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Cholesterol-recognition domains

Abstract: Cholesterol is a major lipid in biological membranes. It not only plays a structural role but also modulates a
wide range of functional properties of neurotransmitter and hormone receptors and ion channels. The membrane-
embedded segments of the paradigm neurotransmitter receptor for acetylcholine (nAChR) contain linear sequences of
amino acids with the capacity to recognize cholesterol. These cholesterol consensus domains have been designated as
“CARC” and its mirror sequence “CRAC”. CARC preferentially occurs in the exoplasmic-facing membrane leaflet,
and CRAC, in the cytoplasmic-facing hemilayer. Both motifs are highly conserved among ion-channel and
neurotransmitter receptor proteins in vertebrate nervous systems, where they recognize cholesterol, and in prokaryotic
homologues in bacteria, where they recognize hopanoids. This phylogenetically conserved trait is an indication that
the hopanoids in some bacteria and cholesterol in eukaryotes subserve analogous functions, probably contributing to
the stability of membrane-embedded protein domains. Structural studies from our laboratory using superresolution
optical microscopy (“nanoscopy”) have disclosed other interrelated functional and structural properties exerted by
cholesterol on the nAChR. The neutral lipid content at the cell surface influences both the macromolecular

organization of the receptor and its translational mobility (diffusion) in the plane of the membrane.

Introduction

A wealth of accumulated evidence in recent years supports the
notion that cholesterol binds to neurotransmitter and
hormone receptors and to ligand- and voltage-gated ion
channels, exerting pleiotropic modulatory functions on their
ligand-recognition, gating, and ion permeation properties
(Levitan and Barrantes, 2012; Levitan et al., 2014). Probably
one of the most extensively studied properties of cholesterol
in membrane proteins is its ability to modify the
compartmentalization of such proteins through their
inclusion or exclusion in/from specialized membrane
domains of microscopic/nanoscopic dimensions, commonly
termed “lipid rafts”. Cholesterol effects have been divided
into those exerted in a non-specific, indirect manner,
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e.g., changes in the physical state of the bulk lipid bilayer
such as membrane fluidity changes (El Battari et al, 1985;
Lazar and Medzihradsky, 1992; Maguire and Druse, 1989) or
curvature (Lee, 2004; Yesylevskyy et al, 2013) or,
alternatively, more specific effects involving direct interactions
with the membrane-spanning segments of the membrane
proteins (Baier et al, 2011; Barrantes, 2004; Fantini and
Barrantes, 2013; Popot et al., 1977; Posada et al., 2014).

The sterol biosynthetic machinery may have appeared on
this planet roughly 2.7-2.4 billion years ago, because of the
emergence of oxygenic photosynthesis with the resultant
oxygenation of the atmosphere and oceans. Sterols may
have initially played a protective role in eukaryotes,
shielding cells from harmful oxidative stress induced by the
higher oxygen levels on Earth (Brown and Galea, 2010;
Galea and Brown, 2009). Once the cholesterol biosynthetic
enzymes became integral constituents of eukaryotes, the
endogenous de novo biosynthesis became the main source of
cholesterol in cells, with only a small fraction originating
from dietary sources (Bloch, 1965; van Meer, 1989). The
mechanisms involved in the uptake of dietary cholesterol
are strictly regulated and involve the participation of plasma
lipoproteins (Barter et al, 1982; Mahley et al, 1984).
Cholesterol efflux, and its subsequent transport in plasma
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via high-density lipoproteins, is also highly regulated
(Rothblat et al., 1999).

In addition to being an essential structural building block
in the plasmalemma of most cells (Lange and Steck, 2020; Van
Meer et al., 2008), cholesterol performs more specialized
functions in cell-surface membranes that harbor
neurotransmitter and hormone receptors. The postsynaptic
membrane of the neuromuscular junction is a representative
example; in this membrane, cholesterol modulates the
distribution and several other functional properties of
the muscle-type nAChR (Barrantes, 2010, 2012). The
homologous postsynaptic membrane of the electric fish
electromotor synapse is another example of crosstalk
between cholesterol and the nAChR: the receptor protein
restricts the mobility of lipids in its annular belt region
relative to bulk membrane lipid (Marsh and Barrantes,
1978), with sterols forming part of this protein-immobilized
pool (reviewed in Barrantes, 2007). One of the most
remarkable effects of cholesterol on muscle type nAChR is
exerted on its stability at the cell surface. Modification of
cholesterol levels affects the lifetime of the receptor at the
plasma membrane and the rate (Borroni et al, 2007;
Kumari et al., 2008) and endocytic mechanism (Borroni and
Barrantes, 2011) of receptor internalization. These are
important modulatory effects of cholesterol that affect the
metabolic stability of active nicotinic receptors at the synapse.

Cholesterol recognition motifs in transmembrane proteins

The strategy behind the approach

The number of macromolecules whose structure has been
solved at the atomic level by X-ray diffraction and other
physical techniques constitutes only a small number (about
2,000) of proteins considering that the genes coding for
membrane proteins constitute around 25% of the total. This
is probably the main reason why direct structural evidence of
the occurrence of cholesterol recognition sites in membrane
proteins is relatively scarce. Given such shortage of atomic
structures, in-silico approaches have provided a wvalid
alternative for the uncovering of cholesterol recognition
motifs in membrane proteins. This entails an initial search in
protein sequence data banks to identify the occurrence of
specific linear sequences of transmembrane (TM) protein
regions, eventually resulting in the successful identification of
consensus motifs (Baier ef al, 2011; Epand et al, 2006;
Epand, 2008; Epand et al, 2010; Jamin et al, 2005) in a
variety of membrane proteins. The first such consensus motif
was defined by the linear array (L/V)-X;_s-(Y)-X;_s-(K/R),
and was termed “cholesterol recognition amino acid
consensus” (CRAC) (Jamin et al, 2005). My collaborator
Javier Baier subsequently introduced the algorithm (K/R)-
X1-5-(Y/F)-X;_s-(L/V), ie., the mirror sequence of CRAC,
which we coined “CARC” (Baier ef al., 2011).

The cholesterol consensus motifs in the nAChR

The cholesterol consensus-motif strategy was initially applied
to the study of the nAChR (Baier ef al., 2011), the paradigm
pentameric ligand-gated ion channel (pLGIC) (Barrantes,
2015) in an attempt to characterize the structural and
thermodynamic properties of the interactions between sterol
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FIGURE 1. Surface-rendering molecular representation of the nicotinic
acetylcholine receptor (nAChR) macromolecule with cholesterol
molecules surrounding the lipid-belt region of its transmembrane region.

molecules and the nAChR macromolecule. As shown in
Fig. 1, several cholesterol molecules (~15, Mantipragada
et al., 2003) can be accommodated around the membrane-
embedded region of the nAChR. The total free energy of
interaction between the nAChR and cholesterol was found
to be in the order of -510/-530 kJ/mol, ie., above
—100 kJ/mol per subunit of this pentameric macromolecule.
The transmembrane 4 segment in the human nAChR vy
subunit (428RVCFLAMLA435) displayed an exceptionally
high energy of interaction with cholesterol (—60 kJ/mol), i.e.,
~60% of the total energy contributed by the entire subunit.
Experimental demonstration of direct contacts between
cholesterol and proteins was missing for membrane proteins
other than G protein-coupled receptors (GPCRs). We
therefore studied the interaction of cholesterol with the
CARC motif in the nAChR by resorting to two biophysical
techniques: lipid monolayer studies and nuclear magnetic
resonance (NMR) spectroscopy. We analyzed cholesterol
interactions with the wild-type or a mutated cholesterol-
recognition motif in the transmembrane segment 4 of the
nAChR. The CARC wild-type motif was found to exhibit a
high affinity for the sterol, which was largely abolished upon
substituting phenylalanine for alanine (F-452/A mutant).
Phenylalanine 452 is the central residue in the CARC motif.
When this residue was replaced by tryptophan (F-452/W
mutation) the interaction with cholesterol remained intact,
indicating that aromatic residues in the mid region of the
motif are key for the interaction with cholesterol. We also
demonstrated that the motif is cholesterol specific (CARC
did not recognize phosphatidylcholine) and showed the
concentration dependence of the binding (Fantini et al.,
2016b). For the NMR experiments, we employed a synthetic
13C/15N-labeled peptide (Asp464-Val492 in Torpedo
marmorata y-subunit transmembrane domain 4). MAS
triple resonance magic-angle spinning deuterium NMR was
performed using deuterated Ala471. Addition of cholesterol



CHOLESTEROL-CHOLINERGIC RECEPTOR DIALOGUE

reduced the rotational motion of the peptide immersed in the
phospholipid bilayer, consistent with the cholesterol-mediated
peptide oligomerization, as previously found in collaborative
work with Manuel Prieto’s laboratory (de Almeida et al,

2006; de Almeida et al., 2004).

We subsequently extended the thermodynamic analyses
to several other membrane proteins. We found that the
CARC motif displays higher affinity for cholesterol than the
CRAC motif (Fantini and Barrantes, 2013). The reason for
this is the “snorkeling” effect exerted by Lys/Arg residues
(Strandberg and Killian, 2003) in combination with the
structure of cholesterol itself (Fantini and Barrantes, 2009,
2013; Fantini et al., 2016a).

Emergence of cholesterol consensus motifs during phylogenetic
evolution
In another series of studies, we asked ourselves whether (and if
so when) consensus cholesterol-recognition motifs appeared
in the course of phylogenetic evolution of the pLGICs. We
found that occurrence of these domains covered a wide
evolutionary span, from ion channel proteins present in
bacteria to channels in Homo sapiens brains. We explored in
detail the presence of these domains in the structural
homologs of vertebrate pLGIC in the ion-channel protein
GLIC from cyanobacterium Gloebacter violaceous and its
homologue from Erwinia chrysanthemi. We found that
Cyanobacteria exhibit affinity for hopanoids, sterol-like
molecules with high structural similarity to sterols (Fig. 2).
The conservation of the cholesterol-recognition motifs
along millions of years of phylogenetic evolution led us to
suggest that these motifs convey functional and/or structural
properties (Barrantes, 2015; Barrantes and Fantini, 2016).
Strong evidence in support of this concept is provided by
experimental work from our laboratory and other groups
showing that mutations in amino acid residues in the
membrane-embedded regions containing or close to
CARC/CARC-like domains of the nAChR alter its ion
permeation properties (review in Barrantes, 2007).

Cholesterol

Hopanoid Hopanoid, yellow,

Cholesterol, green
FIGURE 2. 3D chemical structure of cholesterol and diploptene, a
typical hopanoid sterol-like molecule.
The overlapped structures on the right point to the similarities
between the two evolutionarily distant molecules.
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Functional modulation of the nAChR cell-surface distribution
by cholesterol

A further functional modulatory role of cholesterol was explored
in a mammalian cell model system robustly expressing adult-
type muscle nAChR using optical superresolution microscopy.
Static imaging of fixed cells was initially conducted using
stimulated emission depletion (STED) nanoscopy (Kellner
et al, 2007). The nAChR was found to be distributed in a
non-random fashion at the cell surface: clusters of nanometric
dimensions were observed in the first study of this kind,
showing the nanoscale packing of a neurotransmitter receptor
imaged beyond the diffraction limit. Acute cholesterol
depletion mediated by methyl-B-cyclodextrin modified this
pattern, altering the short- and the long-range organization of
the receptors at the cell surface. At the short-range, the
nanoclusters became larger, from 55 nm mean diameter to
116 nm after cholesterol reduction, possibly resulting from the
coalescence of smaller nanoclusters due to cholesterol-
dependent changes in receptor-receptor interactions. The long-
range changes consisted of an increase in the ordering of the
nAChR clusters at spacings of 600 to 2,000 nm, i.., one order
of magnitude larger, which we interpreted as resulting from
cholesterol effect on the cortical cytoskeletal network (Kellner
et al, 2007). The influence of cholesterol-sensitive interactions
with the actin cytoskeleton extends over the range of a few
microns (Kwik et al., 2003).

Dynamics of the nAChR translational motion studied by single-
molecule localization microscopy

More recently, we studied dynamic aspects of cholesterol
modulation of the nAChR in living cells using total internal
reflection fluorescence (TIRF) microscopy combined with
single-particle tracking (SPT) methods (Almarza et al,
2014). This study recorded the lateral translation of cell-
surface nAChR nanoclusters in real time, disclosing the
wide range of motional regimes exhibited by the cell-surface
nAChR. In spite of the excellent signal-to-noise ratio
afforded by the TIRF technique, the study did not provide
sufficient resolution to follow the dynamics of individual
constituents of the nanoclusters.

Stochastic optical reconstruction microscopy (STORM) is a
form of single-molecule localization microscopy. Application of
this method allowed us to track the motion of individual
nAChR molecules labeled with fluorescent a-bungarotoxin
(Mosqueira et al., 2018). Essentially all nAChR single-molecule
trajectories consisted of free Brownian walks interrupted by
confinement episodes with average durations of ~400 ms
(Fig. 3). The nAChR translational motion covers an enormous
span of diffusional regimes, from highly subdiffusive to
superdiffusive. Notice that even the superdiffusive trajectories
experience confinement stop-overs. Fig. 3 also shows the
influence of cholesterol on diffusional properties of the receptor.

Possible implications of highly subdiffusive nAChR motions in
myasthenia gravis

Myasthenia gravis is an autoimmune disease that compromises
the function of the peripheral cholinergic synapse because the
autoantibodies against the nAChR and other constituents of
the neuromuscular junction accelerate the disappearance of
the targeted molecules and the complement-mediated
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FIGURE 3. Microscopic heterogeneity of nAChR single-molecule trajectories. Single molecules exhibit transient confinement within

individual trajectories.

(a) Recurrence analysis of individual trajectories (Sikora et al., 2017) identifies the free (unconfined) diffusing portion of each individual
trajectory (red) and transient confinement sojourns (blue) within the trajectories under control conditions. Notice the decreasing
immobilization (confinement) from subdiffusive I to the superdiffusive subpopulation. Bar: 1 pum. (b) Complementary cumulative
distribution function of the residence times in the confined state of each subpopulation (control conditions). (c) The same as in (b) but
showing the effect of cholesterol modification on the subdiffusive I and III subpopulation (same colour code as in (b)). (d) The same as in
(), but for the total population of nAChRs after cholesterol enrichment (CDx-cholesterol) and cholesterol depletion mediated by methyl-f-
cyclodextrin (CDx). (e) Ellipsoidal area of the trajectories” portion in the confined state, obtained by fitting the confinement domain in the
trajectory with an elliptic surface. Whiskers in box plots correspond to 95% confidence intervals; the limits indicate 75% confidence intervals;
the black-symbols indicate the mean and the horizontal lines the median in each case. The dots outside the confidence intervals are outliers.
**P < 0.01. From reference Mosqueira ef al. (2018) under a Creative Commons Attribution 4.0 International License.

destruction of the synaptic apparatus. A subsequent work
undertaken on nAChRs labeled with the monoclonal
antibody mAb35 enabled us to explore some of the actions
exerted by antibody crosslinking of the receptor, mimicking
the initial events met when pathogenic autoantibodies attack
the neuromuscular junction in myasthenia gravis (see review
in Paz and Barrantes, 2019). Antibody-tagged nAChRs
(Mosqueira et al, 2020) differed in their translational
diffusion from those receptors labeled with fluorescent a-
bungarotoxin (Mosqueira et al, 2018). Antibody-tagged
nAChR spent more time in the confined state, some of them
essentially motionless in terms of translation in the plane of
the membrane. We interpret these results as an indication that
multivalent antibody-induced crosslinking of the receptor leads
to the formation of supramolecular self-aggregates that
obstruct its free diffusion, as schematically shown in Fig. 4.

Moreover, we have experimentally demonstrated that
mAb35 accelerates the internalization of nAChRs in the
same cell line used for the nanoscopy experiments, as well
as in C2C12 developing myotubes (Kumari et al.,, 2008).
This is a cholesterol-dependent phenomenon; man-tailored
depletion of the cell-surface cholesterol content by acute
methyl-B-cyclodextrin treatment accelerates the rate of
nAChR internalization and, more importantly, changes the
endocytic route involved; the process no longer depends on
the submembrane actin cytoskeleton network and the
small kinases involved in endocytosis are replaced by other
enzymatic cascades (Borroni and Barrantes, 2011).
Enhanced endocytic rates are also characteristically
observed at the neuromuscular synapse in myasthenia
gravis (Engel and Fumagalli, 1982; Fumagalli et al., 1982;
Kuncdl et al., 1993).
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InAChR

FIGURE 4. Schematic diagram depicting nicotinic acetylcholine
receptor molecules (nAChR, green cylinders) distributed in a non-
random fashion at the cell surface; some nAChRs occur as isolated
single molecules whereas others aggregate in the form of
nanometer-sized clusters. The sensitivity of these supramolecular
assemblies to changes in cholesterol levels (see Fig. 3) suggests that
nanocluster-aggregated nAChRs predominantly reside in
cholesterol-rich  liquid-ordered lipid nanodomains. From a
dynamic perspective, nAChRs undergo free Brownian diffusion
(red traces) in liquid-disordered regions of the membrane (yellow
surfaces) and slow down their motion (blue traces) within the
liquid-ordered domains (light-brown areas), where they remain
confined for millisecond-long periods until regaining thermally
driven lateral motion. The sub-membrane actin meshwork that
compartmentalizes the cytoplasmic face of the plasma membrane is
another source of hindrance to translational motion of
transmembrane proteins. However, the actin corrals occur at
mesoscale  distances  (pum-scale), whereas  single-molecule
confinements cover linear distances of less than 100 nm.
Ilustration made by Alejo Mosqueira.
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