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Abstract

Cholesterol, an essential lipid component of cellular plasma membranes, regulates fluidity,
mechanical integrity, raft structure and may specifically interact with membrane proteins.
Numerous effects on ion channels by cholesterol, including changes in current amplitude,
voltage dependence and gating kinetics, have been reported. We have previously described such
changes in the voltage-gated potassium channel K,1.3 of lymphocytes by cholesterol and its
analog 7-dehydrocholesterol (7DHC). In voltage-gated channels membrane depolarization
induces movement of the voltage sensor domains (VSD), which is transmitted by a coupling
mechanism to the pore domain (PD) to open the channel. Here, we investigated whether
cholesterol effects were mediated by the VSD to the pore or the PD was the direct target.
Specificity was tested by comparing K,1.3 and K,10.1 channels having different VSD-PD
coupling mechanisms. Current recordings were performed with two-electrode voltage-clamp
fluorometry, where movement of the VSDs was monitored by attaching fluorophores to external
cysteine residues introduced in the channel sequence. Loading the membrane with cholesterol or
7DHC using methyl-B-cyclodextrin induced changes in the steady-state and kinetic parameters
of the ionic currents while leaving fluorescence parameters mostly unaffected in both channels.
Non-stationary noise analysis revealed that reduction of single channel conductance rather than
that of open probability caused the observed current decrease. Furthermore, confocal laser
scanning and stimulated emission depletion microscopy demonstrated significant changes in the
distribution of these ion channels in response to sterol loading. Our results indicate that sterol-
induced effects on ion channel gating directly target the pore and do not act via the VSD.
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1. Introduction

Composition of the membrane lipid environment affects the function of the embedded ion
channels. These effects may occur via nonspecific routes by influencing membrane properties
like fluidity, lateral forces or curvature, but can also act more specifically via the reorganization
of lipid domains, alteration of local electric fields or even through selective lipid-channel
interactions where lipids actively participate in gating .

Cholesterol, an essential component of the plasma membrane, is also known to interact with ion
channels. Besides structurally stabilizing the membrane, cholesterol is involved in various
membrane-associated signaling cascades, the regulation of fluidity, lipid microdomain structure
and the operation of transmembrane proteins. Modulatory effects by cholesterol on a variety of
ion channels with different ion selectivities, gating mechanisms and tissue distribution have been
reported *. There is considerable heterogeneity in these effects: enrichment of the membrane with
cholesterol resulted in altered open probability, single channel conductance, or kinetic and
equilibrium parameters of the ionic current >*°. Contradicting reports about similar ion channels
are not rare either.

Most often channel activity is suppressed by cholesterol enrichment or enhanced by cholesterol
depletion of the membrane, as was observed for several K* channels 8% voltage-gated Na*
channels *°, as well as volume-regulated anion channels *°. In some other channels, however, the
opposite was reported: depletion of membrane cholesterol inhibited epithelial Na* channels
(eNaC) *" and transient receptor potential (Trp) channels 2.

Based on the conclusions of these studies two possible mechanisms have emerged to explain
cholesterol effects on channel gating: specific interaction with the channel via a binding site; or
an indirect effect through changes in the physical parameters of the membrane (e.g. stress,
fluidity, curvature), and of course, the most likely scenario is a combination of these
mechanisms.

Early descriptions of cholesterol effects proposed an indirect mechanism, according to
which a channel going through a conformational change distorts the adjacent lipid bilayer and
requires more energy for this movement if the viscosity and rigidity of its environment is
increased by cholesterol. On the other hand, the observation that inwardly-rectifying K* channels
are sensitive to the chiral nature of sterol analogues supports the view that cholesterol-sensitivity
may arise from specific sterol-protein interactions and is not simply related to sterol content 2.
Being membrane proteins, ion channels may associate with lipid rafts, which can alter their
function. Lipid rafts are defined as membrane microdomains with a specialized lipid composition
with elevated cholesterol and sphingolipid content and lipids arranged in a liquid ordered state.
Rafts are more resistant to detergents and enclose specific proteins often to enhance
intermolecular interactions. .

Numerous reports describe the association of certain K, channels with rafts or the exclusion of
others 562102627 "Cyclodextrins are often employed to manipulate the amount of cholesterol in
the cell membrane. For selective removal of cholesterol from the membrane methyl-p-
cyclodextrin (MBCD) is used most frequently 2*?°. Preloaded with cholesterol or even 7-
dehydrocholesterol (MBCD/C and MBCD/7DHC), it can also be applied to enrich the membrane
with sterols. Thus, disruption or reorganization of the raft arrangement in the membrane can be
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achieved and its consequences on ion channel function observed. However, cyclodextrins do not
selectively remove cholesterol from rafts *°, so altered channel function does not necessarily
result from raft rearrangement. The affinity of channels for rafts may show high variability, and
can be influenced by the precise membrane lipid composition, including the amount of
cholesterol, the association of the channel with scaffolding proteins or accessory subunits 332,
As a result, raft association is likely to depend on the cell type expressing a particular K, channel
33,34

In this study we investigated membrane sterol effects on voltage-gated K* channels, which
comprise a large number of channels with a similar structure and fundamental gating mechanism,
yet very broad tissue distribution and differing gating properties *. The major K* channel of
human lymphocytes, K,1.3 and a channel mostly found in the brain and several tumor types,
K,10.1 were studied **%

Ky channels are made up of four (often identical) subunits, which together form four voltage-
sensor domains (VSD) and a central pore domain (PD) * (Fig. 1 A). Each subunit contains six
transmembrane segments, of which the first four (S1-S4) form the VSD in each subunit and the
S5-S6 segments along with the linker connecting them from all four subunits together form the
central pore domain **° (Fig. 1 B). In response to depolarization of the membrane, the VVSDs are
activated, which means a conformational change involving the outward movement of the highly
charged S4 segments ““2. The conformational change of the pore leading to channel opening
occurs at the intracellular end of the S6 segments and is mainly voltage-independent. The
mechanism that transfers the motion of the VSDs to the pore to realize voltage-gated opening is
called coupling, which relies on the rigid connection of the domains by the S4-S5 linker acting as
a lever in some K, channels and on less well-defined contact points between helices establishing
a looser inter-domain connection in others “*°. K,1.3 employs the former structure, which
accomplishes a tight “linear” coupling between the VSD and the PD, whereas in members of the
ether-a-go-go (eag) family, such as K,10.1, coupling is looser between the two functional
domains ***. When the S4-S5 linker “lever” is cut or deleted, K,10.1 still performs voltage-
dependent gating, probably through inter-helix interactions *’. K,10.1 has three cytoplasmic
domains, a Per-ARNT-Sim (PAS) domain at the N-terminus, a C-terminal C-linker domain, and
a cyclic nucleotide-binding homology domain (CNBHD), which can also modify the gating of
the channel *°.



Fig. 1 Basic structure of K, 10.1 channels

The members of the voltage-gated potassium channel family (K,) are built up by four identical subunits
(A). The potassium ion (K*, green) conducting pore is formed by the pore domains (PD, blue) while the
voltage-sensor domains (VSD, purple) are responsible for monitoring the actual membrane potential.
Each subunit consists of six transmembrane helices which are connected via intra- or extracellular loops.
Panel B represents the basic structure of one subunit from lateral view in closed conformation. The S1-S4
helices form the VSD, while the S5 and S6 form the PD. The S4 helix contains positively charged amino
acids (five in K,10.1) that are responsible for voltage-sensing. In response to membrane depolarization
the S4 helix (yellow) moves upward (arrow), and this movement is transmitted to the pore domain
permitting potassium ions flow through the channel. Pink sphere on the S3-S4 linker represents the
location of the cysteine mutation for labeling. Members of the eag family, including K,10.1 have two
intracellular domains that are functionally distinct from other K, channels including K,1.3. The N-
terminal Per-ARNT-Sim (PAS) domain (gray) interacts with the S4 helix, thus determining the activation
kinetics of the ionic current. Via the C-linker (orange), the S6 helix proceeds to the cyclic nucleotide-
binding homology (CNBHD) domain (red), which is also an important gating modulator. The major goal
of the study was to determine the intramolecular target (VSD or PD) of membrane sterols.

Considering that the K, family includes about 40 members, the amount of data available about
their interaction with cholesterol is rather limited. Effects of cholesterol depletion on K,1.5,
K\2.1, K,1.3 and K,11.1 gating and raft-partitioning were described in different systems, while
for several other K, types only cholesterol effects on the association between the channels and
rafts was studied, with the obtained results being just as diverse as for all other channels in
general 5,6,14,48-50.

K,10.1, one of the channels investigated here, can associate with or be excluded from rafts. Its
distribution between the two regions is determined by cholesterol content and interactions with
the cytoskeleton. Depletion of cholesterol resulted in elevated K,10.1 current density while other
gating parameters were unaffected 2’.

We and others have previously studied the effect of cholesterol on the gating of K,1.3 channels
91051 hut due to the differences in expression systems, MPBCD incubation periods and



concentrations, the results are inconsistent, often conflicting. In our system, in vitro cholesterol
loading of human lymphocytes by MBCD/C decreased the current density, shifted the voltage-
dependence and slowed the kinetics of K,1.3 channels °. We have found similar effects of
7DHC on K,1.3 gating >, a precursor of cholesterol, which only differs from cholesterol by the
presence of an extra double bond. 7DHC is enriched in the cell membrane of patients suffering
from Smith-Lemli-Opitz (SLO) syndrome 3. Voltage-dependence was shifted and activation
kinetics were slowed in channels from SLO cells and also from cell lines loaded with 7DHC.
Current density was also reduced by 7DHC enrichment in the latter, but not the former
population. Although some conflicting results with cholesterol depletion are apparent in these
previous reports on K,1.3, they all shared the common findings of Ky1.3 localizing to rafts and
that manipulation of raft structure alters K,1.3 gating. These indicate an intimate relationship of
the channel with cholesterol.

Voltage-dependent gating of ion channels comprises multiple conformational transformations of
the protein in response to a change in membrane potential. Membrane cholesterol may influence
the rearrangement of either of the main functional domains. Our aim in this study was to
determine if the observed changes in the gating of K, channels originated from sterol effects on
the VSD, which propagate downstream or the coupling machinery and / or the pore domain are
directly modulated. We employed the two-electrode voltage-clamp fluorometry technique, which
allows simultaneous observation of the pore domain by measuring the ionic current and the
movement of the VS domains via the fluorescence signal of an attached fluorophore from the
same channel population. Voltage-dependent steady-state and kinetic parameters of VSD
activation and pore opening were compared in two K, channels with different coupling
mechanisms in control and sterol-enriched membranes to learn about the target and the
specificity of the sterol modulation.

2. Materials and Methods
2.1 Molecular biology, expression systems

The human K, 1.3 (KCNAS3, Uniprot B2RA23) A309C channel containing a cysteine mutation in
the S3-S4 linker was constructed via site-directed mutagenesis (QuikChange; Agilent, Santa
Clara, CA) in a pBSTA vector and the mutation was verified by sequencing. The human K,10.1
(KCNH1, Isoform 1, Uniprot 095259-2) L322C mutant in pSGEM vector was a kind gift of L.
A. Pardo (Max Planck Institute, Gottingen, Germany). Plasmids were linearized with Hindlll
(Ky1.3) or Nhel (K,10.1) and transcribed to RNA with the Invitrogen mMMESSAGE
MMACHINE T7 Transcription Kit (ThermoFisher, Waltham, MA).

Xenopus laevis oocytes for two-electrode voltage-clamp fluorometry experiments were
purchased from EcoCyte Bioscience (Dortmund, Germany). Oocytes were injected with 30-50 nl
of RNA at a concentration of ~1 pg/ul and incubated at 18°C for 1-3 days in ND93 containing
93 mM NacCl, 5 mM KCI, 1.8 mM CacCl,, 1 mM MgCl,, 5 mM HEPES and 50 mg/l Gentamycin,
pH 7.4. Chemicals used for the preparation of the solutions were purchased from Sigma-Aldrich
(St. Louis, MO).



For microscopy experiments the human embryonic kidney cell line HEK-293 was obtained from
the American Type Culture Collection (ATCC, Manassas, VA) and grown according to its
specifications. HEK-293 cells grown on 8-well chambered coverglass were transfected with 0.25
ug DNA/well wild-type K,1.3r ac (provided by Peter Hajdu, University of Debrecen, Hungary),
wild-type Ky10.1r ac (in pCMV6 plasmid, OriGene RC215104) or GFP-GPI encoding plasmids
using Lipofectamine2000 (ThermoFisher) at a lipid to DNA ratio of 2:1 (ul/ug). The GFP-GPI
plasmid was a kind gift from Jennifer Lippincott-Schwartz (NIH, Bethesda, MD). Channels were
transiently expressed in the cells for 12-36 hours after transfection.

2.2 Cell membrane sterol modulations

Cholesterol (Sigma-Aldrich), NBD-cholesterol (Avanti Polar Lipids, Alabaster, AL) or 7-
dehydrocholesterol (Sigma-Aldrich) loading was performed with custom synthetized sterol-
methyl-beta-cyclodextrin (MBCD) complexes (CycloLab Cyclodextrin R&D Laboratory,
Budapest, Hungary), with loading solutions containing 195uM sterol at room temperature for 60
min before the electrophysiological or microscopic experiments. For electrophysiology the
sterol-MBCD complexes were dissolved in ND93, or for microscopy in the extracellular
recording solution used in patch-clamp measurements (see below). For both cases after the
incubation oocytes and cells were extensively washed with ND93 or the extracellular recording
solution, respectively.

2.3 Two-electrode voltage-clamp fluorometry (TEVCF)

For TEVCF recordings oocytes were labeled for 30 min on ice with 10 uM of 2-((5(6)-
tetramethylrhodamine)carboxylamino)ethyl methanethiosulfonate (TAMRA-MTS, Toronto
Research Chemicals, Toronto, ON, Canada), diluted in a depolarizing solution (110 mM KClI,
1.5 mM MgCl,, 0.8 CaCl,, 0.2 EDTA, 10 HEPES, pH 7.1). After labeling, oocytes were
extensively washed in ND93 solution and stored in the dark on ice during the course of the
experiment. During the experiments the extracellular recording solution was ND93, the
intracellular solution was a 3M KCI solution.

TEVCF recordings were collected with an Oocyte Clamp OC-725C amplifier (Warner
Instruments, Hamden, CT). Fluorescence signals were acquired through a 40x, 0.8-NA CFI Plan
Fluor Nikon fluorescence water-immersion objective on a Nikon Eclipse FNI microscope
(Nikon, Tokyo, Japan) and a photodiode (PIN-040A; United Detector Technology, OSI
Optoelectronics, Hawthorne, CA). TAMRA-MTS signals were recorded using a 545/25
excitation filer, a 565LP dichroic mirror and a 605/70 emission filter. The signal from the
photodiode was acquired by an Axopatch 200A amplifier and a Digidata-1550 digitizer
controlled by pClamp10 (Molecular Devices, San Jose, CA). Illumination was provided by a
green LED (530 nm), M530L2-C1 from ThorLabs (Newton, NJ). Fluorescence traces represent
single recordings (without averaging) and were filtered with a Gaussian filter.

2.4 Patch-clamp recordings



Patch-clamp recordings determining single channel properties were performed on mechanically
devitellinzed oocytes using outside-out configuration. The standard intracellular solution
contained 105 mM KF, 35 mM KCI, 10 mM EGTA and 10 mM HEPES at pH 7.36-7.38.
Standard extracellular solution was 150 mM NaCl, 5 mM KCI, 1.5 mM CaCl,, 1 MgCl, mM and
10 mM HEPES, pH 7.36-7.38. Measurements were carried out by using Axopatch 200B and
Multiclamp 700B amplifiers connected to a personal computer using Axon Digidata 1550 data
acquisition hardware (Molecular Devices).

2.5 Confocal laser scanning and stimulated emission depletion (STED) microscopy

For microscopic analysis, lipid rafts of HEK-293 cells were labeled with two different methods.
First, GM1-enriched membrane rafts were labeled by 8 ug/ml AlexaFluor647-tagged subunit B
of cholera toxin (CTX-B) (ThermoFisher) for 20 min on ice to prevent internalization of CTX-B.
Second, for labeling lipid rafts with GFP-GPI, cells were transfected with a GFP-GPI plasmid, as
described previously **.

For labeling ion channels, cells expressing Ky1.3r ac Or K,10.1p ac Were incubated in the
presence of 2 pg/ml anti-FLAG M2-Cy3 antibodies (Sigma-Aldrich) for 30 min on ice. Since the
FLAG tag on K,10.1 is localized on the intracellular side, labeling of these channels was carried
out after fixation of the cells in 3.7% formaldehyde in PBS containing 0.1% BSA and 0.1%
Triton X-100.

After labeling of sterol-treated or control cells, images were taken from the flat cell membrane
region attached to the coverslip with an LSM880 confocal laser scanning microscope (Carl Zeiss
AG, Jena, Germany). NBD, GFP, Cy3 and AlexaFluor647 were excited at 458 nm, 488 nm, 543
nm and 633 nm, respectively, and their emitted intensities were detected in the wavelength
ranges of 482-696 nm, 493-598 nm, 548-629nm, and 638-756 nm, respectively.

For STED microscopy measurements, cells expressing K,1.3r_ac Were labeled with 2 pg/ml anti-
FLAG M2 (Sigma-Aldrich) for 30 min at room temperature, which was followed by an
incubation with 8 pg/ml AlexaFluor594-CTX-B (ThermoFisher) and StarRed-GAMIG
(Abberior, Gottingen, Germany) for 30 min on ice.

Images were acquired from the flat cell membrane region attached to the coverslip with an
Olympus BX53 microscope equipped with a STED module (Abberior) and an Olympus 100x/1.4
objective using excitation at 594 and 640 nm and a STED laser beam at 775 nm. Detection bands
were 608-627 nm and 650-700 nm for AlexaFluor594 and StarRed, respectively.

2.6 Data analysis

Electrophysiological data analyses were performed using Clampfit (v10; Molecular Devices),
SigmaPlot (v10.; Systat Software, San Jose, CA) and Excel (Microsoft, Redmond, WA).

Current and fluorescence signals were recorded at 5 kHz and low-pass filtered at 1 kHz. The
magnitude of the fluorescence signals was expressed as AF/F in percentage, where AF is the
change in the signal amplitude, and F is the baseline fluorescence level at the time of the signal.
To correct for photobleaching, the baseline fluorescence trace, which has no change in voltage,
was subtracted from all other traces. Fnom-V Vvalues of K,1.3 309C were obtained from the



steady-state components of the fluorescent signals, normalized to the maximum intensity and
plotted as a function of test potential. MTS-TAMRA labeled K,10.1 322C exhibits a complex
fluorescent signal that can be divided into hyperpolarized (from -180 to -90 mV) and depolarized
(from -80 to +60 mV) components. The hyperpolarized signals had two components of the same
polarity and were analyzed similarly to K,1.3 signals. The depolarized signals had two
components of opposite polarities. To determine the absolute value of the signal, the second
component was added to the first with an inverted polarity.

I-V curves were constructed by plotting leak-corrected peak currents as a function of test
potential. V1, and k parameters of K,1.3 309C and K,10.1 322C G-V curves were determined by
fitting the

1= Vx Gax x (1-8 "V Ered®)/[(1-e ~ V2N (1/(1+e - VM)

equation to I-V curves, which combines Goldman-Hodgkin-Katz rectification with Boltzmann
voltage-dependence. Here V and | are the voltage and the current, respectively, and the free
parameters are Gnax, the maximum conductance, E,, the reversal potential, V1, and k the half-
activation voltage and slope factor of the Boltzmann function, respectively. Then normalized G

values at given test potentials were calculated with G(V)= 1/(1+e "V12™) for each cell.

To determine the activation time constants for ionic currents a single exponential (I = lo x (1-e*/*
) + C) function was fitted to the rising phase of the traces. For fluorescent signals double
exponential functions (I = los x (1 - e/ ) + lgsx (1 - €'/ %) + C) were applied to determine fast
(tf) and slow (ts) time constants.

To construct steady-state inactivation curves the fraction of non-inactivated channels at each
voltage was calculated as 1/1-120, where | is the peak current evoked by the depolarization from a
given prepulse potential, whereas 115 IS the peak current evoked by identical depolarization
from the holding potential of =120 mV.

Steady-state voltage dependence curves (Fnom-V, SSI) were quantified by fitting a Boltzmann

function: y = 1/(1 + e ~ V112 and determining V1, and k from the fits.

To investigate the Cole-Moore shift of K,10.1 channels a 500 ms long depolarizing pulse was
applied to +40 mV following a 10-s-long prepulse to potentials ranging from -160 mV or -60
mV. To determine the activation time constants of the ionic currents a single exponential
function was fitted to currents evoked from each prepulse potential. The first sigmoidal phase of
the currents was excluded from the fitting interval.

For determining current decrease caused by sterol loading in TEVCF measurements, leak
corrected peak currents evoked by a +40 mV (for K,1.3) or +60 mV (for K,10.1) depolarizing
pulse were pooled for each day for the control, cholesterol, and 7DHC loaded oocytes,
respectively and then normalized to the mean of the control peaks. Thus we obtained a relative
current amplitude for each day and SEMs originate from the day-to day variability of the
normalized peak amplitudes.

For non-stationary noise analysis, outside-out patches were excised from oocytes and 200 ms
long depolarizing pulses were applied to +50 mV 200 times every 2 seconds from a holding
potential of -100 mV. Traces significantly deviating from the mean due to rundown were omitted
from the analysis. For each time point along the trace (isochrones) the mean current <I> of the
traces and the variance of the current, o,° were calculated. Then o,® was plotted as a function of



<I>, yielding a parabola with the equation: oi>= i <I> - ( <I>?/ N), where i is the single channel
current and N is number of channels in the patch *°. Single channel current was determined from
the first derivative of the parabola at the roots, single channel conductance was calculated as i /
(V-Erev), Where V is the applied test potential and E, is the reversal potential of the K™ current.
Open probability was calculated as the maximum of <I> divided by the positive root of the
parabola, iN, the theoretical maximum of <I> occurring at P, = 1.

After labeling of HEK-293 cells and image acquisition using confocal laser scanning or STED
microscopy, the extent of co-localization of ion channels and lipid rafts was determined as
described previously ***°. Briefly, the Pearson correlation coefficients between the intensities of
the raft marker, the antibodies against ion channels and in certain cases the fluorescently labeled
cholesterol were calculated. During image processing calculations were carried out in cell
membrane pixels selected manually with a “cell mask”. The Pearson coefficients were
determined from pixelwise intensity data of individual cells with a custom-written algorithm
under Matlab (Mathworks, Natick, MA). To rule out the accidental positive correlation, we
determined the 95% confidence interval of the coefficient assuming no correlation between the
analyzed parameters according to the method of Costes . As a positive control, the correlation
coefficient between two known lipid raft markers was also calculated.

All electrophysiological experiments were carried out on oocytes originating from at least 3
different frogs. Microscopy data were obtained by analyzing three or more independent
experiments.

Reported errors are SEM, numbers of cells (n) involved in the given analysis are shown in the
text. P values were calculated based ANOVA analysis followed by Tukey’s HSD test.
Differences were considered significant (asterisk, *) when p<0.05.

3. Results

3.1 Sterol effects on voltage-dependent steady-state parameters of K,1.3

Our previous results on the sterol-sensitivity of K,1.3 channel gating showed that cholesterol or
7DHC-enrichment of the membrane reduced the whole-cell current, caused a right-shift of the G-
V curve and slowed activation kinetics in human lymphocytes and CHO cells % We
confirmed all these observations in the Xenopus oocyte expression system with wild-type hK,1.3
channels indicating that despite the differences in membrane composition, the Xenopus system is
a valid model for such protein-membrane interactions in mammalian cells (Suppl. 1).

In order to study voltage sensor movements in hK,1.3 channels by VCF, a cysteine must be
introduced in the external S3-S4 linker of the channel for fluorophore labeling. Since no previous
reports on K,1.3 VCF mutants existed, several residues in the linker were tested to find the
optimal position. An Ala—Cys mutation at position 309 close to the top of S4 proved to be the
most suitable choice for VCF as it gave large voltage-dependent fluorescence signals. The
A309C mutant conserved the basic gating properties of K,1.3, such as the steepness of the
voltage-dependence and activation kinetics (Fig. 2 A-C, Fig. 3 A, Suppl. 1), although it shifted
the G-V curve similarly to most VCF cysteine-mutations. Labeling by MTS-TAMRA vyielded



fluorescence signals superior to those of Alexa488 and TMRM (data not shown). The hK,1.3 has
no native extracellular cysteines, which precludes non-specific labeling of the channel. Since the
majority of the manuscript is about the cysteine-containing channels used for
electrophysiological experiments, K,1.3 and K,10.1 refer to these channels without indicating
the mutations, and the channels not containing the introduced cysteines are referred to as wild-
type (WT) channels. The presented results on cysteine mutant channels were obtained after
MTS-TAMRA staining, however, application of the dye did not result in significant changes in
any of the examined parameters or sterol induced effects (data not shown).

By simultaneously recording ionic currents and fluorescence signals from Xenopus laevis
oocytes expressing hK,1.3 A309C channels by VCF (Fig. 2 A), we obtained current-voltage (I-
V) and relative fluorescence change - voltage (AF/F-V) curves in the -140 to +40 mV voltage
range in 10 mV steps. Cells were depolarized to the test potentials for 250 ms every 30 s from a
holding potential of -100 mV. Then, normalized conductance - voltage (G-V) and normalized
fluorescence change - voltage (F-V) curves were constructed and fitted with Boltzmann-
functions to obtain midpoints (V1) and slope factors (k) (Fig. 2 B). As expected, the midpoint of
the F-V curve was hyperpolarized compared to the G-V midpoint (V2 = -41.1 + 1.8 mV (n=12)
and -15.8 + 0.5 mV (n=10), respectively) indicating that VVSD activation occurs at more negative
potentials than pore opening.

Experiments were repeated on cells loaded with cholesterol or 7DHC. Both sterols induced small
but significant negative shifts in the G-V curves characterizing pore opening (V12 = -15.8 £ 0.5
mV (n=10) for control, -21.1 £ 1.5 mV (n=11) for cholesterol and -29.0 £ 1.9 mV (n=12) for
7DHC respectively; p = 0.049, p=0.001) while leaving VSD-related F-V midpoints unaffected
(V1= -41.1 + 1.8 mV, n=12 for control; -41.5 + 1.8 mV, n=11 for cholesterol; and -42.1 + 2.4
mV, n=12 for 7DHC; p = 0.992 and p=0.937 for cholesterol and 7DHC respectively) (Fig. 2
B,C). This suggests a direct sterol effect on the pore or the coupling rather than one mediated by
VSD activation. F-V slopes were slightly affected, cholesterol induced a significant shallowing
of VSD voltage-dependence (k = 15.4 + 0.4, n=12 for control; 22.2 + 1.8, n=11 for cholesterol;
and 18.7 + 0.8, n=12 for 7DHC, p=0.002 and p=0.099 for cholesterol and 7DHC respectively)
(Fig. 2 B).

K,1.3 shows steady-state inactivation (SSI) when held at depolarized potentials, which manifests
in decreased peak current during a subsequent strong depolarizing pulse. K,1.3 309C steady-state
inactivation curves showed a similar tendency to G-V curves, being left-shifted by sterols,
although only the shift by 7DHC was significant (Suppl. 2).

3.2 Sterol effects on voltage-dependent steady-state parameters of K,10.1

In wild-type K,10.1 channels expressed in oocytes we observed similar sterol effects as in K,1.3:
reduction of current amplitude, slowing of activation kinetics and a right-shift in the G-V curve
(Suppl. 3). These results are consistent with previous data examining the effects of cholesterol
extraction on wild-type K,10.1 Z'.

For studying VSD motions in K,10.1 we used the L322C mutant described earlier *°, but applied
MTS-TAMRA for labeling instead of TMR-maleimide. This combination yielded robust multi-
phasic voltage-dependent fluorescence signals (Fig. 2 D) and did not alter channel gating
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significantly (Fig. 2 D-F, 3C and Suppl. 3). I-V and AF/F-V curves were recorded during
depolarizing pulses ranging from -180 to +60 mV in 10 mV steps lasting 800 ms. Pulses were
applied every 10 s from a holding potential of -100 mV. In agreement with earlier results, VSD
activation in K,10.1 occurs at very negative potentials (F-V Vi, =-113.6 + 1.9 mV; n=9), while
the pore opens in a similar voltage range as K,1.3 (G-V Vi, = -25.8 + 2.1 mV; n=8) (Fig. 2 D,
E). Therefore, the voltage gap between VSD activation and pore opening is much wider in
K,10.1 than in K,1.3 indicating a looser coupling between the two functional domains. The
effect of sterols on K,10.1 was very similar to K,1.3, as both cholesterol and 7DHC induced
significant hyperpolarizing shifts in the G-V curve (V12 = -25.8 + 1.8 mV (n=8) for control, -
33.2 £ 1.8 mV (n=8) for cholesterol and -38.2 + 2.2 mV (n=9) for 7DHC; p = 0.043 and
p=0.002 for cholesterol and 7DHC respectively), but neither had any effect on the midpoint or
the slope of the F-V relationship (Vi = -113.6 £ 1.9 mV (n=9) for control, -113.5 + 0.6 mV
(n=9) for cholesterol and -114.0 £ 1.6 mV (n=8) for 7DHC; p = 0.999 and p= 0.981 for
cholesterol and 7DHC respectively) (F). Thus, just like in K,1.3 pore opening, but not VSD
activation is affected by sterol loading in K,10.1.
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Fig. 2 Effects of sterol loading on voltage-dependent steady-state gating parameters of cysteine
mutant K,1.3 and K,10.1 channels

To determine steady-state activation of fluorescent signals (AF/F) and ionic currents of K,1.3 (A) and
K,10.1 channels (D), oocytes were held at —100 mV and depolarized to test potentials ranging from —140
to +40 mV or -180 to +60 mV in steps of 10 mV every 30 or 10 s. The duration of depolarizing pulses
was 250 or 800 ms. Voltage protocols (top left plots) and evoked currents (top right plots) are shown in
panels (A) and (D). K,1.3 channels exhibit a monophasic, while K,10.1 channels a biphasic fluorescent
signal when labeled with MTS-TAMRA, bottom plots of panel (A) and (D). The superimposed solid
(Frorm-V) and dashed (Gnorm-V) lines show best fit Boltzmann functions to the Fnom-V (filled symbols) and
Grom-V (empty symbols) data points (B,E). In the case of the F..m-V curves of K,10.1 all three best fit
lines completely overlap. Panel (C) and (F) show the average Vy,, values for K,1.3 and K,10.1. Empty
columns represent the midpoint of the Fn,m-V curves, while dashed columns indicate the V,, values for
Grorm-V curves. Cholesterol (red) and 7DHC (blue) loading led to significant (*) left shifts in Gpom-V
curves for both ion channels, while no changes in the Vy,, of F.om-V curves were observed (n=8-12).
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3.3 Sterol effects on VSD and current activation kinetics

Next the effect of sterol loading on VSD activation and channel opening kinetics was assessed
(Fig. 3). K,1.3 current activation kinetics, well fit by a single exponential function, were
significantly slowed by both cholesterol and 7DHC loading as indicated by the time constants
(p<0.05 at all voltages) and shown by normalized current traces (Fig. 3 A inset). Fluorescence
signals had a fast component accounting for the majority (> 85%) of the amplitude and a smaller
slow component. In contrast to current Kinetics, there was no change in either of the time
constants of double exponential fits to VSD activation Kkinetics in response to sterol loading (Fig.
3 B). Furthermore, no significant changes were observed in the ratios of the amplitudes of the
time constants due to sterol loading (data not shown).

Activation of K,10.1 currents is known to be modulated by the prepulse holding potential and the
external Mg?" concentration, which can result in complex sigmoid kinetics. For the
comparability of sterol effects on activation kinetics, we omitted the initial lag phase of the
current from the fitting and characterized the rise of the current by single exponentials under all
conditions as has been described by others °®°°. Both cholesterol and 7DHC loading increased
current activation time constants, especially at stronger depolarizations, indicating slower pore
opening (Fig. 3 C). Next, the effect of sterols on VSD kinetics was assessed in the -180 to +60
mV range. Fluorescence signals representing backward VSD transitions to deeper closed states at
hyperpolarized potentials had two strongly voltage-dependent kinetic components, neither of
which was significantly affected by sterols (Fig. 3 D). Depolarizing pulses produced biphasic
signals with two components of opposing polarities. The fast component became more
prominent with increasing depolarization (Fig. 2D, bottom plot) and is likely to represent a VSD
transition strongly linked to pore opening based on its voltage range and kinetics. The time
constant of the slow component showed marked voltage-dependence and was unaffected by
sterol treatment, while the fast component was very weakly voltage-dependent and was
significantly slowed by both cholesterol and 7DHC (Fig. 3 D,E). These observations suggest that
VSD transitions between deep closed states are unaltered by sterols, but conformational changes
associated with pore opening are slowed.
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Fig. 3 Effects of sterol loading on current and VVSD activation kinetics

When examining kinetic parameters of the K,1.3 and K,10.1 currents and fluorescent signals the same
protocols were applied as described in Fig.1. The activation time constants (1) Of ionic currents were
fitted by single exponentials (A,C), while for fluorescent signals two exponential fitting was used (B,D).
Insets in panels (A) and (C) show normalized current traces from control (black), cholesterol- (red) and
7DHC-loaded (blue) cells. (A) K,1.3 current activation time constants (n=7-11), and (B) fast (empty
symbols) and slow (filled symbols) fluorescence signal activation time constants (n=4-8) are shown. (C)
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K,10.1 current activation time constants (n=4-8). (D) Fast (empty symbols) and slow (filled symbols)
time constants of the fluorescence signals when stepping to the test potentials from -100 mV. The inset
shows best two-exponential fits to fluorescence signals recorded at hyperpolarized (-180 to -110 mV,
yellow) and depolarized (-90 to +60 mV, orange) voltages in K,10.1. (E) The fast time constant in the
depolarized voltage range shown on expanded scales for control (black), cholesterol- (red) or 7DHC-
loaded (blue) cells. (n=5-10).

A characteristic feature of K,10.1 channels is the Cole-Moore shift, which is apparent as altered
current activation kinetics when depolarization occurs from different holding potentials ®°. When
channels are activated from very negative potentials they must traverse multiple closed states
before opening, a process structurally related to the interaction of the VSD and the PAS domain
%> Consequently, current activation is sigmoid and slow compared to channels being activated
from a more positive holding potential (Fig. 4). Current activation kinetics during depolarizing
pulses to +40 mV were compared from prepulse holding potentials in the -160 to -60 mV range
in control and sterol-loaded cells. Time constants in sterol-loaded cells were similar to control at
hyperpolarized holding potentials, but were significantly slower when opening took place from
the “pre-open” closed states mostly populated at -60 mV. This indicates that the opening
transition is slowed by sterols, but the rate-limiting transitions among deep closed states are not.

-60 mV
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Fig. 4 Modulation of the Cole-Moore shift in K,10.1 channels by sterols.
To investigate the effect of sterol loading on the Cole-Moore shift of K,10.1 channel a 500 ms long

depolarizing pulse to +40 mV was applied from a 10 s long prepulse holding potential ranging from -160
mV and -60 mVs, in 20 mV increments. Inset demonstrates a representative trace of normalized K,10.1
currents recorded from prepulse potentials of -160 mV and -60 mV. Currents were fitted by single
exponentials excluding the first sigmoidal phase. Cholesterol (red) and 7DHC (blue) loading result in a
significant change in 1S Of currents evoked from more positive prepulse potentials (from -120 mV to -60
mV for 7DHC, and from -80 mV to -60 mV for cholesterol) (n=7-8).
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3.4 Sterol-induced current reduction

Although current densities could not be compared due to the lack of cell capacitance
information, both sterols significantly reduced whole oocyte currents in cells injected by the
same amount of RNA and recorded in the same time range following injection for both K,1.3
and K,10.1 channels (Fig. 5 A). Amplitudes were reduced to 71.1 + 8.2 % and 54.0 + 10.6 % of
the control in K,1.3 and to 71.3 + 8.6 % and 58.5 + 1.3 % in K,10.1 by cholesterol and 7DHC,
respectively (Fig. 5 B). To determine the cause of the current reduction, i.e. whether it is due to
the reduction of single channel conductance or the open probability, we performed non-
stationary noise analysis on excised outside-out membrane patches containing K,10.1 channels.
Current fluctuations depend on open probability and single channel conductance, and plotting
current variance as a function of current amplitude yields a parabola, whose parameters are
suitable to determine these properties of the channels (Fig. 5 C). A reduction in the number of
active channels may also contribute to current reduction, however, the size of excised patches
and consequently the number of channels in the patch varies significantly rendering this value
meaningless in assessing the sterol effects. Our analysis indicates that both sterols reduced the
single channel conductance (control: 19.73 + 1.44 pS, n=8; cholesterol: 13.30 + 1.11 pS, n=6;
7DHC: 14.33 + 1.04 pS, n=4; p = 0.009, p=0.046), while the open probability was not
significantly affected (control: 0.678 + 0.018 n=8; cholesterol: 0.715 + 0.035 n=6; 7DHC: 0.573
+ 0.044 n=4; p=0.628, p=0.067) (Fig. 5 D).
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Fig. 5 Effect of sterol loading on whole oocyte current amplitude and single channel parameters

(A) Representative current traces obtained from control or sterol-treated oocytes on the same day. (B) The
daily mean current of cells loaded with cholesterol (red) or 7DHC (blue) normalized to the actual daily
mean of control amplitudes (n=3-4 days). Currents were evoked by depolarizing pulses to +40 for K, 1.3
or +60 mV for K10.1. (C) Non-stationary current noise analysis on K,10.1 channels expressed in
oocytes. During data acquisition outside-out patches pulled from oocytes were held at -100 mV holding
potential and a test pulse to +50 mV was applied for 200 ms 200 times. Current variance was plotted
against the amplitude at a given time point and the single channel parameters of K,10.1 were determined
by fitting a parabola to the data points. (D) Single channel conductance and open probability of channels
recorded from control (black), cholesterol- (red) and 7DHC-treated (blue) cells (n=5-8). Asterisks (*)
indicate significant differences (p< 0.05) compared to control samples (p< 0.05, ANOVA followed by
Tukey’s HSD test).
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3.5 Raft association of K,1.3 and K,10.1

Both K,1.3 and K,10.1 were previously shown to be preferentially localized in sphingolipid- and
cholesterol-enriched lipid raft microdomains *?"®“2 Since raft localization was found to
modulate structural and functional channel properties ®2"%®* and cholesterol is an intrinsic major
component of rafts ®°, channel and raft reorganization upon sterol loading is likely to play a role
in the observed sterol effects. To test this hypothesis, we examined the effects of sterol loading
on the distribution of K,1.3 and K,10.1 between raft and non-raft membrane microdomains by
determining the Pearson correlation coefficients between the intensities of antibodies against ion
channels and the lipid raft marker choleratoxin B subunit (CTX-B) using confocal and
Stimulated Emission Depletion (STED) microscopy, as described previously in detail >*.
Consistent with previous observations, strongly positive Pearson coefficients were found
between K,1.3 or K,10.1 and CTX-B signals (0.416 + 0.013, n=27 and 0.298 + 0.019, n=30,
respectively, Fig. 6 E and Suppl. Table 1). These values were much larger in magnitude than the
limits of the 95% confidence intervals of the coefficient assuming no correlation (Suppl. Table
1) and were of similar magnitude as obtained in case of positive control samples using two well-
established lipid markers, GFP-GPI and CTX-B (0.551 + 0.020, n=23, Fig. 6 E and Suppl.
Table 1). The co-localization is also clearly demonstrated by our confocal images (Fig. 6 A-C)
and a representative contour plot showing the correlation between pixelwise intensities (Fig. 6
D). In the case of both channels the Pearson coefficients significantly increased in both
cholesterol and 7DHC-loaded cells (K,1.3: 0.492 + 0.013, n=34, p=0.001 and 0.500 + 0.015,
n=32, p=0.001, K,10.1: 0.373 £ 0.017, n=29, p=0.010, and 0.395 + 0.018, n=24, p=0.002, for
cholesterol and 7DHC, respectively, Fig. 6 E and Suppl. Table 1) when observed with confocal
laser scanning microscopy. The increased raft localization of Kv1.3 in response to sterols was
also confirmed at improved resolution (46-60 nm) provided by STED microscopy. Correlation
coefficients were significantly more positive in sterol-loaded samples (cholesterol: 0.361 +
0.019, n=32, p=0.012, 7DHC: 0.366 + 0.019, n=28, p=0.010) than in controls (0.274 + 0.025,
n=25) (Fig. 6 E and Suppl. Table 1). Furthermore, when examining the loading pattern of NBD-
cholesterol by confocal microscopy, based on the strong positive Pearson coefficient values the
fluorescent cholesterol analog incorporated preferentially into CTX-B labeled lipid raft
microdomains (0.234 + 0.025, n=24), especially into the vicinity of K,1.3 channels (0.358 +
0.023, n=24) (Fig. 6 F and Suppl. Table 1).
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Fig. 6 Effect of sterols on raft partitioning of K, 1.3 and K,10.1
After labeling channels and lipid rafts in K,1.3 or K,10.1 expressing sterol-loaded or control HEK-293
cells, images were taken from the flat cell membrane region attached to the coverslip using a confocal
laser scanning microscope. Representative images of the distribution of rafts (A) and K,1.3 ion channels
(B) are displayed. Their co-localization is demonstrated by the overlay image (C) and the contour plot
showing the correlation between pixelwise intensities (D). (E) Extent of co-localization in control cells
and in response to cholesterol (red) or 7DHC (blue) loading, determined quantitatively by the Pearson
correlation coefficients between raft and channel signals. Experiments were repeated with K,1.3 at much
better (46-60 nm) resolution provided by STED microscopy. (F) Pearson coefficients calculated between
the indicated labeled molecule pairs in cells loaded with NBD-cholesterol from images recorded by
confocal microscopy (n=23-34 cells). Asterisks (*) indicate significant differences (p< 0.05) compared to
control samples (p< 0.05, ANOVA followed by Tukey’s HSD test).
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4. Discussion
4.1 Sterols do not act via the VSD

The aim of this study was to identify the functional domain of K, channels, which is targeted by
cholesterol to exert its previously documented effects on channel gating. Two K, channels with
different VSD-PD coupling mechanisms were investigated in membranes enriched with
cholesterol or 7DHC using MBCD. Voltage-sensitive steady-state and kinetic parameters of the
two functional domains were independently tracked by simultaneously measuring the ionic
current and fluorescence signal by voltage-clamp fluorometry. We observed similar effects on
Ky1.3 and K,10.1 channels, the minor differences originating from their different gating
mechanisms. Several lines of evidence point to the pore domain or the coupling as being the
primary direct target of sterol-modulation rather than changes in VSD transitions transmitted to
the pore. These are detailed below:

1. The voltage-dependence of pore opening, but not that of VSD activation was shifted along the
voltage axis by sterol loading, indicating a change in the energetics of pore opening (Fig. 2).
This observation also implies a disruption of the coupling between the two functional domains
since the G-V and F-V curves are not shifted in a parallel manner. K, crystal structures and MD
simulations indicate that the VSDs are embedded in the membrane, but S4s are mostly shielded
away from the lipids, supporting our findings °. Although the midpoints of the F-V curves in
K,1.3 were not shifted, the slopes became slightly shallower in response to sterol treatment (the
change by 7DHC was not significant) (Fig. 2 B). Thus, the energy difference between the resting
and activated states of the VSD was not affected, but the apparent gating charge was reduced.
This is most likely due to the alteration of the electric field profile across the membrane by
cholesterol, as the dipole potential in the membrane was shown to be influenced by cholesterol
%7 MD calculations confirmed that modifying the lipid composition can reshape the electric field
profile surrounding the channel and generate detectable changes in the gating charge ®. Such
shallowing was not observed in K,10.1 (Fig. 2 E); control and treated F-V curves completely
overlapped. The difference between the two channels may be explained by the observation
revealed by analysis of the cryo-electron microscopic (cryo-EM) structure of K,10.1, which
showed that the S4 of K,10.1 is displaced one 31y helix turn toward the cytosolic side of the
membrane compared to the S4 of the K,1.2-2.1 chimeric channel *, whose structure better
resembles that of K,1.3. This means that the VSDs of the two channels likely traverse different
sections of the membrane during activation and experience different field profiles along the way.
Both in K,1.3 309C and WT channels the steady-state inactivation curve was shifted by sterols in
the same direction as the G-V curves, although these shifts had opposite polarities between the
two constructs (Fig. 2 B, C and Suppl. 1 D, E). In K,1.3 C-type inactivation occurs, which
involves a rearrangement of the selectivity filter that prevents further conduction of the K ions.
This takes place only after pore opening ® even at holding voltages where macroscopic currents
are not apparent and individual channels open with very low probabilities. Thus, sterol
enrichment shifting the voltage-dependence of the opening transition is expected to produce such
a parallel shift in the SSI curve (Suppl. 1 E, F and Suppl. 2).
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2. Pore opening kinetics were slowed, but VSD activation kinetics were mostly unaffected in
both channels (Fig. 3). Time constants of current activation were significantly longer in the
entire examined voltage range for K,1.3 (Fig. 3 A), whereas the slowing was mainly apparent
above + 10 mV in K,10.1 (Fig. 3 C). Only the weakly voltage-dependent fast component of
VSD activation in K,10.1, which is linked to pore opening at depolarized potentials was slowed
by sterols (Fig. 3 E), but not the main voltage-dependent transitions at hyperpolarized potentials.
The biphasic activation of the K,10.1 VSD was described previously >, distinguishing slow
transitions at hyperpolarized potentials and faster transitions just preceding the open state. Here
we show that the latter, but not the former transitions are modulated by sterol enrichment. The
slowing of the fast component of VSD movement may be due to the retrograde action of the pore
on the VSD. In K,10.1 coupling is different from K,1.3, the S4-S5 linker is not required for
VSD-PD communication, as it was shown that cutting or deleting it completely, did not prevent
voltage-gated pore opening. VSD-PD coupling in K,10.1 is assumed to involve direct helix-helix
interactions, so it is feasible that a delayed conformational change in the PD is transmitted back
to a final conformational rearrangement of the VSD.

3. The Cole-Moore effect in K,10.1 was modulated by sterols: when channels were opened from
deep hyperpolarized states, current activation kinetics were not affected, but when opened from
pre-open closed states, activation kinetics were significantly slowed (Fig. 4),. When channels
mostly populate the deep closed states, among which transitions are rate limiting and insensitive
to sterols then current activation is not affected. However, when channels mostly start from pre-
open closed states from which opening is faster and is sterol-modulated then a slowing of current
kinetics is observed. This is compatible with the suggested mechanism for K,10.1 gating based
on its cryo-EM structure *°. According to the model, in the hyperpolarized, or resting state of the
VSD, the bottom of S4 pushes on the C-linker, which induces a bend in S6 causing a rotational
constriction of the pore, thereby closing it (Fig. 1 B). In the depolarized or activated state, S4
moves up and relieves the bend in S6 allowing channel opening. The N-terminus of the PAS
domain was suggested to interact with S4 in the resting state, stabilizing it and causing the Cole-
Moore effect observed at hyperpolarized potentials. Based on the cryo-EM structure, this
interaction is likely to occur in the cytoplasm and not in the membrane, so it is plausible that the
VSD conformational changes corresponding to transitions between deep closed states are not
affected by the membrane composition. However, the bending of S6 by the bottom of S4 causing
pore constriction in the hyperpolarized state and the straightening leading to opening are
expected to occur within the membrane being subject to modulation by the surrounding
membrane lipids.

4. The current amplitude was reduced by sterols in both WT and mutant channels despite no
shifts in the F-V curves and shifts of opposite polarities in the G-V curves (Fig. 5 and Suppl. 3
F). This implies that current reduction must originate from the pore and not the voltage-sensing
machinery. Non-stationary noise analysis indicated that sterol-induced current reduction is
mainly due to a decrease in single channel conductance and not in open probability. The change
in unitary conductance suggests the pore being directly modulated rather than the VSD-PD
coupling.

4.2 The role of membrane stress
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It is well documented that membrane stretch, for example induced by a patch pipette, has a
profound effect on the gating of ion channels, including K, channels. A simple mechanistic
model suggests that membrane stretch favors area / volume expansion of the protein that occurs
during the pore opening step, as a result of which channel activation kinetics speed up, voltage-
dependence is left-shifted and current amplitude is increased. Cholesterol has long been known
to increase lateral stress in the lipid membrane ®°, which likely accounts in large part for its
effects on embedded channels. In contrast to stretching, this increased lateral stress is expected to
favor the closed state of the channel, attenuating its opening kinetics and conductance . In line
with this, in most reports, cholesterol enrichment suppressed channel activity, likely by exerting
compression on the channel and possibly increasing viscosity in the annular layer. However,
such a simple model is insufficient to explain uncorrelated changes in voltage-dependence and
gating Kkinetics. For example, we consistently observed slowing of current activation kinetics by
both sterols in all channel constructs (Fig. 3 A, C; Suppl. 1 D and Suppl. 3 B), while observing
G-V shifts of opposite polarities (Fig. B, E; Suppl. 1 B and Suppl. 3 D), indicating that
assuming a single forward transition being slowed by cholesterol is inadequate to describe all
changes.

4.3 Recruitment to lipid rafts

Different responses of various channels to sterol enrichment may also arise from the relative
distribution of the channels and sterols in the membrane. Several channels, including K,1.3 and
K,10.1 were previously shown to be preferentially localized in sphingolipid- and cholesterol-
enriched lipid rafts ®2"°, while others were shown to be excluded °. Consistent with previous
studies, we have found strongly positive Pearson coefficients demonstrating the preferential raft
localization of both channels, which was further increased by the enrichment of either of the
sterols (Fig. 6 and Suppl. Table 1). Here, we provide stronger proof for these observations for
Ky1.3 by the much higher resolution of STED microscopy, which confirms the preferential raft
localization and its enhancement by sterol loading beyond the power of confocal microscopy.
NBD-cholesterol indicated the preferential raft accumulation of cholesterol. Furthermore,
positive correlation was found between K,1.3 and NBD-cholesterol, which was significantly
higher than that between the labeled cholesterol and the raft marker. This suggests that
exogenously loaded sterols show preference to lipid rafts containing K,1.3 channels, possibly
implying the interaction between cholesterol and K,1.3.

The local sterol environment around channels is strongly determined by their affinity for rafts,
which may be dependent on sterol concentration. K,1.3 and K,10.1 responded similarly to sterol-
enrichment showing a high preference for raft localization and consequently being prone to
sterol-modulation. Given the known fact that raft localization significantly modifies the function
of ion channels, our results raise the possibility that the functional effects of sterols on K,1.3 and
Ky10.1 might be at least partially mediated by changes in the distribution of these channels
between raft and non-raft microdomains of the cell membrane.

4.4 Cause of current reduction
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Whole-cell current increase in response to membrane stretch has been attributed to an increase in
open probability in several channel types without a change in single channel conductance ",
For most examined ion channels, including K, channels, cholesterol enrichment led to a
reduction of current amplitude in accord with cholesterol increasing lateral stress. However,
current reduction cannot always be accounted for by the reduced open probability induced by
stress. The cause of current reduction was found to be variable in different channels: decrease in
the open probability ™, in the number of active channels !, or in the single channel
conductance ® have all been described.

In our experiments, current amplitude was reduced and current activation kinetics were slowed in
both WT and mutant K,1.3 and K,10.1 channels, regardless of the direction of the G-V shift.
This argues against the open probability being modified, as the change in a single transition
connected to the open state would cause a parallel shifts in these parameters. Such parallel shifts
were shown in midpoint voltage, steepness of G-V curves and maximum P, in response to
membrane stretch, which were all explainable simultaneously by the sole adjustment of the
opening transition .

A combination of decreased open probability and unitary conductance was observed in BK
channels in response to cholesterol enrichment ®. Compression of the pore by lateral stress
without an effect on the selectivity filter was suggested as the mechanism reducing single
channel current. Since none of the earlier reports or our own experiments indicated changes in
channel selectivity upon sterol enrichment, the selectivity filter is likely to remain intact. Early
calculations have shown that the decrease in single channel conductance may be caused by the
reduction of the physical dimension of the inner vestibule of the pore, which is located
intracellular of the selectivity filter #""®. The mechanisms raised were a reduced flux rate of ions
due to the volume reduction of the vestibule or a change of exposed charges and therefore
electric potentials within the pore caused by the distortion. More recent structure-based
calculations have confirmed that unitary conductance is very sensitive to small changes in the
vestibule diameter ", so the reduced single channel conductance by slight stress-induced
distortion of the pore is a feasible scenario.

4.5 Proposed model

Our results indicate that increased sterol content of the membrane does not affect the voltage-
sensing domain, but instead acts directly on the pore. As the mechanism of sterol-induced
changes on the pore, we suggest that an important contributing factor is the non-specific increase
in lateral stress, which hinders the opening transition and reduces conductance by distorting the
inner vestibule. However, as raised earlier %%, sterol enrichment may increase the enthalpy of the
closed — open transition, but also increase the entropy associated with the conformational change
of opening, thus, the sign of the change in free energy, and consequently the direction of the G-V
shift, will depend on the relative weight of these terms. An intriguing observation was that in
both wild-type K,1.3 and K,10.1 channels sterol-loading caused a right-shift in the G-V curves
as opposed to the left-shift caused by sterols in the cysteine-mutant channels used for VCF
experiments. At the same time, other effects, such as current reduction and slower current
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activation kinetics were similar in WT and mutant channels. Although surprising, such opposite
G-V shifts were also observed between WT Shaker and ILT mutant Shaker channels in response
to membrane stretch %, and the effect was confirmed to be mutant-specific and not an artifact.
Similar to our results, the analysis of kinetic schemes of Shaker with the ILT triple mutation,
which makes the final concerted gating step rate-limiting, indicated that the tension-sensitive
step was the final opening of the gate after the movement of the four voltage sensors.
Consequently, predicting the effect of membrane stress on channel function is not
straightforward, which may explain the many conflicting results in the subject. In addition,
specific interactions of sterols with particular channels may tweak the direction of the effects in
unexpected directions. In our study, strong influence of specific effects is unlikely, since the two
Ky channels with different coupling mechanisms produced very similar responses both to
cholesterol and 7DHC. The tendency of particular channels to localize to rafts is also a
determinant of overall effects as it influences the local sterol concentration sensed by the
channel.

In conclusion, the main target of sterol enrichment on Ky channels is the pore, rather than the
voltage-sensing machinery, and the increase in lateral stress by sterols is likely to be the
dominating effect modulated by more specific sterol-channel interactions.
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Sterols alter pore opening, but not voltage-sensor activation of K, channels
Sterol loading slows current kinetics, but not voltage-sensor kinetics

Sterols reduce single channel conductance without influencing open probability
Sterols change raft vs non-raft distribution of K, 1.3 and K,10.1
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