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Abstract

Cholesterol is an essential component of cell membranes, and is required for mammalian 

pentameric ligand-gated ion channel (pLGIC) function. Computational studies suggest direct 

interactions between cholesterol and pLGIC’s but experimental evidence identifying specific 

binding sites is limited. In this study, we mapped cholesterol binding to Gloeobacter ligand-gated 

ion channel (GLIC), a model pLGIC chosen for its high level of expression, existing crystal 

structure, and previous use as a prototypic pLGIC. Using two cholesterol analogue photolabeling 

reagents with the photoreactive moiety on opposite ends of the sterol, we identified two 

cholesterol binding sites: an intersubunit site between TM3 and TM1 of adjacent subunits and an 

intrasubunit site between TM1 and TM4. In both the inter- and intrasubunit sites, cholesterol is 

oriented such that the 3-OH group points toward the center of the transmembrane domains rather 

than toward either the cytosolic or extracellular surfaces. We then compared this binding to that of 

the cholesterol metabolite, allopregnanolone, a neurosteroid that allosterically modulates pLGICs. 

The same binding pockets were identified for allopregnanolone and cholesterol, but the binding 

orientation of the two ligands was markedly different, with the 3-OH group of allopregnanolone 

pointing to the intra- and extracellular termini of the transmembrane domains rather than to their 

centers. We also found that cholesterol increases, whereas allopregnanolone decreases the thermal 

stability of GLIC. These data indicate that cholesterol and neurosteroids bind to common 
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hydrophobic pockets in the model pLGIC, GLIC, but that their effects depend on the orientation 

and specific molecular interactions unique to each sterol.

1. Introduction

Mammalian pentameric ligand-gated ion channels (pLGICs), such as the nicotinic 

acetylcholine receptor (nAchR), gamma-aminobutyric acid receptor (GABAAR), and 

glycine receptor (GlyR) are important regulators of neuronal communication. 

Neurotransmitters bind to sites in the extracellular domain (ECD) and elicit structural 

changes in both the ECD and transmembrane domains (TMDs) that result in channel 

opening (1). The subsequent influx of ions regulates neuronal signaling. In addition to 

neurotransmitters, lipids, such as cholesterol and its derivatives, are important modulators of 

receptor function (2–6).

Cholesterol is an important determinant of receptor structure and function in both nAchRs 

(7–11) and GABAARs (12,13). Cholesterol or cholesterol mimetics such as cholesteryl 

hemisuccinate (CHS) are necessary for preserving the stability and function of purified 

nAchR and GABAAR (13,14). When nAchRs are reconstituted into lipid bilayers lacking 

cholesterol, agonist binding does not result in channel opening. Early studies suggested that 

cholesterol stabilizes the resting state of nAchRs, and permits transition from the resting to 

open state upon agonist binding (7). Cholesterol has also been shown to modulate GABAAR 

activity; enrichment and depletion of membrane cholesterol content reduces GABA potency 

(15).

Cholesterol can affect integral membrane protein (IMP) structure and function by two 

mutually non-exclusive mechanisms (6,16): 1) Cholesterol affects the physical properties of 

lipid bilayers such as membrane fluidity (6,17,18), membrane thickness (19), and the 

structure of lipid microdomains (20) and; 2) cholesterol can directly modulate protein 

function or stability by binding to specific sites on IMPs. Multiple computational studies 

suggest cholesterol binds to specific sites in the TMDs of pLGICs (21,22). Cholesterol 

docks to an intersubunit site in a homology model of GABAAR (21) and an intrasubunit site 

in nAchRs (22). Molecular dynamics (MD) simulations also identify an intrasubunit binding 

site for cholesterol in nAchR (22). While these studies suggest cholesterol directly interacts 

with pLGICs, experimental evidence for the location of cholesterol binding sites in pLGICs 

is limited (23).

Neurosteroids, which are synthesized from cholesterol in the brain, bind in the 

transmembrane domains of pLGICs and affect channel gating by either modulating the 

effect of neurotransmitters or directly activating channel opening. (2,3,24). Photolabeling 

studies have identified neurosteroid binding to an intersubunit site in β3 GABAAR 

homopentamers (25). Crystal structures of chimeric proteins GLIC-α1GABAAR (26) and 

β3GABAAR-α5GABAAR (27) provide further evidence of neurosteroids binding to a 

canonical intersubunit site. Neurosteroid binding to pLGICs has also been explored by 

photolabeling Gloeobacter ligand-gated ion channel (GLIC), a bacterial homologue and 

important structural model of mammalian pLGICs. Two neurosteroid binding sites were 

identified in each subunit of GLIC: the canonical intersubunit site as well as a novel 

Budelier et al. Page 2

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intrasubunit site (28). Computational studies of GLIC suggest that bacterial hopanoids, 

which resemble eukaryotic sterols, may also bind to this intrasubunit site (29).

In order to investigate the sites and orientation of cholesterol binding in pLGICs, we used 

GLIC as a model protein. We performed photoaffinity labeling-mass spectrometry (PAL-

MS) with two cholesterol analogues in which a photolabeling group is placed either on the 

7position of the steroid ring structure or on the aliphatic tail. We have previously found that 

MS analysis of steroid-photolabeled sites in the TMDs of IMPs is limited by the poor 

solubility and recovery of steroid-labeled hydrophobic peptides (30,31). Here, we employ a 

middle-down MS approach (28) coupled with FLI-tag for enhanced identification of sites of 

photolabel incorporation. FLI-tag is coupled via click chemistry to the photolabeling reagent 

after it has covalently modified its binding site(s). It is a hydrophilic, isotopically-labeled tag 

that adds both charge and a heavy/light stable isotope pair that simplifies analysis by 

creating doublets in the MS1 spectra (31). Using these methods, we show that cholesterol 

binds to the same pockets in GLIC as do neurosteroids. Surprisingly, our results show that 

cholesterol and neurosteroids occupy these sites with opposite orientations.

2. Methods

2.1 Expression and purification of GLIC from E.coli

GLIC was expressed and purified as previously described (32). Briefly, pET26-MBP-GLIC, 

a gift from Raimund Dutzler, was expressed in OverExpress™ C43(D3) Escherichia coli, 
grown in Terrific broth supplemented with 0.2% Glucose and 30 mM potassium phosphate 

buffer, pH 7.5, and induced with 0.2 mM isopropyl-1-thio-β-D-galactopyranoside. Cells 

were pelleted, reconstituted in 20 mM Tris pH 7.5, 100 mM NaCl (with protease inhibitor 

and DNase), lysed, and solubilized in 1% n-dodecyl-β-D-maltoside (DDM). GLIC was then 

purified with amylose resin and eluted with 40 mM maltose in buffer containing 0.02% 

DDM. His-MBP-GLIC was digested with HRV 3c to remove the affinity tag and further 

purified with reverse purification on a Ni-NTA column to remove the His-MBP and size 

exclusion chromatography (SEC) on a Sephadex 200 Increase 10/300 column. Purified 

protein was eluted from SEC in 50 mM Tris pH 7.5, 150 mM NaCl, and 0.02% DDM.

2.2 Click chemistry of photolabeled GLIC and refolding into DDM

10–45 μg purified GLIC in 0.02% DDM, 50mM Tris, 150mM NaCl was photolabeled with 

100 μM LKM38 or KK174. The syntheses of LKM38 and KK174 were reported previously 

(30,33). The photolabeled protein samples were processed in two ways: 1) Samples were 

buffer exchanged into 50 mM triethylammonium bicarbonate buffer (TEABC) (using 

BioRad© buffer exchange columns) followed by endoproteolytic digestion of photolabeled 

GLIC or; 2) 1% Sodium dodecyl sulfate (SDS) was added to the sample to a concentration 

of 1% and FLI-tag was attached to the photolabeled protein via click chemistry using 2 mM 

C6H7NaO6, 0.1 mM Tris(benzyltriazolylmethyl)amine, and 1 mM CuSO4. The click 

chemistry reaction mixture was run overnight at room temperature. 30 kDa cut off filters 

were pre-equilibrated with 8 M urea, 100 mM Tris-pH 8.0. The clicked sample was added to 

200 μL 8 M urea, 100 mM Tris-pH 8.0 and allowed to sit at RT for approximately 5 min 

before centrifuging at 12,000 × g. 200 μL of 8 M urea was added three more times and the 
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sample was centrifuged at 12,000 × g after each addition. This allowed the protein to be 

retained in the 30 kDa cut off filter and the SDS to be removed. The urea was removed by 

two sequential Bio-Rad© buffer exchange columns pre-equilibrated with 50 mM TEABC in 

0.02% DDM.

2.2 Cross Competition assay

60 μg GLIC in 0.02%DDM, 50 mM Tris, 150 mM NaCl was incubated with 10 μM LKM38 

or 10 μM 5α−6AziP (28) on ice, in the dark, for ~1 h. Samples were split into 3 groups and 

100 μM Allopregnanolone, 100 μM Cholesterol, or vehicle (ethanol) was added to each 

group, respectively. Samples were incubated on ice, in the dark, for ~1 h. Each sample was 

photolabeled for 5 min, buffer exchanged using Bio-Rad© buffer exchange columns pre-

equilibrated with 50 mM TEABC in 0.02% DDM, and digested with trypsin for one day at 

37 °C. Formic acid was added to 1% and samples were analyzed by LCMS on a Thermo™ 

Orbitrap Elite mass spectrometer. Labeling efficiencies (TM3=Intersubunit site, 

TM4=Intrasubunit site) were calculated by determining the area under the curve of extracted 

ion chromatograms (XICs) of the photolabeled peptide/(the unlabeled peptide + labeled 

peptide). Reduction in labeling efficiency (competition) in the presence of 100 μM sterol 

was assessed by calculating the relative labeling efficiencies of 5α−6AziP or LKM38 with 

adding 100 μM sterol prior to photolableing vs adding vehicle only. Analysis of statistical 

significance was performed using a one-way ANOVA with a post hoc Dunnett’s test.

2.4 Endoproteolytic digestion in DDM for middle-down MS of photolabeled GLIC

Protein was digested with trypsin (3–6 μg) in 50 mM TEABC, 0.02% DDM for one day at 

37 °C or for one week at 4 °C. The digestion was stopped by adding formic acid to 1% and 

the peptides were analyzed by liquid chromatography tandem mass spectrometry as 

previously described (28).

2.5 Intact MS of photolabeled GLIC

100 μg GLIC was sequentially photolabeled three times with either 100 μM LKM38 or 

KK174 and photolabeled protein was processed and analyzed as previously described (30). 

Briefly, photolabeled protein was precipitated with CH3Cl:MeOH:H2O in a 4:4:1 ratio and 

resuspended in formic acid. Formic acid was diluted to less than 5% with 4:4:1 

CH3Cl:MeOH:H2O and directly injected into a Thermo™ Orbitrap Elite mass spectrometer. 

A spray voltage of 4 kV, capillary temperature of 320 °C, and insource dissociation of 30 V 

was used. Full spectra were acquired in the linear trap quadrupole. Spectra were 

deconvoluted using MagTran (34).

2.6 MS1-based pair search and MS1-based extracted ion chromatograms of tryptic 
peptides

Photolabeled peptides were identified either by a search of MS1 spectra for pairs of features 

differing by 10 mass units (31) or by a manual search of MS1 data using Xcalibur™ 

(Thermo Fisher Scientific) as previously described (28). For the MS1 extracted ion 

chromatograms the mass-to-charge ratio of photolabeled and unlabeled tryptic peptides were 

calculated using ProteinProspector (© UCSF) and programmed into Xcalibur™ layouts. 
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MS1 features were manually confirmed for accurate mass error less than 30 ppm, accurate 

charge state, and chromatographic elution of labeled peptides after unlabeled peptides 

(supplementary table 1). PEAKS™ database searches aided in identification of labeled 

peptides in β–loops at the TMD/ECD interface. Any peptide identified by a PEAKS search 

was confirmed or rejected manually at the MS1 level using the above criteria. Sites of ligand 

incorporation were identified by manual assignment of features in the product ion spectra 

based on the expected m/z of fragment ions with and without a photolabel modification. The 

mass tolerance for fragment ion identification was 30 ppm.

2.7 AutoDock analysis of cholesterol binding sites

Docking was performed using AutoDock 4.2 as previously described (28), using the GLIC 

structure PDB 4FHI. The cholesterol ligand was prepared by converting an sdf file from 

pubchem into a pdb file using Open Babel (35), and partial charges and torsion angles were 

calculated using PRODRG set for reduced charges and energy minimization (36). A 30 Å × 

30 Å × 30 Å grid box was centered in an intrasubunit or intersubunit site and 1000 docking 

poses were obtained for each site.

2.8 Thermal stability of GLIC

Samples containing 5 μg GLIC in 100 μL of 50 mM Tris pH 8.0, 150 mM NaCl, and 0.02% 

DDM were either left on ice or heated to 40 °C, 50 °C, 60 °C, or 70 °C for one hour. After 

heating, samples were placed on ice until injection onto a Sephadex 200 Increase 10/300 

column. Running buffer was 50 mM Tris pH 8.0, 150 mM NaCl, and 0.02% DDM. 

Absorbance was measured at 280 nm, and the maximal intensity of the monodisperse 

pentamer peak was recorded for each sample. Thermal destabilization of the native protein 

structure leads to oligomer dissociation and/or aggregation. Reduction in the intensity of the 

monodisperse pentamer peak observed on SEC reports on the loss of pentamer without the 

complication of discriminating between oligomer dissociation and aggregation (26,27,37).

The effects of allopregnanolone and cholesterol on GLIC thermal stability were tested by 

adding 100 μM sterol to 10 μg GLIC in 200 μL. The samples were split in half and either left 

on ice at 4 °C, or heated to 55 °C for one hour. Control samples without sterol were prepared 

and analyzed in the same way. Maximum peak height for the monodisperse pentamer peak 

from the absorbance profiles were determined in Microsoft Excel. For each sample, the ratio 

of maximum peak heights at 4 °C vs 55 °C was calculated. The 4 °C / 55 °C ratios of each 

sterol (allopregnanolone, cholesterol) were normalized to the 4 °C / 55 °C ratios of their 

respective controls. Experiments were performed in triplicate and statistical significance was 

determined using one-sample, two-tailed, t-tests.

3. Results

3.1 Cholesterol analogue labels GLIC with a stoichiometry of two

To determine the stoichiometry of labeling, we analyzed the intact mass of GLIC 

photolabeled with LKM38, a cholesterol analogue with a diazirine in the 7-position of the 

steroid backbone and an alkyne for click chemistry attachment of tags (Fig. 1A). A single 

cholesterol pocket per GLIC subunit (i.e. stoichiometry of one) would give a feature equal to 
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the mass of a GLIC monomer + one LKM38 ligand, or 36,928 Da. If labeling efficiency is 

less than 100%, an unlabeled feature at 36,532 Da, the mass of an unlabeled GLIC 

monomer, will also be observed. If each GLIC monomer contains multiple cholesterol 

pockets, we expect to observe features at the mass of GLIC monomers + multiple LKM38 

ligands. The expected mass of GLIC + 2 LKM38 ligands is 37,324 Da. Assuming the 

labeling at both sites is independent of each other, the efficiency of labeling of the doubly 

labeled monomer is the product of the labeling efficiencies at each of the two sites. If more 

than two sites are labeled the doubly labeled feature would be the sum of products at each 

combination of two sites. If labeling efficiencies are very small, a multiply labeled feature 

may not be observed. As such, a single labeled feature represents one or more labeling sites, 

a doubly labeled feature represents two or more labeling sites, etc. In addition to affinity, 

efficiency of labeling is influenced by photochemical specificity, and, at high concentrations, 

the maximal solubility of the ligand. Therefore, binding affinity is only roughly 

approximated by labeling efficiency.

GLIC photolabeled with LKM38 was analyzed by intact (denatured) mass spectrometry and 

deconvolution of the mass spectra showed an unlabeled feature of 36,531 Da, a feature 

labeled with one LKM38 ligand at 36,929 Da, and a feature labeled with two LKM38 

ligands at 37,322 Da (Fig. 1B). This indicates that LKM38 photolabels GLIC with a 

stoichiometry of at least two (i.e. two cholesterol analogues per GLIC subunit).

3.2 Sites of cholesterol labeling suggest two shared sterol pockets

To determine the sites of photolabeling, GLIC was photolabeled with 100 μM LKM38. The 

photolabeled protein was clicked to FLI-tag in 1% SDS, refolded in DDM, digested with 

trypsin, and analyzed by middle-down MS. Attempts to perform the click reaction in DDM 

were unsuccessful, likely because the hydrophilic FLI-tag is unable to partition into the 

DDM micelles and reach labeled sites within the transmembrane domains. Denaturing in 1% 

SDS enabled successful azide-alkyne cycloaddition of FLI-tag. To avoid loss of hydrophobic 

peptides associated with conventional urea-based digests and post-digestion desalting steps, 

the photolabeled, clicked protein was refolded into DDM in the absence of salt prior to 

trypsin digestion. The peptides were analyzed by tandem MS and the spectra were searched 

at the MS1-level for pairs separated by 10 Daltons. This was performed by an automated 

MS1-level pair search and by manual analysis of XICs of labeled and unlabeled tryptic 

peptides. Searches revealed multiple pairs, all representing labeling of transmembrane 

domain 3 (TM3) or TM4 peptides (Fig. 2A and 2C, supplementary table 1). Analysis of 

fragmentation (product-ion) spectra revealed labeling at Glu272 in TM3 (Fig. 2B) and 

Phe317 in TM4 (Fig. 2D). Both of these residues are sites previously shown to be labeled by 

5α−6-AziP, a neurosteroid analogue photolabeling reagent (28).

To confirm that the labeling was identifying specific binding sites and to further explore the 

possibility of overlapping sterol sites, we performed a cross-competition assay by testing the 

ability of excess cholesterol (100 μM) or allopregnanolone (100 μM) to prevent 

photolabeling by a neurosteroid (10 μM 5α−6-AziP) and of excess allopregnanolone (100 

μM) or cholesterol (100 μM) to prevent labeling by LKM38 (10 μM). 10 μM LKM38 

labeling of the intersubunit site was reduced in the presence of 100 μM allopregnanolone 
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(p<0.05), and 10 μM 5α−6-AziP labeling of the intrasubunit site was reduced by the 

presence of 100 μM cholesterol (p<0.01) (Fig. 3). These results are consistent with 

cholesterol and neurosteroids binding to shared pockets in GLIC. Consistent with previous 

results, labeling of both the intra- and intersubunit sites by 5α−6-AziP were reduced by 

allopregnanolone. We could not assess competitive inhibition of LKM38 labeling at the 

intrasubunit site due to the low efficiency of LKM38 labeling of this site. We did not observe 

statistically significant reduction of LKM38 labeling in the presence of excess cholesterol. 

This may be due to technical limitation associated with the low aqueous solubility of 

cholesterol. Out-competing an irreversible photolabeling process (LKM38 labeling) with a 

reversible ligand (cholesterol) requires achieving a high ratio of competitor to photolabel. 

This can be accomplished by decreasing the concentration of the photolabeling reagent or 

increasing the concentration of competitor. Decreasing concentration of LKM38 prevents 

reproducible quantitation of photolabeled peptides. Increasing cholesterol concentration is 

limited by its poor solubility in solvents used for mass spectrometric analysis.

3.3 Mapping the orientation of cholesterol labeling in GLIC

A second analogue of cholesterol, KK174, which contains a diazirine on the aliphatic tail, 

was used to map the orientation of cholesterol within each pocket (Fig. 4A) (30). KK174 

labels GLIC with a much lower efficiency than LKM38. Even labeling at saturating 

concentrations of KK174, sequential labeling with 100 μM KK174 three times (total of 300 

μM), resulted in a low labeling efficiency (Fig. 4B), preventing us from determining whether 

KK174 also labels GLIC at two sites using an intact mass measurement. We were also 

unable to identify pairs when KK174 was clicked to FLI-tag, likely due to this lower 

labeling efficiency. Therefore, we used XICs of both the labeled and unlabeled tryptic 

peptides to identify the photolabeled sites. We used accurate mass and retention time (i.e. the 

photolabeled peptide was expected to elute after the unlabeled peptide) as additional criteria 

for confident identification of photolabeled peptides. Through this analysis, we identified 

labeling in TM3, TM1+TM2, and a peptide in the β6-β7 loop (supplementary table 1). 

Analysis of the fragmentation (product-ion) spectra localized labeling to Y278 in TM3 (Fig. 

4C), residues 118–122 in the β6-β7 loop (Fig. 4D), and residues I190–I198 at the N-

terminus of TM1 (Supplementary Fig. 1). The low efficiency of labeling prevented 

localization to a single amino acid in the TM1 + TM2 peptide, as well as the β6-β7 loop 

peptide (Fig. 4). The same N-terminal region of TM1 was photolabeled by neurosteroids, 

and we favor labeling of Y194 or Y197, given that these are the strongest nucleophiles in 

this region and thus most likely to react with the aliphatic diazirine in KK174 (38). 

Regardless of the exact photolabeled residues, the data indicate that KK174 labels two 

distinct sites in GLIC: an intrasubunit site between TM1 and TM4 (Fig. 5A), and an 

intersubunit site between TM1 and TM3 of adjacent subunits (Fig. 5C).

To further explore the orientation of cholesterol binding in these sites, AutoDock 

simulations were performed docking cholesterol to the GLIC crystal structure (PDB: 4F8H) 

(39). Cholesterol was constrained by a 30 Å × 30 Å × 30 Å box containing the photolabeled 

residues at either the intrasubunit or intersubunit sites and 1000 poses were obtained and 

clustered with a 2 Å RMSD. At either site, two clusters of poses were obtained with the 

cholesterol aliphatic tail oriented toward the center or the periphery of the TMDs (Fig 5B, 

Budelier et al. Page 7

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D). For the intrasubunit site, the cluster of poses where the aliphatic tail points to the 

periphery of the TMDs (Pose 2) is most consistent with the photolabeling data, with the 7-

position of cholesterol pointing toward TM4 and the aliphatic tail proximal to the β6-β7 

loop and the N-terminus of TM1. In poses where the aliphatic tail faces to the center of the 

TMDs, the 7-position points towards TM1, which is inconsistent with the photolabeling 

results. For the intersubunit site, a cluster of poses (Pose 2) where the aliphatic tail points to 

the periphery of the TMDs is most consistent with our photolabeling data. Interestingly, the 

orientation of cholesterol photolabeling in both sites is the opposite compared to the 

previously identified preferred poses for allopregnanolone binding identified using 

photolabeling (i.e., the 3-hydroxy is rotated approximately 180 degrees) (Fig. 6) (28).

3.4 Effect of sterols on GLIC thermal stability

Steroids can affect the stability of detergent-solubilized pLGICs (27). To test the effect of 

cholesterol and neurosteroids on GLIC thermal stability, we first determined the thermal 

stability of GLIC by incubating the protein at temperatures ranging from 4° to 70 °C and 

then measuring the height of the monodisperse pentamer peak detected by UV on size 

exclusion FPLC (SEC). 55°C was identified as the approximate temperature at which half 

denaturation occurs (Fig. 7A), We then heated GLIC to 55 °C in the presence or absence of 

100 μM cholesterol or 100 μM allopregnanolone and analyzed by SEC (Supplementary Fig. 

2). A decrease in ratios indicates destabilization of the pentamer upon heating, and an 

increase indicates stabilization of the pentamer. Interestingly, cholesterol stabilized (p=0.02, 

n=3) whereas neurosteroids destabilized (p=0.003, n=3) the GLIC pentamer (Fig. 7B).

4. Discussion

Cholesterol is important in maintaining the structure and function of mammalian pLGICs. In 

this study, we used GLIC as a model to investigate cholesterol binding sites in pLGICs. We 

mapped two cholesterol binding sites in GLIC: an intrasubunit site near the extracellular 

domain, and an intersubunit site towards the intracellular side of GLIC. Site identification 

was enhanced with MS1 doublets from FLI-tag, and stoichiometry was confirmed with 

intact protein MS. This data is consistent with previous studies that suggest cholesterol can 

bind to specific sites in pLGICs, such as GLIC (29), nAchR (22,23), and GABAAR (21). 

Molecular dynamic (MD) simulation studies of cholesterol binding to GLIC (29) or nAchR 

(22) identified a similar intrasubunit site; in the case of the nAchR, multiple binding 

orientations were identified, one of which is consistent with our photolabeling data in GLIC. 

A PAL study of nAchR using [3H] 6-azicholesterol identified labeled residues at the N-

terminus (intracellular side) of TM4, as well as the C-terminus (extracellular side) of TM4 

(23). These labeled residues do not delineate cholesterol binding pockets, but are consistent 

with the pockets we mapped in GLIC for an intersubunit and intrasubunit site, respectively. 

[3H]6-azicholesterol labeling was also identified in TM1 and TM3 of nAchR subunits, but 

the specific residues of ligand incorporation could not be determined. Our PAL data is 

consistent with and expands on this study by more precisely mapping the location and 

binding orientation within similar sites in GLIC. In contrast, MD and docking studies of the 

nAchR (22) and GABAAR (21) proposed an intersubunit cholesterol site that is more 

extracellular and distinct from the site identified in this study by PAL. This discrepancy at 
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the intersubunit site may be due to the different approaches taken (computation vs. 

experimental) or the different pLGICs studied.

GLIC is a bacterial pLGIC that is widely used as a structural model of mammalian pLGICs 

(40), and provides multiple advantages for PAL studies including the ease of high-level 

expression and performing intact protein MS analysis to determine the stoichiometry of 

steroid labeling (28). Bacterial membranes do not contain sterols such as cholesterol but do 

contain hopanoids, which are bacterial pentacyclic sterol-like molecules. Hopanoids have 

been proposed to be endogenous modulators of GLIC activity, and dock favorably to the 

same intrasubunit site in GLIC identified in this study (29). In addition, eukaryotic sterols 

such as cholesterol (41) and neurosteroids (28) have been shown to inhibit GLIC channel 

activity. In light of these findings, it has been proposed that sterol binding pockets evolved in 

bacterial pLGICs to accommodate hopanoids (29). Both nAChRs and GLIC contain a 

CARC, cholesterol recognition, motif in an intrasubunit pocket. Cholesterol analogues label 

this site but the cholesterol orientation identified in photolabeling sites is opposite to that 

predicted for a CARC motif (29,42). The cholesterol binding pockets identified in this study 

are on both the extracellular and intracellular sides of the TMDs, with the intrasubunit site in 

a CARC domain on the extracellular end of the TMDs, and the intersubunit site on the 

intracellular end of the TMDs. In mammalian homologs, cholesterol binding to non-annular 

sites within both leaflets may be important in localizing pLGICs to cholesterol-rich domains, 

as has been discussed for proteins that contain double CARC/CRAC domains (43).

Consistent with the hypothesis that pLGICs contain binding pockets that can accommodate 

different sterols, the intersubunit and intrasubunit cholesterol binding sites identified in this 

study are the same sites as previously identified for neurosteroids in GLIC (28). Further 

evidence for common sterol binding sites is provided by a cross-competition assay. Excess 

cholesterol significantly reduced the labeling efficiency of the neurosteroid photolabeling 

reagent, 5α−6-AziP, at the intrasubunit site. Similarly, excess neurosteroid significantly 

reduced the labeling efficiency of our cholesterol photolabeling reagent, LKM38, at the 

intersubunit site, supportive of two common sterol pockets in the model pLGIC, GLIC. 

Interestingly, our photolabeling studies identified cholesterol and neurosteroids in opposite 

orientations within these pockets. It has been shown that small changes in ligand structure 

can lead to differences in binding orientation (44). Different binding orientations may be a 

mechanism by which structurally different sterols are able to bind to the same hydrophobic 

pockets.

Sterols have been shown to alter the stability of detergent-solubilized pLGICs (26,27). We 

therefore compared the effects of cholesterol and neurosteroids on the thermal stability of 

GLIC pentamers, and found that their effects were opposite. We speculate that this may be a 

result of differences in binding orientation or specific protein-ligand interactions unique to 

each sterol. It is likely that hydrophobic pockets analogous to those in GLIC are also present 

in mammalian pLGICs. As such, sterols, such as neurosteroids, may compete for their 

binding and effect with bulk sterols, such as cholesterol, that are found in mammalian 

membranes. In the GABAAR, increased cholesterol content has been shown to reduce the 

potentiating effects of neurosteroids (12). One could speculate that a higher cholesterol 

content results in a higher occupancy of cholesterol in these sites, and therefore more 
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competition with neurosteroids for their binding and effect. If the differences in sterol 

binding orientation observed in GLIC are also present in mammalian pLGICs, this may be a 

mechanism by which structurally different sterols are able to exert different or biased 

functional effects from the same binding pocket. Understanding binding modes, including 

the sites and orientation of binding is important for designing steroid-based therapeutics that 

target specific sites and have specific functional effects. Future studies are needed to confirm 

the presence of these cholesterol binding sites in mammalian pLGICs, where cholesterol is 

an endogenous, abundant component of the cell membrane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Cholesterol binds to two sites in a model pentameric ligand gated ion channel: 

an intersubunit site and an intrasubunit site

• Both cholesterol binding sites are shared sterol pockets

• Cholesterol labels both sites in the opposite orientation as neurosteroids

• Cholesterol and neurosteroids have opposite effects on the thermal stability of 

Gloeobacter ligand gated ion channel
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Figure 1: Cholesterol analogues efficiently photolabel GLIC with a stoichiometry of two.
(A) Structure of LKM38. (B) Deconvoluted spectra of intact GLIC exhaustively 

photolabeled with 3 × 100 μM LKM38 showing an unlabeled GLIC, GLIC with one LKM38 

(*) bound and GLIC with 2 LKM38 molecules bound (**).
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Figure 2: Residues labeled by LKM38
(A) Representative MS1 pair of LKM38-peptide adduct with five charges and (B) 

corresponding CID fragmentation spectra of TM3 + LKM38 + FLI-tag with site defining 

ions placing LKM38 on Glu272. (C) Representative MS1 pair of LKM38-peptide adduct 

with four charges and (D) corresponding CID fragmentation spectra of TM4 + LKM38 + 

FLI-tag with site defining ions placing LKM38 on Phe317.
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Figure 3: Cross competition assay showing competitive prevention of sterol labeling at both 
neurosteroid binding sites
(A) Photolabeling efficiency of intrasubunit site (TM4) by 10 μM 5α−6AziP in the presence 

of no competitor (Cntrl), 100 μM Allopregnanolone (AlloP, n=3), or 100 μM Cholesterol 

(Chol, n=3). Efficiencies are normalized to percent of control. **, p<0.01. (B) Photolabeling 

efficiency of intersubunit site (TM3) by 10 μM LKM38 in the presence of no competitor 

(Cntrl), 100 μM Allopregnanolone (AlloP, n=3), or 100 μM Cholesterol (Chol, n=3). 

Efficiencies are normalized to percent of control. * p<0.05. (C) Photolabeling efficiency of 

intersubunit site (TM3) by 10 μM 5α−6AziP in the presence of no competitor (Cntrl), 100 

μM Allopregnanolone (AlloP, n=3), or 100 μM Cholesterol (Chol, n=3). Efficiencies are 

normalized to percent of control. **p<0.01.
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Figure 4: KK174 photolabeling sites
(A) Structure of KK174. (B) Deconvoluted spectra of intact GLIC photolabeled with 3 × 100 

μM KK174 showing an unlabeled GLIC and GLIC with one KK174 bound (*). (C) HCD 

fragmentation spectra of TM3 + KK174 with site defining ions placing KK174 on Tyr278. 

(D) HCD fragmentation spectra of β6−β7 loop + KK174. Fragment ions localize labeling to 

residues 118–112 within the β6−β7 loop.
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Figure 5: Cholesterol docking in GLIC
(A) The residues labeled by LKM38 (red*) and KK174 (orange) in the intrasubunit site. (B) 

The two predominant clusters of cholesterol poses in the intrasubunit site from AutoDock. 

Pose 1 (left) has a binding energy of 5.6 kJ/mol and constituted 78% of AutoDock poses in 

this site. Pose 2 (right) has a binding energy of 5.7 kJ/mol and constituted 22% of AutoDock 

poses in this site. Our photolabeling data is most consistent with pose 2, where the aliphatic 

tail of KK174 labels the β6−β7 loop and the 7 position of LKM38 labels the C-terminus of 

TM4. (C) The residues labeled by LKM38 (red) and KK174 (orange) in the intersubunit site. 

(D) The two predominant clusters of cholesterol poses from AutoDock in the intersubunit 

site. Pose 1 (left) has a binding energy of 7.8 kJ/mol and constituted 34% of AutoDock 

poses in this site. Pose 2 (right) has a binding energy of 7.7 kJ/mol and constituted 66% of 

AutoDock poses in this site. Our photolabeling data is consistent with pose 2, where the 

aliphatic tail of KK174 labels Tyr268, about two turns below Glu272, labeled by LKM38 * 

Phe317 is labeled by LKM38, but is not resolved in the crystal structure. The residue 

highlighted in red in the intrasubunit site is Phe315.
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Figure 6: Overlapping sterol sites in GLIC
Cholesterol pose consistent with photolabeling data (teal) and the previously investigated 

(28) allopregnanolone binding pose (black) in the Intrasubunit Site (A) and Intersubunit Site 

(B).
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Figure 7: Cholesterol and neurosteroids have opposite effects on GLIC thermal stability
(A) UV absorbance traces from SEC showing the GLIC pentamer peak at 10.8 min. 

Increasing temperature destabilized the pentamer. (B) GLIC was heated to 55 °C with and 

without sterol. The height of the monodisperse pentamer peak was compared for control (no 

ligand), AlloP (100 μM Allopregnanolone), and Chol (100 μM Cholesterol) (n = 3). A lower 

percent of control indicates destabilization of the pentamer and a higher percent indicates 

stabilization.
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