Previously, we identified a

104 Biophysical Journal 112, 99-108, January 10, 2017

(ssNMR)

183
@) 13C (ppm)

pH K*[mM]

0
50
50

FIGURE 4 (A) ssNMR spectra recorded at a high
K™ concentration (50 mM) before (black) and after
(blue, 150 mM) inactivation are compared with
data obtained at low K* (0 mM, red). Cutouts are
shown for (13C,'3C) and (ISN,”C) 2D data sets
showing residues of the selectivity filter and the
activation gate. (B) Comparison of KcsA x-ray

-1.5 -1.5 data (PDB: 1K4C and 1K4D) with ssNMR results
that were mapped on the conductive x-ray structure
,_é (PDB: 1K4C). To see this figure in color, go online.
Q.
a] K
[9p] —_
= o
o )
N
—
© b
‘ e
o)
N
0 0

lipid-KcsA interaction site at the turret region located close
to AlaS0 that connects the outer transmembrane helix of
KcsA (TM1) and the pore helix behind the selectivity filter
of the KcsA channel (4,26). Here, we utilized 2,2,2-trifluor-
oethanol (TFE) as a lipid protein dissociation agent at con-
centrations that kept the channel structure largely intact
(vide infra). In our electrophysiological experiments per-
formed in planar lipid bilayers, KcsA Pg and single-channel
conductance were reversibly reduced upon addition of 5%
TFE, and were restored after removal of TFE from the solu-
tion by perfusion at the extracellular part of the channel
(Fig. 5 A; see Fig. S5 A). ssNMR experiments conducted
on KcsA reconstituted into proteoliposomes with addition
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FIGURE 5 (A) Influence of TFE on KcsA single-channel properties.
Experiments were performed at +100 mV in symmetrical 150 mM KClI so-
lution at pH 7.0 on the cis side and pH 4.0 on the trans side. Lipid bilayers
were composed of DOPC and DOPG at a 7:3 molar ratio. TFE was applied
from cis side. (B) ssNMR correlations for residue AlaS0 at the C-terminus
end of the first transmembrane helix at the indicated experimental condi-
tions (Control - 50 mM K™, asolectin, pH 7 versus TFE 5% and 150 mM
K*, pH 7) and channel states. Data were extracted from 2D PDSD spectra
obtained using a 30 ms mixing time at 12 kHz MAS, 273 K at 500 MHz 'H
frequency. (C) Representative current traces and all-point histograms of
KcsA-WT and KesA-R52A recorded in a planar lipid bilayer with a high
content of CL. The experiments were performed at +100 mV in symmetri-
cal 150 mM KCl solution at pH 7.0 on the cis side and pH 4.0 on the trans
side. The lipid bilayer was composed of DOPC and CL at a 3:7 molar ratio.
To see this figure in color, go online.

of 5% TFE confirmed that the channel structure was largely
intact. At least on the backbone level, characteristic correla-
tions of the selectivity filter (see Fig. S5 B, including zoom-
ins), as well large spectral regions diagnostic for a-helical
correlations of the TM1 and TM2 channel regions (see,
e.g., (26,30)), readily superimposed with results obtained
before the addition of TFE. On the other hand, Ala50 reso-
nances (see also Fig. 4 in Ref. (26)), which can be readily
distinguished based on their well-separated chemical shift,
largely disappeared upon addition of TFE (Fig. 5 B; see

K* Channel Gating Seen by NMR

Fig. S5 B for the entire aliphatic spectra), suggesting that
the lipid-protein interface around the turret region is criti-
cally involved in stabilizing the channel structure. Indeed,
a point mutation at residue R52 (KcsA-R52A) drastically
reduced the Py of KcsA in the CL-enriched lipid bilayer
(Fig. 5 C). These results are in good agreement with our pre-
vious work in which we showed the role of R52 in KcsA
lipid interactions (26).

KcsA gating cycle in lipids versus crystal
structures

In Fig. 6, we compare the observed ssNMR changes for
the Ca chemical shifts in the three channel states investi-
gated here with the closed-conductive state at pH 7 on the
residue-specific level. As a reference, we include RMSD
changes. They were computed on the basis of the available
x-ray structures and were interpreted in reference to the
considered channel states (Fig. 6, right). As shown in
Fig. 6, our ssNMR study demonstrates that the transition
from the closed-conductive state to the open-conductive
state (11) is accompanied by an opening of the activation
gate and a concomitant protonation for E118 and E120.
Importantly, the observed protonation levels seen at the acti-
vation gate in lipid bilayers correlate with crystal structures
of KcsA mutants (13). Our results obtained using CL at low
pH values (Fig. 2) support a selectivity filter conformation in

E118/120

E118/120

FIGURE 6 ssNMR chemical-shift changes (left) are compared with
RMSD changes (right) seen between KcsA crystal structures previously
associated with the three states of the gating cycle (I*, O, and I) relative to
the closed-conductive state (C, top). For analysis of the x-ray data, published
PDB structures (C: PDB: 1K4C; O: PDB: 3FBS5; I: 3F5W; and I*: PDB:
1K4D; see also Table S3) including stabilizing antibodies (shown in gray)
were used. Color bars indicate E118/E120 protonation levels (red, deproto-
nated; blue, protonated) at the activation gate and Ca chemical-shift differ-
ences (ranging from red = O ppm to green = 0.6 ppm) with respect to the
closed-conductive state (C). RMSD values (ranging from 0A = green to
1.5A= red) were calculated using PDB structures (see also Table S3). Tran-
sition-rate constants between open-collapsed and open-conductive states
were obtained from electrophysiological experiments conducted on KcsA
in a CL lipid bilayer (see Table S1). Transition-rate constants are expressed
in's™". To see this figure in color, go online.
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the open-conductive state that involves structural changes at
the entire selectivity filter (comprising residues Thr74—
Gly79) as well as turret segments. Furthermore, we found
evidence for local fluctuations around Val76. Of note, the
profound conformational differences between the collapsed
selectivity filter states (01 and 00 in Fig. 6) revealed in our
lipid bilayer ssNMR experiments were not apparent in the
KcsA crystal structures. In the crystal structures that were
obtained by cocrystallization with antibodies (Fig. 6, right),
conformational differences between inactivated and closed
states of the channel were only manifested as local structural
changes, largely restricted to Gly77 (see Fig. 4). These re-
sults suggest that in lipid bilayers, the turret region, nearby
residues of the TM1 helix, and the selectivity filter together
form a functional protein unit at the extracellular side of the
K" channel that can engage in significant and reversible
conformational changes during K™ channel gating.

CONCLUSIONS

Trapping functional substates of membrane-embedded
proteins by crystallographic methods usually requires pro-
tein solubilization in membrane mimetics and protein stabi-
lization by mutagenesis and/or addition of larger protein
domains (50). Using electrophysiological and solid-state
NMR experiments, we have shown that in the case of
KcsA one can avoid such measures by using negatively
charged lipids that reduce C-type inactivation and shift the
conformational equilibrium under acidic conditions toward
a more open-conductive state. According to our electro-
physiological experiments, CL, which was previously iden-
tified as being important for membrane protein function
(39,51), was the most effective of the lipids investigated
here in stabilizing the open conformation (Tau open:
11 ms, Tau closed: 16 ms; Fig. 6). Interestingly, these time-
scales are one to two orders of magnitude shorter than
those reported for structural transitions in NMR studies on
KcsA variants in dodecyl maltoside micelles (42,43), under-
lining the prominent role of the lipid bilayer in channel
function.

Our observation that the open-conductive state is stabi-
lized by a change in lipid composition highlights the impor-
tance of the membrane bilayer for protein function and
enabled us to characterize the entire KcsA gating cycle, as
well as the conformational fluctuations that occur during
that cycle. Crystal structures of the constitutively open
KcsA mutants have suggested that the KcsA activation
gate can display various degrees of activation gate opening
(14). In line with electron paramagnetic resonance data
(52.53), our results show that the transition from neutral to
acidic pH is accompanied by a gradual closing of the inac-
tivation gate and an increasing opening of the activation
gate. According to our ssNMR data, two channel states exist
with a partially open activation gate and open and closed
inactivation gates in CL bilayers at pH 4. A conformational
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exchange between these states would explain our previous
low-temperature dynamic nuclear polarization data for the
inactivated state (54) in asolectin bilayers where T75, which
exhibits the largest chemical-shift changes (Fig. 2), re-
mained invisible at low temperatures. In CL-rich bilayers,
we could estimate the relative populations of both states
by comparing signal intensities for open-conductive and
open-inactivated states, leading to a relative distribution of
conductive and closed inactivation gates of 40:60. These
values are in remarkable agreement with the Pg of 37%
(Fig. 1) measured for KcsA in the CL lipid bilayer.

According to our ssNMR data, the conformational
changes that occur at both the activation and inactivation
gates are transmitted to the turret region, the channel
segment that is stabilized by antibodies in all available
x-ray structures available to date (Fig. 6, right). These
observations may be in line with recent work suggesting
that the inactivated channel state differs from the constricted
KcsA structures seen at low potassium concentrations (55).
The transition rates between the two principal gating states
are described by conformational changes in the pore region
(including the inactivation gate and turret). In detail, how-
ever, the degree of opening and closing of both gates is
determined by the combined influence of protein sequence,
lipid environment, and small molecules such as water
molecules (56) or cations such as potassium and sodium.
Together, they control the delicate conformational coupling
of the inactivation and activation gates in membranes in
each state of the potassium channel gating cycle.

SUPPORTING MATERIAL

Five figures and three tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)34274-6.
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Figure 1. Representative dwell time histograms of KcsA recorded in different anionic
phospholipids. All experiments were performed in symmetrical 150 mM KCI solution at pH
= 7.0 on the cis side and pH 4.0 on the trans side. Lipid bilayers were composed of 70 %
anionic lipid and 30 % neutral DOPC. Time constants (t) were calculated from a three
exponential fits (see equations on the page 48) to log dwell time distributions. Time constants
(t) are given in ms as mean = std (see Tablel).
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Figure 2. NCACX spectra of the key residues of KcsA selectivity filter recorded in CL
proteoliposomes. Experiments were conducted in the presence of 150 mM KCI at pH 4.0 at
500MHz ‘H-frequency. Effective sample temperature -273 K. KcsA was reconstituted into
proteoliposomes composed of DOPC and CL at 3/7 molar ratio. Correlations denoted with

“*” relate to chemical shifts corresponding to the conductive conformation of the selectivity
filter.
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Figure 3. *C-°C intra-residue correlation spectra reveal an extended TM1 a-helix in
CL-rich liposomes. Cutouts of **C-3C intra-residue correlation spectra reveal in both

asolectin (pH 7) and CL-rich (pH 4) bilayers a characteristic correlation for Ala50 that is
diagnostic for an extended TM1 a-helix.
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Figure 4. Identification of a VVal76 correlation in the closed-collapsed state. Cut-out of a
3¢, 3C correlation experiment using a 30 ms mixing time and 12 kHz MAS (273 K) at a 500
MHz *H wide-bore NMR spectrometer (Bruker Biospin).
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Figure 5. Influence of TFE on KcsA function and structure. (a) - Influence of TFE on
KcsA single channel properties. Experiments were performed at +100 mV in symmetrical 150
mM KCI solution at pH = 7.0 on the cis side and pH 4.0 on the trans side. Lipid bilayers were
composed of DOPC and DOPG at 7/3 molar ratio. TFE was applied from cis side. (b) **C-*C
ssNMR correlation spectra using (top, left) a control sample of *C,**N labeled KcsA at 50
mM K in asolectin bilayers at pH 7. (top, right) same experiment after addition of 5% TFE
5% using 150 mM K" and lipid bilayers with DOPC/DOPG=3/7 (molar) and pH 7. Overlays
and zoom-ins are presented at the bottom. 2D PDSD data sets were recorded using a 30 ms
mixing time and 12 kHz MAS (273 K) at a 500 MHz *H wide-bore NMR spectrometer

(Bruker Biospin).
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Table 1
PG PS PA CL
T, Mms ai T, m$ i T, ms ai T, M$ ai
open times T, 0.88 £ 0.04 0.94 £0.02 1.36 £ 0.09 0.80 £ 0.02 2.14 £0.03 0.69 £0.07 2.86 £ 0.06 0.38+0.07
T 3.60 +0.52 0.06 +0.02 6.22 +0.57 0.20 = 0.02 8.20£0.32 0.30 = 0.06 8.43 + 1.06 0.35+0.03
T n.d. <0.001 n.d. <0.001 45.61 + 2.89 0.02 £0.01 29.01 £ 1.39 0.28 £ 0.04
Trean 1.05 £ 0.06 2.33+0.13 4.79 £0.07 11.73 £ 0.51
closed times T, 1.34£0.11 0.16 £0.01 3.96 +£0.43 0.13 +£0.04 1.55+0.01 0.80 £0.01 1.33 £ 0.02 0.75+0.02

(inactivated) T, 122.11 +£3.16 0.83 £0.01 119.14 £ 5.47 0.76 £ 0.05 18.08 £0.27 0.20 £ 0.01 29.16 = 0.60 0.25+0.02
T3 1064.22 £599.97 0.01£0.002  655.02 + 74.46 0.11+0.05 3146.19 £210.33 0.01£0.001 1399.04 +122.75 0.01 +0.001
Tmean 108.87 +5.38 163.11£9.19 19.88 £1.08 16.24 £ 0.76

Table 1. Dwell times for open and closed (inactivated) states of KcsA recorded in
different anionic phospholipid environments. Mean open and closed (inactivated) times
were calculated from a three exponential fit to log dwell time distributions. Open and closed
times (t) are given in ms as mean + std. Area values (a) are given as mean = std. These values
were calculated from 6 to 10 experiments. n.d. - not detectable.
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Residue CSCa A CS ACS ACS ACS ACS
(50 mMm 0 mM K+ DOPA DOPG CL () CL (2)
K+)
pH 4 50 At pH4 At pH4
mM K+ and (pH and (pH
3.5) 3.5)
50 55.4 0.1
53 45.1 0.4 0 0 0
54 49.8 0.4 0.1 0.4 0.3
56 45.1 0.4 0 0 0
57 52.8 0.6 05 05 0.4
60 61.7 0.3 0.3 0.3 0.2
61 58.9 0.2 0.4 0.3 0.2
65 56.0 0.4 0.9 0.3 0.3
74 61.2 0.7 0.4 0.4 0.4/-0.2 0.7/-0.2
75 63.1 0.8 0.7 0.7 0.8/0 04/10
76 66.1 -1.1 -1.1 -1.1 -1.2/-02 -1.0
77 48.7 -1.2 -1.7 -1.7 -1.7/0 -1.8/-05
79 455 2.0 1.4 1.4 1.4/-0.1 1.2/ 05
80 55.4 0.5 0.8 0.8 0.2 -1.0
83 61.3 0 0.2 0.2 0.2 0
84 60.4 0.1 0.3 0.2 0.3 0.6

Table 2. Summary of Ca chemical shifts and their changes

Chemical shift (CS) of Ca of KcsA in the closed conductive state. The following columns are
the delta chemical shifts with respect to the closed conductive state. In case of CL lipids
where peak doubling occurs numbers values for conformation 1 and 2 are separated by a “/”.
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State PDB ID Mutation RMSD
[Angstrom]
C 1K4C P2A, L90C 2.0
o) 3FB8 H25Q, L90C, 2.8

R117Q, E120E,
R121Q, R1220Q,
H124Q

| 3F5W H25Q, L90C, 33

R117Q, E120E,

R121Q, R1220Q,
H124Q

I* 1K4D P2A, L90C 2.3

Table 3. Summary of X-ray structures used in Figure 6
Channel states, PDB IDs, RMSD and reported mutations compared to wild-type KcsA are
given.
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