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Rapid synaptic transmission is mediated by integral membrane proteins known as ionotropic receptors or ligand-gated ion channels. These receptors bind neurotransmitters and respond by opening an ion-conducting pore in the post-synaptic membrane, leading to an electrical response in the post-synaptic excitable cell. A major family of these proteins is the pentameric ligand gated ion channel (pLGIC) family, which contains excitatory, cation-specific channels such as the nicotinic acetylcholine receptor (nAChR) as well as inhibitory, anion-specific channels such as the GABAA receptor.
1. Biochemical and biophysical evidence 

The first evidence for molecular interactions between the nAChR and cholesterol is a functional requirement: the receptor is not functional when purified and reconstituted in phospholipid mixtures, unless cholesterol or chemically related compounds are added (Kilian et al. 1980, Dalziel et al. 1980, Criado et al. 1982, Ochoa et al. 1983).  Although interactions of GABAA with cholesterol have received less attention, purification and reconstitution protocols for GABAA receptors either include cholesterol (Bristow and Martin 1987, Dunn et al. 1989), or yield non-functional and unstable receptors (Bristow and Martin 1987).

Some later experiments depleted native membranes of cholesterol using liposomes (Zabrecky and Raftery 1985, Lechleiter et al. 1986, Leibel et al. 1987) or cyclodextrins (Santiago et al. 2001, Borroni et al. 2007, Baez et al. 2008). An important result by Leibel et al. (1987) is that some cholesterol (about 36 molecules per receptor) remains in the system despite extensive depletion. Hence, the possibility remains that this procedure primarily modulates the cholesterol content of the bulk membrane. The theory that depletion/enrichment experiments access a different pool of cholesterol than reconstitution experiments is further supported by the opposing trend they yield: in depletion/enrichment experiments increased cholesterol content is associated with loss of nAChR function (Santiago et al. 2001, Borroni et al. 2007).

Functional modulation of GABAA receptors by cholesterol has been demonstrated by Sooksawate and Simmonds (2001a). In this system both enrichment and depletion of cholesterol reduce the potency of the receptor, but while the enrichment effect can be reproduced using epicholesterol, the depletion effect could not be reversed by introducing epicholesterol. They hypothesize that the depletion effect reflects direct interactions, whereas the enrichment effect is mediated by physical properties of the membrane.

Such functional studies are complemented by biophysical results demonstrating the existence of strong association between the nAChR and a pool of proximal cholesterol. The nAChR has a higher affinity for cholesterol than other lipids, as evidenced from early lipid monolayer experiments by Popot et al. (1978). Electron paramagnetic resonance (EPR) measurements by Marsh et al. (1978, 1981) using spin-labeled lipid probes found that some lipids are immobilized in the presence of the receptor - in particular, the steroid androstanol exhibits hindered rotation around its long axis. High affinity of the receptor for cholesterol or its analogues was further demonstrated by EPR (Ellena et al. 1983), photolabeling (Middlemas and Raftery 1987), and fluorescence studies (Arias et al. 1990, Barrantes et al. 2000).

Cholesterol also has significant effects on the nAChR at the cellular level, which have been reviewed recently in the case of the murine muscle-type nAChR (Barrantes 2007). Here we focus on molecular-level interactions and their basis in the protein structures. For a review of cholesterol modulation of membrane receptors (nAChR and G protein-coupled receptors), see (Burger et al. 2000), and (Barrantes 2004) for a review of lipid-nAChR interactions in general.
2. Embedded cholesterol in a nicotinic receptor
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Figure 1. A view of the transmembrane domain of the nicotinic acetylcholine receptor from Torpedo marmorata, with proposed coordinates for embedded cholesterol molecules. Each subunit contains four membrane-spanning helices (M1 purple, M2 green, M3 blue, M4 cyan) and three bound cholesterol molecules (yellow, orange and red).
Medium resolution cryo-electron microscopy images of the nAChR observed within a native lipid environment (Unwin, 2005) provided the earliest atomic-level insights into pLGIC structure (PDB: 2BG9). Surprisingly, the structure indicated several significantly sized gaps in protein density within the transmembrane domain. Similar gaps have not been observed in more recent crystal structures of other (primarily prokaryotic) pLGICs. 

Using both automated and interactive docking, we found that the gaps were capable of containing cholesterol molecules embedded within the transmembrane domain (Brannigan et al., 2008). Furthermore, we found that the transmembrane domain quickly collapsed to fill the gaps under molecular dynamics (MD) simulation; such collapse was correlated with the loss of critical contacts in the interface between the transmembrane and extracellular ligand binding domains. Collapse and the subsequent decoupling effect were not observed when cholesterol was bound to internal sites revealed by docking, and the structure was most stable when all gaps were filled with cholesterol (15 molecules per pentameric assembly, see Figure 1). We therefore proposed that the gaps in the 2BG9 structure could represent regions filled with unresolved cholesterol, rather than water as originally interpreted by the authors, and that such gaps should not be expected in crystal structures that did not include cholesterol.
3. Specific binding of cholesterol to GABAA receptors

Despite the scarcity of direct information, a significant set of indirect evidence points to the intersubunit interfaces of the GABAA transmembrane domain as an interaction site for cholesterol. GABAA receptors are positively modulated by cholesterol derivatives known as neurosteroids (Belelli et al. 2005). The interface between α and β subunits in the transmembrane domain of the GABAAR, in the same region as the ivermectin site in GluCl, has been identified through mutagenesis by Hosie et al. (2006, 2007) as the likely site of activation by the positively modulating neurosteroids.

Modulation by neurosteroids is dependent on cholesterol concentration (Sooksawate and Simmonds 1998, 2001). Furthermore, the antagonistic effect upon cholesterol enrichment is selective of cholesterol versus epicholesterol (Sooksawate and Simmonds 2001a), and may therefore be ascribed to specific cholesterol binding, possibly competitive binding to the intersubunit sites. A binding site for cholesterol at the subunit interface also forming the neurosteroid site would consequently be consistent with the available data.

GABAA receptors are also known to be potentiated by a compound named ivermectin (Krůsek and Zemková 1994, Dawson 2000). Ivermectin is a potentiator and agonist of the glutamate-gated chloride channel (GluCl) of the nematode C. elegans. An X-ray structure of GluCl in complex with ivermectin (PDB:3RHW) has been determined by Hibbs and Gouaux (2011). In this structure, ivermectin is bound to the five subunit interfaces of the transmembrane domain.

We constructed homology models of a GABAA receptor (of type α1β1γ2) based on the GluCl structure, and investigated the possibility of cholesterol binding through three complementary approaches: alignment of cholesterol with crystallographic coordinates of ivermectin, automated docking with AutoDock, and explicit, atomistic MD simulations.

Automated docking results confirm the possibility of cholesterol binding to the five intersubunit clefts in a mostly symmetric fashion, despite the asymmetric nature of this heteropentameric receptor. The hydroxyl group of cholesterol mimics a moiety of ivermectin in forming a hydrogen bond with a serine residue from pore-forming helix M2. MD simulations indicate that cholesterol is stable within the cavities, but may reorient on a time scale of 100 ns or more. We observed two instances of cholesterol unbinding, then spontaneously re-binding within the course of our 200 ns trajectories, thus providing a picture of the spontaneous binding process in atomic detail (Figure 2).
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Figure 2. Spontaneous re-binding of cholesterol to an intersubunit cleft in the GABAA receptor. Two frames from a simulated MD trajectory are shown. Transmembrane helices M2 (right) and M3 (left) forming the back of the pocket are shown as white cartoon, cholesterol as orange licorice, and residues from the environment in contact with cholesterol as licorice (yellow: phospholipid, orange: membrane cholesterol, green: protein residues from back receptor subunit, cyan: protein residues from front receptor subunit).
4. Conclusion and perspectives

With the help of computational tools, we have constructed structural models of direct, specific interactions between cholesterol and the nAChR and GABAAR ligand-gated ion channels. Our models account for the extant body of biochemical and biophysical knowledge about these protein-lipid interactions. Nevertheless, more pointed experimental tests are necessary before these models may become confirmed, refined, or invalidated.

There is much to be learned from future structural advances in the field of pentameric receptors, particularly from crystal structures resolved in presence of cholesterol. Modeling is expected to become more quantitative, potentially providing computational predictions of lipid binding affinities at well-defined sites, a quantity so far inaccessible to experiment. Finally, a bioinformatics study is underway to try and decipher the evolutionary history of such a subtle interplay between pentameric receptors and their lipid environment.
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