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Abstract

Biomembranes separate a live cell from its environment and keep it in an off-equilibrium, steady 

state. They contain both phospholipids and nonphospholipids, depending on whether there are 

phosphate groups in the headgroup regions. Cholesterol (CHOL) is one type of nonphospholipids, 

and one of the most abundant lipid molecules in humans. Its content in plasma membranes and 

intracellular membranes varies and is tightly regulated. Voltage-gated ion channels are universally 

present in every cell and are fairly diversified in the eukaryotic domain of life. Our lipid-dependent 

gating hypothesis postulates that the controlled switch of the voltage-sensor domains (VSDs) in a 

voltage-gated potassium (Kv) channel between the “down” and the “up” state (gating) is sensitive 

to the ratio of phospholipids : nonphospholipids in the annular layer around the channel. High 

CHOL content is found to exert strong inhibitory effects on Kv channels. Such effects have been 

observed in in vitro membranes, cultured cells and animal models for cholesterol metabolic 

defects. Thermodynamic analysis of the CHOL-dependent gating suggests that the inhibitory 

effects of CHOL result from collective interactions between annular CHOL molecules and the 

channel, which appear to be a more generic principle behind the CHOL-effects on other ion 

channels and transporters. We will review the recent progress in the CHOL-dependent gating of 

voltage-gated ion channels, discuss the current technical limitations, and then expand briefly the 

learned principles to other ion channels that are known to be sensitive to the CHOL-channel 

interactions.
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1. Introduction

All lipids in eukaryotic cell membranes contain hydrophilic headgroups and hydrophobic 

fatty acyl tails. They belong to two main groups --- phospholipids (group I) and 

nonphospholipids (group II) (Fig. 1). Group I includes glycerophospholipids and 

sphingomyelin phospholipids, both of which contain phosphate groups in their headgroup 

regions in an equivalent location. Group II includes mainly cholesterol (CHOL), glycolipids, 

other sphingolipids and cationic lipids. The molar ratio of phospholipids to 
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nonphospholipids (PL / non-PL) varies from cell to cell or from one membrane patch to 

another in the same cell. In a major fraction of human cells, PL / nonPL ratio may be 

significantly smaller than unity, meaning that Group II lipids may be an overwhelming 

majority in certain cell membranes.

Group I lipids include mainly phosphatidylcholine (PC), cardiolipin, 

phosphatidylethanolamine (PE), phosphatidyl-glycerol (PG), phosphatidylserine (PS), 

phosphatidyl-inositols (PI), phosphatidic acid (PA) and sphingomyelin. Their acyl tails can 

vary in length and unsaturation level. Phospholipids are known to be important for the 

functions of specific ion channels. Anionic phospholipids, such as PS, PG, cardiolipin, PA, 

etc., are important for the normal function of bacterial MscL channels [4, 5]. Phosphatidyl-

inositol-4, 5-bisphosphate (PIP2) is known to regulate specific ion channels [6-12]. PG was 

found to be associated with the KcsA channel and important for its function [13, 14]. 

Crystallographic studies revealed potential phospholipid-binding sites in a Kv2.1 chimera 

channel and PIP2-binding pockets in the IRK channel [15] [7]. PC content was found to be a 

key regulator for the topogenesis of lactose permease in bacteria [16]. Cardiolipin is a 

structural and functional component for the supercomplex of the electron transport chain in 

mitochondria [17, 18]. Because of the relative random distribution of the phospholipids in 

their specific leaflets of asymmetric cell membranes and the fact that nearly all known 

monogenic lipid metabolic defects in humans affect the cellular and systems homeostasis of 

nonphospholipids (group II), we will not focus our discussions on the effects of different 

types of phospholipids on ion channels.

Group II lipids are both structural and signaling components [19]. Fig. 1 shows the 

structures of four main types of Group II lipids. C40-based ether lipids, which are usually 

seen in extremophiles, are not diagramed here. Nor are the derivatives of cholesterol, 

monoacyl-glycerol, ceramides, or long unsaturated fatty acids. Diacylglycerol (DAG), a 

product from the hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PIP2) by 

phospholipase C (PLC), is a second messenger that activates protein kinase C (PKC). DAG 

also is a ligand for MunC13, which is a critical regulator for the fusion competence of 

synaptic vesicles [20, 21], and an co-activator for transient receptor potential canonical 

(TRPC) cation channels (TRPC3/6/7) [22-25]. Cerebrosides, which include both 

monoglycosylceramides and oligoglycosylceramides, are important structural constituents in 

the plasma membranes of animal muscle and nerve cells, may cause higher phase-transition 

temperatures of biological membranes, and are capable for forming multi-dentate H-bonding 

interactions among them in order to stabilize membranes containing them [26]. 

Galactosylceramides are major constituents of grey matter (2% dry weight) and white matter 

(12% dry weight) in nervous tissues [26-28]. Cholesterol (CHOL) is literally the most 

abundant nonphospholipids in mammalian cells. It is the precursor for different steroid 

hormones. Its analogs in fungi and protozoans are called ergosterols and in plants 

phytosterols. Xenopus oocyte membranes contain ~21 mol% cholesterol [29, 30]. For the 

CHOL-dependent gating of voltage-gated ion channels we will discuss, animal sterols 

(dominantly CHOL), phytosterols and ergosterols may share strong chemical similarities. 

We therefore will focus on CHOL content in the plasma membranes of animal cells. The 

average CHOL levels in plasma membranes (PMs) are between 15 and 50 mol% whereas net 

content of 5–10 mol% CHOL is present in endoplasmic reticulum (ER) membranes. 
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However, CHOL in PMs is distributed between CHOL-poor and CHOL-rich areas, which 

depends on the organization of proteins and various types of lipids. In humans, brain 

contains ~25% of total body CHOL even though it normally accounts for merely 2–3% of 

body weight [31], suggesting high CHOL content in both neuronal and glial cells. CHOL 

affects nAChR, Kir, BK and TRPV channels [32].

Voltage-gated ion channels are a must for all cells [33]. Their dysfunction may cause severe 

diseases [34-46]. Except voltage-gated proton channels, all known canonical voltage-gated 

channels have four subunits/domains, each of which has six transmembrane segments 

(TMs). They contain a pore domain flanked by four VSDs (Fig. 2A). Gating of a voltage-

gated channel refers to a controlled switch of its VSDs or the pore between “down” and “up” 

or between “closed” and “open” states, respectively. The 4th TM (S4) of a VSD has evenly-

spaced positively charged residues believed to move inside a gating pore (Fig 2B). Outer (or 

“upper”) and inner (or “lower”) crevices of the gating pore are separated by a central 

“hydrophobic gasket”, also called the gating charge transfer center [1, 47]. The gating 

charge selectivity was proposed to rely on a conserved Phe residue, which is missing in 

some of the VSDs, possibly allowing structural variations in the modes of the proposed 

charge movements. Structures of multiple VSDs in detergents determined by X-ray or 

cryoEM represent “up” or “intermediately closed” states and exhibit significant structural 

diversity among VSDs and in the coupling of VSDs to pore domains [48-55]. Recently 

reported Kv structures by cryoEM further strengthened the structural diversity [52, 54, 56, 

57].

Past biophysical and physiological studies have revealed abundant information about the 

voltage-gated ion channels at the protein level [58-62] [1, 2, 15, 50, 63-104]. Key residues 

contributing to voltage sensing and chemical basis for ion selectivity are established, 

revealing a broad range of gating charge per channel [50, 87, 105-115]. Multiple structures 

reveal significant differences among “up” and intermediately “down” states of the VSDs. 

More congruent structural features in the pore domains are established, but the allosteric 

coupling between VSDs and pore domains may vary strikingly (Fig. 2B) [15, 47, 50-52, 54, 

56, 57, 74, 77, 87-89, 116-120]. The published data have proposed that the voltage-driven 

conformational changes of the VSDs may have the following components of physical 

movement: 1) a simple sliding of the S4 helix “up” and “down” in the gating pore to pass 

individual arginine (or lysine in some channels) residues through the gating-charge transfer 

center, with or without possible switch of one short segment of the S4 between a regular 

alpha helix and a 310 helix; 2) a short sliding and rotation of the S4 helix through the 

focused electrostatic field across the “hydrophobic plug; 3) the toggling of the VSDs 

between “outward-facing” and “inward-facing” conformations as a transporter when the 

tilting of helices is rearranged; 4) the movement of S3 together with S4 and the leaning of 

the S1/S2 helical pairs against the S3/S4 helical pairs.

Structural studies of the VSDs from Ciona voltage-sensitive phosphatase (Ci-VSP) in two 

different states revealed a one-register movement (~5 Å translation and ~60° rotation) of the 

S4 and minor changes in the other three VSD helices, which largely accord with the 

intermediately “down” states seen in the NavAb and TPCs [48-50, 86]. This mode of 

movement, to some extent, agrees with a short vertical movement of the KvAP voltage 
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sensor paddle in the gating pore (not directly in lipids), an S4 movement of 6–10 Å for the 

focused field model, or the sliding 310-helix in the S4 by a similar distance as predicted by 

Rosetta modeling of the NavAb [58, 76, 77, 80, 92], even though the structural diversity in 
VSDs may still allow different conformational changes to achieve functional differences. 

Despite these models, a structure has so far not been available for a canonical voltage-gated 

ion channel that is fully kept in the resting state with all four VSDs in a complete “down” 

state. It is still not feasible to compare directly the VSDs of the same channel in “up” and 

“down” states. In the past, it has been taciturnly assumed that despite the diversified VSDs 

in sequence, the voltage-driven conformational changes among all, or at least a majority, of 

VSDs are very similar, if not identical. The structural variations in Fig. 2B, the functional 

diversities among various different types of voltage-gated ion channels, especially the Kv 

channels, and the altered gating properties of voltage-gated ion channels in different cell 

types or in different locations of the same cells make it plausible to consider that an 

alternative thinking may be needed to reconcile the different views of the voltage-gating 

mechanisms. Lipid-dependent gating hypothesis represents a new proposal in this direction.

2. Overview of CHOL-effects on voltage-gated ion channels

As integral membrane proteins, Kv channels are expected to be sensitive to their lipid 

environments. When Xenopus oocytes were used as a heterogeneous expression system for 

Kv channels and cell-attached patches were formed to record channel activity, it has been 

long known that functional Kv channels on the surface of the oocytes appear clustered in hot 

spots, especially in regions of the animal pole that are close to the boundary between the 

dark-colored animal pole and the faintly-colored vegetal pole. When a pore-blocking toxin, 

CTX or AgTx2, was mutated and conjugated with a nanogold particle, and used to detected 

Shaker K channel on the surfaces of Xenopus oocytes, it was observed that the channels 

were randomly distributed on the surfaces (QXJ, unpublished observations). Similar 

observations of nonfunctional voltage-gated ion channels were made on the surface of 

cultured cells and neurons. These could be attributed either to channel proteins that were not 

fully matured or to the lipid environments in cell membranes [121, 122]. For example, 

Kv2.1 is delivered to different regions of a neuronal cell, but only a fraction of the channels 

are functional when patched by cell-attached patches. When expressed in cultured cells, the 

Kv2.1 channels in puncta, which refer to microdomains that consist of both proteins and 

special lipids, are usually not active [123, 124]. Phosphorylation and dephosphorylation was 

proposed as a possible mechanism. In view of the strong lipid-dependent gating effects and 

well-known or characterized cholesterol-rich domains, it is very likely that the special lipids 

around the proteins might contribute to the inhibitory effects on the channel activity [124].

Chemical treatments to alter CHOL content led to either inhibitory or stimulatory effects on 

voltage-gated ion channels [125-140]. The partial or nearly complete depletion of CHOL 

with methyl-β-cyclodextrin (MBCD) in different cells has caused different effects. Changes 

in current density, activation / deactivation kinetics, inactivation rate, and shifts in G-V 

relation were reported. For example, 1 mM MBCD treatment of NG108–15 neurons 

overexpressing Kv3.1 channels led to slower activation / deactivation and decrease in firing 

frequency of action potential (AP’s) [126]. Contrastingly, in rat hippocampal neurons, 

MBCD treatment increased the firing frequency of AP’s by increasing the current density of 
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delayed rectifier Kv channels and accelerating the activation and deactivation of the A-type 

Kv channels [128]. The opposite effects for different Kv channels in neurons and other cells 

have been puzzling. On the other hand, MBCD treatment has been demonstrated to cause 

severe structural changes in cells. 1–3 mM MBCD treatment of mouse fetal skeletal muscle 

cells for 1 hour at 37 °C caused obvious decrease in caveolae and T-tubule area [133]. Such 
complications from chemical treatment raised serious concerns and cast strong doubt on all 
past data collected from voltage-gated ion channels in MBCD-treated cells.

More consistent data, however, were obtained in cells loaded with MBCD-CHOL, where the 

inhibitory effects of higher CHOL content were observed for L-type Ca2+ channels (Cav1.2) 

in mouse fetal skeletal muscle cells [133], Kv1.3 in T lymphocytes [129, 134, 138], L-type 

Ca2+ channels in coronary artery smooth muscle cells [141], Kv11.1 in adult canine 

ventricular myocytes [142], and Kv channels in coronary arteriolar smooth muscle cells 

[141]. The main reason for such consistency among different channels in cultured cells or in 

primary tissues is probably attributable to intrinsic effects of high content of CHOL and its 

analogs on membrane stability and the voltage-gated ion channels, which could only be 

quantitatively studied in a well-controlled membrane system.

3. Lipid-dependent gating predicts strong CHOL-dependent inhibition of 

Kv channels.

My laboratory started the investigation of the lipid-dependent effect in a well-controlled 

system, where the channels were completely pure and the lipids in defined composition 

formed fluidic membranes. Under such conditions, we first discovered that the phosphate 

groups in the lipid bilayers were essential for a Kv channel to reach its open state [75], 

which was echoed by findings from Dr. Zhe Lu’s lab where sphingomyelinases were used to 

treat cell membranes and alter activities of various eukaryotic Kv channels [143, 144]. After 

carefully studying the conformational states of both the voltage-sensor domains and the 

channel pore in different lipids, we concluded that in homogeneous membranes, Group II 

lipids favor the KvAP in a resting state with its VSDs in the “down” conformation. 

Moreover, the lipid-stabilized “resting” state is equivalent or tightly connected to the native 

one driven by hyperpolarization in transmembrane electrostatic potential [145], leading to 

our hypothesis of “lipid-dependent gating” (Fig. 3) [146]. Physicochemically, we may 

speculate that the lipid-dependent gating mainly stems from the nonphospholipids in the 

annulus around a channel. These lipids cause energetic difference between different gating 

states of the VSDs. This hypothesis explains partial gating charge immobilization caused by 

sphingomyelinase treatment of cells [143] and may explain the clusters of nonconducting 

Kv channels in cholesterol-rich domains in cultured cells [122] or gating charge 

immobilization of the Kv4.3 channels in midbrain dopamine neurons directly caused by 

endocannabinoids (besides faster inactivation effect) [147]. Similar lipid-dependent 

conformational changes in the VSDs were reported for hyperpolarization-activated MVP 

channels [148].

Studies by my laboratory and later by other groups in other channels suggest a self-coherent 

explanation for various lipid effects we have observed. There is thus a good reason to believe 

Jiang Page 5

Adv Exp Med Biol. Author manuscript; available in PMC 2019 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that our hypothesis of lipid-dependent gating may underlie a more general inhibitory effect 

of nonphospholipids on Kv channels. Among all the Group II lipids, CHOL is probably the 

most studied because of its importance to public health and the available technologies and 

reagents in analyzing CHOL in different cells and tissues. The lipid-dependent gating 

hypothesis predicts that CHOL exerts strong inhibitory effects on a variety of eukaryotic Kv 

channels. We will call this prediction the CHOL-dependent gating of Kv channels. As 

reported before, hypercholesterolemia caused inhibitory effects on Cav2.1 channels in 

coronary arterial smooth muscle cells [136]. The CHOL-dependent gating effects may be 

expanded to both Cav and voltage-gated Na+ (Nav) channels, depending on the accessibility 

of their VSDs [149]. On the other hand, such gating effects might be less prominent for 

voltage-gated Na+ (Nav) or Ca2+ (Cav) channels [125-140], probably because eukaryotic 

Nav and Cav have four different VSDs and their VSDs may be shielded (at least partially) 

from annular lipids by auxiliary transmembrane subunits [55, 96, 150, 151]. Recent results 

did show that Nav1.9 in DRG neurons could be relieved from CHOL-dependent inhibition 

when inflammation lowers cholesterol content in these neurons and causes Nav1.9 to be 

repartitioned from “CHOL-rich lipid rafts to CHOL-poor non-raft regions” [149]. It is 

therefore necessary to take into account potential complications from channel proteins, 

accessory proteins and lipid environments when we apply the lipid-dependent gating effects 

to experimental observations.

4. Cholesterol distribution in membranes and cholesterol-dependent 

phase separation

As a key component in cell membrane, CHOL may be equally or asymmetrically distributed 

between two leaflets. Even though the small polar headgroup (-OH) of CHOL allows 

relatively easy flipping across the hydrophobic core, transbilayer asymmetry of CHOL has 

been observed in plasma membranes of different mammalian cells due to active transport 

from the inner to the outer leaflet and the retention of CHOL in the outer leaflet [152]. The 

cholesterol content in plasma membranes of a cell may vary in the range of 15 to 50 mol%. 

Presence of CHOL fills in crevices between packed fatty acyl tails in the hydrophobic region 

and leaves gaps in the layer of the headgroups such that CHOL-rich membranes tend to have 

smooth phase transition, instead of a sharp switch from the fluidic phase to the crystalline 

gel phase during cooling. The gaps left by CHOL molecules in the headgroup layer are 

believed to increase the disorder of the headgroup layer.

Preferential packing of CHOL and sphingomyelin (SPhM) has been proposed to form 

dynamic lipid rafts in membranes or more stable structures like caveolae [153-157]. Super-

resolution imaging suggests that the dynamic lipid rafts might be of 120–150 nm in diameter 

in cell membranes [158]. Secondary Ion Mass Spec (SIMS) imaging indeed failed to detect 

large structures made by co-clustering of sphingomyelin and CHOL [159, 160]. 

Physicochemical studies also showed that in a ternary system made of PC/SPhM/CHOL, all 

lipids might be organized into a CHOL-sparse phase with individual CHOL-rich islands 

[161, 162]. CHOL-dependent gating thus depends on the distribution of voltage-gated ion 

channels in the CHOL-rich domains, CHOL-sparse phase, or the boundary between the two.
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Unfortunately with current super-resolution fluorescence microscopy or high-resolution 

cryo-electron microscopy, it is still not possible to discern individual lipid molecules around 

each ion channel in a cell membrane. Quantitative analysis of CHOL-dependent gating thus 

requires a homogeneous system, which allows more precise control of lipid composition, 

CHOL content, phase behavior, channel density and orientation. We developed a bead-

supported unilamellar membrane system (bSUM) in order to achieve these effects (Fig. 4). 

In this system, a high density of surface ligands on a bead is used to sequester and select 

affinity-tagged channel proteins. The bSUM is advantageous in several aspects: a) A 

majority of channels are in the same orientation; b) Channels mediate the formation of the 

lipid bilayer; c) There is one and only one bilayer; d) Lipids are changeable and the bead 

sizes can be controlled from 0.1 to 20 μm; e) Channels can be recorded by patch clamp; f) 
Fast voltage-clamp speed (0.2–0.5 ms) is suitable for studying Kv channels with fast 

kinetics; g) It is suitable to measure the fluidity or phase separation in the membranes. 

Because of the fast gating kinetics of Nav, Cav and many eukaryotic Kv channels, bSUMs 

will be better than almost all of the other in vitro membrane systems, such as bilayer 

membranes, glass-supported biomembrane, etc., and more stable than giant unilamellar 

vesicles (GUVs).

Cholesterol differs from phospholipids in another peculiar aspect. Chemical structures 

showed in Fig 2 suggest that the electronegative OH group endows partial positive charges at 

the hydrophobic terminus of cholesterol. The stronger ester groups in a phospholipid for 

linking the fatty acyl chains endow higher partial positive charges to the hydrophobic core 

than a cholesterol molecule. It means that with the incorporation of more cholesterol, the 

positive potential in the middle of a regular phospholipid bilayer would become weakened. 

A decrease of the hydrophobic core dipole potential from ~+500 mV to ~+200 mV in the 

membrane might be a contributing factor to favor the VSDs of a Kv channel in a specific 

gating state [163]. Such an effect has not been studied, and still awaits future investigations.

5. A thermodynamic model for lipid-channel interactions

A canonical gating model for the Shaker K+ channel can be used to address the energetics 

behind the CHOL-dependent gating effects (Fig 5). In this model, the switch of four VSDs 

from the “down” to the “up” state must happen first before a concerted coupling of the 

VSDs and the pore domain that leads to the pore opening (Cx → O) [112]. We assume that 

all the low affinity binding sites for the CHOL molecules in the annular layer of lipids next 

to the channel remain even though these sites may change their affinity during the gating 

transition. The general ON-rate (the activation rate) for channel opening represents the 

allosteric change from a close state to the open state. The ON-rate is dominated by the rate-

limiting step or the combination of a few steps that together determine the apparent rate of 

voltage-dependent activation. The OFF-rate for closing the open channel is defined by a 

combination of the kinetic constants for the two pathways that are connected to the O state. 

The OFF-rate can be determined from the mean life-time of the O state, assuming there is 

one and only one open state here.

CHOL-dependent inhibition of the channel activity is ultimately to shift the channels away 

from the two open states --- the O and O.L states. Collectively, the difference in free energy 
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change (ΔΔG) between the closed states and the open states is resulted from the binding of 

CHOL to multiple sites on probably different subunits with similar or quite different 

affinities for CHOL. Based on the dimension of a Kv channel and the diameter of a typical 

lipid molecule, there is enough space for ~ 120 lipid molecules in the annular layer next to 

each channel. A significant ∆∆G may come from a combination of a few high-affinity 

binding sites and / or low-affinity binding sites among the ~10 mol% CHOL among these 

annular lipids if each CHOL contributes an energetic difference of ~3 kT, which is 

equivalent to merely a 3–8 fold change in the apparent binding affinity at each binding site. 

The summed energetic change of ~25 kT is sufficient to cause a significant shift of the Q-V 

(gating charge versus membrane potential) or G-V (relative conductance versus membrane 

potential) curve by 100–200 mV with an apparent gating charge similar to a Shaker-like K 

channel, which has a total gating charge of 10–13 elementary charges, and an apparent 

charge of ~4 elementary charges from its G-V relation. Such a consideration suggests that a 

small change in binding affinity for multiple CHOL-binding sites together can cause a major 

shift in G-V and Q-V.

More numerical calculations for the kinetic model will not be presented here. Instead, we 

will use the macroscopic kon(V) / koff(V) to reach a conceptual understanding. The rate-

limiting forward step leading to the opening of the channel and the rating-limiting 

deactivation step will dominate the distribution of the channels between the closed states and 

the open state. CHOL binding to multiple low-affinity binding sites may decrease the 

kon(V) / koff(V) and exert strong inhibitory effects on the channel opening, and disfavor the 

activated state (Fig. 3). The scheme in Fig. 5 may make it more complicated if the 

cholesterol effect is caused by the energetic difference in the switching of the VSDs. It 

might cause a similar increase in kon(V) and koff(V), leading to only small apparent shift of 
G-V, but a decrease in open channel activity (current density) through changes in open 
probability and dwell time for the open-state. Direct measurement of VSDs movement will 

be needed in such cases.

Because the details in the gating scheme may differ among the various Kv channels, 

especially the rate-limiting steps in the forward transition, the possible subconductance 

steps, the inactivation steps, and the movement of the VSDs in different lipid conditions, it is 

expected that the inhibitory effects of CHOL-dependent gating may be manifested 

differently when we compare the activation / deactivation / inactivation rates, the G-V / Q-V 

curve shifts, the open probability and dwell-time of open states, the steady-state currents 

after inactivation, etc. Other complicating factors such as channel density, lipid composition 

around individual channels, cell conditions under chemical modifications or genetic 

manipulations, etc. may also complicate the effects. These considerations will be necessary 

when direct lipid-channel interactions are used to account for CHOL-dependent gating or 

lipid-dependent gating in cell membranes.

6. Kv-channels are sensitive to cholesterol content

The above considerations make it important to use a well-controlled system to study the 

fundamental principles behind the CHOL-dependent gating without the interferences from 

uncontrolled factors in cellular environments. We initially used a solvent-based planar lipid 
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bilayer system, and found that a small amount of CHOL likely introduced significant 

inhibitory effects [145]. The lipid bilayer system has three limits. 1) It was difficult to 

control the fusion of CHOL-containing vesicles with the bilayer membrane; 2) The chemical 

nature of CHOL might drive its selective partition into the solvent (decane) islands or 

annulus in a bilayer membrane; and 3) The clamp speed is slow such that channel activity 

with fast gating kinetics can not be resolved well. These limitations might have contributed 

to the observations by Finol-Urdaneta et al, who detected no CHOL-dependent gating when 

fusing KvAP channels in PE/PG vesicles into bilayer membranes made of PE/PG/CHOL, 

due to possible partition of cholesterol into the decane phases [127].

Our bSUMs were developed in order to overcome these technical limitations [3], and we 

were able to control CHOL content in membranes using a predefined molar ratio (mol%). 

With ~10 mol% CHOL, KvAP only started to show activity when the membrane potential 

(Vm) was > +60 mV [3]. Studies of DOPC/CHOL membranes showed that 9.6 mol% CHOL 

membrane is highly fluidic [164]. The channel identity was verified with a 33H1Fv, which 

was derived from a monoclonal antibody. The reconstitution process removed all detergents 

and achieved random insertion of both CHOL and DOPC into the bSUMs, which allows the 

predefinition of DOPC/CHOL ratio. Comparing the G-V curves of KvAP in DOPC with 4.0 

and 9.6 mol% CHOL (Fig. 6A vs 6B) revealed significant shifts, which are +210 mV in 9.6 

mol% CHOL and +160 mV in 4.0 mol% (brown and red traces in Fig. 6C). Consistent with 

our hypothesis, 9.6 ml% CHOL stabilized KvAP in a closed state by ~18 kcal/mol, using the 
apparent gating charge of 4.0 elementary charges. Such a free energy change (ΔΔG) could 

only be partially accounted for by changes in ON- and OFF-rates (~3.3 kcal/mol; not 

shown), suggesting that CHOL effects on VSDs probably dominate the stabilizing effect, 

which differs from the proposed replacement of phospholipids bound at the S4/S5 linkers to 

affect the concerted opening step during activation [11, 140]. In a homogeneous membrane, 

the CHOL effect is much stronger than what was reported in chemically treated cells [132, 

134], which were probably lessened by the presence of CHOL-free domains, changes in 

types and levels of membrane proteins, vesicle fusion or endocytosis. Without these 

complications, our analysis in bSUMs is direct and more accurate and quantitative.

7. Genetic mutations that affect cholesterol content in cell membranes

Virtually all human lipid metabolic defects affect Group II lipids [165], and all may cause 

severe neurological defects and early death [166-168]. Recently in the acutely isolated 

dopaminergic neurons, it was found that the endocannabinoids and its analogs directly 

inhibit Kv4.3 channels by altering the inactivation rate and causing partial immobilization of 

gating charge [147]. The endocannabinoids are analogs of Group II lipids, and their effects 

suggest that distribution of the Group II lipids or their analogs around the channels is 

important to the cholesterol-dependent gating.

There are three pathways for cholesterol homeostasis in a human cell: uptake of LDL 

particles from outside, de novo synthesis of cholesterol in the ER, and the recycling of 

cholesterol from lysosome to the plasma membranes. Autophagosomes may contribute to 

the recycling pathway. There are different knockout mouse models for multiple genes in the 

pathway for cholesterol synthesis. Nonfunctional enzymes for cholesterol synthesis will lead 
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to the decrease of cholesterol level in ER and ultimately in other cell membranes. NPC1 and 

NPC2 are the two enzymes responsible for the recycling of cholesterol[169, 170]. Their 

malfunction leads to severe lysosome-storage disease due to the accumulation of cholesterol 

in the lysosomes and autophagolysosomes. In cultured cells, knockout NPC1 and NPC2 

leads to significant lower cholesterol content. In knockout mice, both NPC1 and NPC2 cause 

severe neurological symptoms, mirroring the severe neurological phenotypes in human 

patients[171]. The LDL-uptake is achieved through receptor-mediated endocytosis. 

Disruption of one or more of the three pathways will decrease cholesterol content in cell 

membranes and exert strong effects on at least some of the voltage-gated ion channels by 

removing part of the CHOL-dependent inhibition. The decreased cholesterol content in 

plasma membranes has the potential to cause higher activity of Kv channels and in turn 

lower excitability in the neurons that are affected. If such effects are more prominent in the 

inhibitory pathways, the net effect will become excitatory and cause hyperexcitability. 

Studies of Kv channels in cultured cells or knockout mice with defects in the three pathways 

will provide important information on the physiological significance of the CHOL-

dependent gating of Kv channels in the future.

Structural comparison in Fig. 2 of the nonphospholipids and phospholipids suggests that 

there is a special role of the phosphate layer in shaping the electrostatic field across the 

bilayer, which has not been well understood. In the current molecule dynamics model, the 

difference between the DOTAP membrane and the DOPC bilayer was thought to be trivial 

because the salts in solution appeared sufficient to shield the effects of phosphates [172]. But 

the experimental difference was very dramatic when a voltage-gated channel (or its VSDs) 

was used as a lipid sensor. Without a good atomistic model for these two types of lipids, 

calculations for energetic difference of any protein in them would fail to certain extent. The 

nature of the force field for the two groups of lipids might need to be better defined in order 

to make good testable predictions. Quantum mechanical treatment of the atoms around the 

phosphodiesters plus molecular dynamics will be a possible avenue in understanding the role 

of phosphates in distinguishing the Group I and II lipids.

8. Kv channels as sensors for changes in cholesterol content

Our studies of KvAP in bSUMs (Fig. 6) demonstrated significant sensitivity of the VSDs to 

changes in CHOL-content. In eukaryotic systems, multiple Kv channels have been found to 

be co-localized with marker proteins for lipid-rafts or caveolae [133, 173-175]. The Kv 

channels in cholesterol-rich domains are expected to experience significant inhibitory 

effects. It appears that the Kv channels are much more sensitive because all four VSDs must 

undergo significant conformational changes in order to gate the channel pore and all VSDs 

are directly exposed to annular lipids (CHOL). No previous study has been able to determine 

specific factors that affect the delivery of a Kv channel into the CHOL-rich domains. Nor 

has it been possible to count the channels in CHOL-rich domains, CHOL-poor phases and 

the boundary between them.

From an evolutionary viewpoint, our hypothesis predicts that the diversified sequences of Kv 

channels, especially the VSD sequences, and the distribution of various Kv channels in 

different cells with contrastingly different lipids may reflect the co-evolution of specific Kv 
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channels and the lipid environments in specific cells. For example, the lipid composition of 

the plasma membranes in a glial cell, a neuron and an adipocyte is known to be fairly 

different. A glial cell has high content of plasmalogens [176]. A neuronal cell harbors high 

level of gangliosides. An adipocyte contains a large fraction of surface area covered by 

caveolae. Kv channels in these cells are expected to experience contrastingly different lipid 

environments and therefore may manifest the CHOL-dependent gating effects to different 

extents. It might be feasible to transduce these cells with a viral vector to overexpress Kv2.1 

or other channels in order to study their gating property in different regions of the cell 

membranes.

On the other hand, the current patch clamp techniques and imaging methods are not 

sufficient to reveal the annular lipids around individual channels. Other methods need to be 

tested. For example, a combination of super-resolution imaging of fluoresterol or other 

probes for CHOL and a labeled Kv channel (say Kv2.1) with cell-attached patch clamp 

recordings using a small-bore electrode will likely be suitable to reveal new insights on the 

direct distribution of cholesterol around a small number of Kv channels in cells. But the 

limited resolution at 50–200 nm is not able to reach single lipid resolution. Cryo-EM 

analysis of individual channels will need to average images of hundreds or thousands of ion 

channels in order to reveal the positions of stably bound structural lipids, not necessarily the 

lipids that are involved in gating modulation [177]. Secondary Ion Mass Spectrometry is not 

able to reach single-lipid resolution for imaging individual lipids, either. Molecular Dynamic 

simulations using better force field to account for the differences between Group I and 

Group II lipids may be feasible in the near future. A completely new experimental method is 

thus needed in order to reach high-resolution imaging of annular lipids around individual 

channels. It is speculated that exposure to high-brilliance beam of either X-ray or electrons 

will potentially allow the structure determination for small membrane patches from a high-

density sample of Fourier components.

9. Other ion channels that are sensitive to change in cholesterol content

Ion channel sensitivity to CHOL content has been more extensively studied for nAChR 

(nicotinic acetylcholine receptor) and G-protein-gated inward rectifier K channel (GIRK) 

[32, 178-181]. nAChR has an annular CHOL at the interface between M4 and M1+M3, in 

proximity to the pore-lining M2 transmembrane helix. The M4 lipid sensor model proposes 

that the binding of lipids at the M4 site in the outer leaflet has direct effects on the transition 

of the channel into an uncoupling state. Cryo-EM averaging revealed recently potential 

empty spaces at the M1 and M4 interface for an annular CHOL in the outer leaflet, 

consistent with the M4 lipid sensor model deduced from the functional studies, even though 

still being complicated by uncertainty in averaging out the density for a disordered 

headgroup [177]. Further the bound lipids are proposed to exert strong gating control to the 

channel. DAG was proposed to be a strong nAChR activator, which might be able to account 

for the empty space in the cryoEM density equally well. The biophysical nature of the 

CHOL- and DAG-binding in terms of their positions and functional effects on ion channels 

needs further characterization.
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For GIRK interaction with CHOL in a stereo-sensitive manner, there are a few recent 

reviews discussing high-affinity binding sites based on structural studies [32]. CHOL-

binding acts mainly as an agonist in potentiating the function, and as an antagonist in a few 

cases. The “principal” CHOL-binding site in the crevice between the TM1 and TM2 in the 

outer leaflet is in proximity to the selectivity filter. The “transient” binding site in the inner 

leaflet is next to the inner gate and the coupling site at the intracellular surface, close to the 

PIP2-binding site. In consideration of the relatively equal distribution of cholesterol in both 

leaflets, it is likely that these identified CHOL-binding sites will play a significant role when 

the channels are relocated between CHOL-rich and CHOL-poor regions in cell membranes.

In both nAChR and IRKs, CHOL-binding is in close coupling to the gate of the channel pore 

and the stability of the open state. It is not expected that CHOL-binding or unbinding would 

cause major conformational changes despite the proposed M4-movement for the nAChR 

after cholesterol-binding. This view is fairly different from the proposed conformational 

changes of the VSDs in the Kv channels (Fig 3).

Many other channels may have direct sensors for the annular lipids. Nav1.9 channels were 

recently identified as a sensor for plasma membrane cholesterol in DRG (dorsal root 

ganglion) neurons that sense inflammatory pain. The pain sensitivity was higher when 

Nav1.9 channels were redistributed from CHOL-rich domains to CHOL-poor ones [149]. 

TRPV1 was found to have stably-bound lipids in the nano-discs which do not have a 

complete annular layer of lipids [182]. It would be interesting the study the lipid-dependent 

gating of TRPV1 in a well-controlled lipid environment, such as the bSUMs, or in native 

cell membranes after genetic manipulations of lipid homeostasis of the neurons. The same is 

probably true for multiple other TRPs, especially those that function in plasma membranes 

and lysosomal membranes.

10. General conclusions and future perspectives.

The lipid-dependent gating is probably a more general steady-state gating modality for 

voltage-gated ion channels. The chemical treatment by MBCD-CHOL to increase CHOL 

content has shown consistent inhibitory effects on different voltage-gated ion channels in 

different cells, all of which agree with the strong inhibitory effects observed in bSUMs (Fig. 

6). The depletion of CHOL by MBCD is expected to cause severe structural heterogeneity 

and functional changes in cells and may alter channel density and its delivery to or retrieval 

from the cell membrane. Voltage-gated ion channels are thus adapted to their physiological 

lipid environments, and sensitive to changes in lipid composition caused by lipid metabolic 

defects in their native niches, some of which result in significant changes in the gating 

properties of voltage-gated ion channels and severe pathological phenotypes. Multiple low-

affinity binding sites in the annular layer are sufficient to exert strong collective effects and 

change the gating property of a Kv channel. So far we still lack a high-resolution tool to 

reveal the dynamic interactions between annular CHOL and voltage-gated ion channels. 

Structural studies of a Kv channel in a CHOL-rich bilayer membrane may provide a direct 

view in the future.
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Figure 1: Two main groups of lipid molecules in eukaryotic cell membranes.
Group I are phospholipids, include 1) glycerol-phospholipids. The group X could be choline 

(PC), ethanolamine (PE), glycerol (PG), serine (PS), inositol (PIs), or proton (PA). 2) 

Sphingosine phospholipids. Group X’ refers to mainly choline.

Group II are non-phospholipids, and include 3) glycerol-glycolipids; 4) Sphingosine-

glycolipids. Group Y represents different sugar groups, mono-saccharides or oligo-

saccharides. 5) Cholesterol (CHOL). 6) Cationic glycerol-lipids.
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Figure 2: Architecture of a Kv channel and variations in VSD structures.
A) KvAP model after the Kv2.1 structure showing a central pore domain (red circle) and 

four VSDs. B) Five VSD structures in alignment. Arginine residues on S4 are aligned across 

the gating pore. Outer (upper) and inner (lower) crevices separated by a hydrophobic gasket 

(red). In a full resting (down) state, all four Arg residues move to the inner crevice, and drive 

the pore domain into the closed state [1, 2]. Panel B was modified from ref 1.
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Figure 3: Simplified scheme for lipid-dependent gating.
A VSD (blue bars with + charges in red) flanking a pore domain (green cylinder) switches 

between resting (“down” state of the VSDs) and activated (“up” state of the VSDs) state in 

Group II and Group I lipids at ΔV=0, showing the inner and outer crevices of the gating 

pore. The pore is assumed to take an inward-facing conformation in the resting state and an 

out-ward-facing conformation in the activated state.

Jiang Page 23

Adv Exp Med Biol. Author manuscript; available in PMC 2019 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: bSUMs for preferred directional insertion of ion channels in CHOL-rich membranes.
Chemical functionalization added ligand to the surface of silica beads (A). Channels bind to 

the ligands and orient themselves (B). Addition of detergent-solubilized lipids and slow 

removal of the detergents by BioBeads leads to the formation of one bilayer membranes 

around each bead (D), which is the bSUM. The channels in bSUMs can be patched using a 

planar glass electron for electrical recordings (E). Adapted from ref [3].
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Figure 5: A gating model for CHOL-dependent gating.
The fully resting state (C0) switches to C1 states in four independent steps because of four 

VSDs. The concerted coupling between four VSDs leads to the closed state immediately 

before the channel opening (Cx). The open state (O) can become inactivated (I) so as the 

closed state (Cx as an example). Cholesterol as the ligand (L) can be partitioned around 

channels in each state. The measured activation rate [kon(V)] will be determined by the 

forward rate-limiting step. The deactivation rate [koff(V)] will be determined by the closing 

rate of O.
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Figure 6: CHOL inhibits KvAP in bSUMs.
A) Activity of KvAP in bSUMs made of PE:PG (3:1), pulsed from −160 to 180mV at 10 

mV steps. B) Recordings from KvAP channels in bSUMs made of DOPC with 9.6 mol% of 

CHOL. C) G-V for KvAP in bSUMs of DOPC (blue; n=3), PE:PG (3:1, black; n=4), DOPC/

CHOL (4.0 mol% in red and 9.6% in brown; n=3) and PE/PG 3:1 BLMs (grey; n=3). 

Boltzmann fittings (solid lines) yielded (Zδ, V1/2) (e0, mV) for channels in BLM (3.0, 

−47.5), PE/PG bSUMs (2.0,−45), DOPC bSUMs (1.6, −42.0), 4.0 mol% CHOL (1.6, 118) 

and 9.6 mol% CHOL (2.0,162) in DOPC bSUMs. Error bars: s.d.
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