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Abstract. Cholesterol, an essential component of higher eukaryotic membranes, was discovered more than two centuries ago.
The development and progress of cholesterol research in the last 200 years has been truly fascinating, with elements of surprise,
serendipity and intrigue. In this review, we trace this journey the way we see it, and follow it up with the role of membrane
cholesterol in crucial areas of contemporary research (transbilayer domains, regulation of GPCR function and role in the entry
of intracellular pathogens into host cells), with considerable footprint from our work. We believe that cholesterol will continue
to surprise and fascinate future researchers, thereby justifying its evergreen nature.
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Abbreviations

7-DHC 7-dehydrocholesterol

7-DHCR 3B-hydroxy-steroid-A’-reductase

25-NBD-cholesterol = 25-[ N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino]-27-norcholesterol
CRAC cholesterol recognition/interaction amino acid consensus
DHE dehydroergosterol (A>721D22_ergostatetraen-3-ol)
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

FRAP fluorescence recovery after photobleaching

GPCR G protein-coupled receptor

NBD 7-nitrobenz-2-oxa-1,3-diazol-4-yl

REES red edge excitation shift

SLOS Smith-Lemli-Opitz syndrome

1. Cholesterol: An ancient molecule with a remarkable history

Cholesterol was initially discovered as a component of human bile and gallstone sometime around
1760 AD by Poulletier de la Salle, a French physician and chemist (see Fig. 1) [13]. The naming of
cholesterol was done by another French chemist Michel Chevreul in 1816. He named it cholesterine

*Corresponding author. E-mail: amit@ccmb.res.in.

2212-8794/16/$35.00 © 2016 — I0S Press and the authors. All rights reserved


Aditya
Typewriter
Invited review in the special issue celebrating 200 years of naming of cholesterol

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

Aditya
Typewriter

mailto:amit@ccmb.res.in

S56 G.A. Kumar and A. Chattopadhyay / Cholesterol: An evergreen molecule in biology

1964

) Konrad Bloch

L Feodor Lynen

1888 ::‘;Z‘:_':_?“é Mechanism and regulation of the

F. Reinitzer el cholesterol and fatty acid metabolism

Emperical formula
established (C,;H,50)

2007

Brian Kobilka

~1760 £ 1927 _ Ray Stevens
Eoulletler de la Salle o Heinrich Wieland Crystal structure of the human
Discovery of cholesterol Che‘:nistr Investigations of the constitution B,-adrenergic receptor with cholesterol
in human bile and gallstone ¥ | of the bile acids and related substances between two receptor monomers

1816 1928
M.E. Chevreul g Adolf Windaus
Named ‘cholesterine’ Chemistry Constitution of the sterols and their

connection with the vitamins

1899 1985

Ernest Overton <

Suggested the presence of Michael Brow.'n
cholesteral in the cell boundary Joseph Goldstein Aol

Regulation of cholesterol metabolism or ,‘;Edicﬁ“’;

and discovery of the LDL receptor

Fig. 1. The journey of cholesterol: 200 years and beyond. A timeline depicting landmark discoveries associated with cholesterol,
and its structure, function and metabolism. Importantly, discoveries related to cholesterol have been recognized by the award
of several Nobel Prizes, due to its importance in cellular physiology, health and disease.

(chole for bile and stereos for solid since it was discovered in human gallstone) [56]. The pace of
scientific research in those times was slow by today’s standards and it was only in 1888 that further
characterization of cholesterol in terms of its empirical formula (C,7H460) was carried out by Friedrich
Reinitzer, an Austrian botanist and chemist. The molecular structure of cholesterol was deduced by Hen-
reich Weiland and Adolf Windaus, and both were awarded the Nobel Prize (although not in the same
year) for their seminal work [56]. Paradoxically, the first structure proposed for cholesterol in 1928 was
not correct! The correct structure of cholesterol was worked out by X-ray studies by J.D. Bernal and
chemical studies by others [2,56]. The presence of cholesterol in cellular membranes was first suggested
by Ernest Overton (generally known for the Meyer-Overton rule) toward the end of the nineteenth cen-
tury [38]. A number of scientists (including the legendary chemist Robert B. Woodward) contributed to
the molecular understanding of cholesterol biosynthesis. The complete biosynthetic pathway of choles-
terol was worked out in the mid-twentieth century by Konrad Bloch [4]. Independently, Feodor Lynen
from Germany also worked on the biosynthesis of cholesterol during the same time. Bloch and Lynen
shared the Nobel Prize in Physiology or Medicine in 1964. Another important conceptual advance in
cholesterol research came from the work of Michael Brown and Joseph Goldstein who discovered the
low density lipoprotein (LDL) receptor which helped understand the regulation of cholesterol biosyn-
thesis and metabolism in humans [6]. Their seminal discovery, relevant in a number of human diseases,
was recognized by the award of the Nobel Prize in Physiology or Medicine in 1985.

In this review, we will first highlight some unique structural features of cholesterol that are closely
related to its functionality. This will be followed up with highlights of the role of cholesterol in three
representative areas of membrane biology. These topics (transbilayer domains, regulation of G protein-
coupled receptor (GPCR) function and role in the entry of intracellular pathogens into host cells) are
chosen primarily because of our previous and ongoing work in these areas.
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2. Molecular idiosyncrasies of cholesterol: Key to functionality

The molecular structure of cholesterol (see Fig. 2) is characterized by a number of distinct features,
all of which combine to make cholesterol a unique molecule in functional terms. Cholesterol is a pre-
dominantly hydrophobic molecule comprising a near planar tetracyclic fused steroid ring and a flexible
isooctyl hydrocarbon tail. The 38-hydroxyl group provides cholesterol its much needed amphiphilic
character and helps cholesterol to orient and anchor in the membrane. The tetracyclic nucleus and
isooctyl side chain make up the rest of the molecule. The sterol ring has a flat and smooth side with
no substituents (the o face) and a rough side with methyl substitutions (the g face; see Fig. 2(b)) [11].
The two faces differ in their preferences for near neighbors. The smooth « face of the sterol nucleus,
containing only axial hydrogen atoms, helps in energetically favorable van der Waals interaction with the
saturated fatty acyl chains of phospholipids. The bumpiness of the rough g face of cholesterol is due to
the protruding methyl groups. Due to its bumpy nature, this face preferentially interacts with membrane
proteins characterized by undulated topology.

The molecular structure of cholesterol is exceedingly fine-tuned over a very long time scale of nat-
ural Darwinian evolution. This is exemplified by a number of inherited disorders, such as the Smith-
Lemli-Opitz syndrome (SLOS; see Fig. 2(c)), the molecular etiology of which lies in subtle defects in
cholesterol biosynthesis [3,35,40,42]. SLOS is a congenital and developmental malformation syndrome
associated with defective cholesterol biosynthesis. In SLOS, the immediate precursor in the Kandutsch-
Russel pathway of cholesterol biosynthesis is 7-dehydrocholesterol (7-DHC), which differs with choles-
terol merely in a double bond, and is accumulated due to mutations in 7-DHCR. SLOS is clinically
characterized by reduced levels of plasma cholesterol coupled with elevated plasma concentrations of
7-DHC.

3. A unique transbilayer organization of membrane cholesterol at low concentrations:
Physiological implications

Cholesterol is an essential lipid in higher eukaryotic cellular membranes and is crucial in membrane
organization, dynamics, function, and sorting [27,54]. A hallmark of the organization of membrane
cholesterol is its nonrandom distribution in domains [30]. A unique property of cholesterol that con-
tributes to its capacity to form membrane domains, when present at high concentrations, is its ability to
form liquid-ordered-like phase in higher eukaryotic plasma membranes [26]. Many of these domains
(sometimes termed as ‘lipid rafts’ [22]) are thought to be important for the maintenance of mem-
brane structure and function, although characterizing the spatiotemporal resolution of these domains
has proven to be challenging [53].

Interestingly, cholesterol is distributed heterogeneously among various intracellular membranes. The
lowest cholesterol concentration is found in membranes of the endoplasmic reticulum, which is the site
of cholesterol biosynthesis. Cholesterol concentration increases progressively along the cis, medial and
trans Golgi stacks, while the highest concentration (~90% of the total cellular cholesterol) is found
in the plasma membrane [5]. Strangely, while a large body of literature exists on the organization of
cholesterol in the plasma membrane (where cholesterol concentration is high, typically >30 mol% of
total membrane lipids), very little is known about organization of cholesterol in membranes containing
low amounts of cholesterol (such as the endoplasmic reticulum and mitochondrial membranes).

Evidence for specific organization of cholesterol in membranes at low concentrations was obtained
from three independent studies carried out by various groups ([7,15,16,28]; reviewed in [10]). Harris
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Fig. 2. Key structural features of cholesterol and its interaction with membrane proteins and diseases resulting from defective
cholesterol biosynthesis. (a) Chemical structure of cholesterol depicting its three structurally distinct regions, each outlined in a
shaded box: a polar 3 8-hydroxyl group (green), a rigid near-planar tetracyclic sterol ring (cyan), and a flexible acyl chain (red).
The chemical features of each of these regions are stringently controlled and fine-tuned by various steps in biosynthesis. The
combination of polar (38-hydroxyl group) and apolar (the sterol ring and the isooctyl side chain) regions impart an amphipathic
nature to cholesterol, making it conducive to interaction with other membrane components (lipids and proteins). (b) A schematic
representation of the orientation of cholesterol in membranes with respect to phospholipids and membrane proteins. Cholesterol
aligns in the membrane bilayer such that its polar hydroxyl group interacts with the ester carbonyls of phospholipids and
its apolar part orients along the phospholipid fatty acyl chain. An interesting structural feature of cholesterol is the inherent
asymmetry about the sterol ring plane owing to methyl substitutions on one of its faces. The smooth («) face of cholesterol
constituting of only axial hydrogen atoms contributes to favorable van der Waals interaction with the saturated fatty acyl chains
of phospholipids. On the other hand, the rough (8) face characterized by the protruding methyl groups can snugly interact
with the bumpy topology of a membrane protein. Adapted and modified from [10]. (c) Molecular etiology of SLOS: defective
cholesterol biosynthesis pathway leads to accumulation of 7-DHC, an immediate biosynthetic precursor of cholesterol, differing
with cholesterol merely in a double bond (highlighted). The defect in the biosynthesis is caused by mutations in the enzyme
7-DHCR.
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et al. [16] monitored the cryoscopic depression of multilamellar vesicles of DPPC/cholesterol and ex-
plained their results on the basis of transbilayer dimer formation in the fluid phase at low concentrations.
Differential scanning calorimetric studies showed that there was a sharpening of the phase transition
(due to increase in the size of cooperative unit) by cholesterol at very low concentrations, instead of
the broadening expected if chain melting was accompanied by continuously changing compositions of
the two phases [16]. Further analysis of cholesterol-DPPC interaction, monitored by lowering of tran-
sition temperature as a function of increasing cholesterol concentration in DPPC membranes showed
that the slope of the curve (of transition temperature vs. cholesterol concentration) was consistent with
the molecular weight of a dimer when cholesterol concentration was 3 mol% and above. These results
showed that while cholesterol is immiscible in the gel phase membrane and exists as separate solid
domains, it forms monodisperse solutions below 2 mol% in the fluid phase. Based on space-filling con-
siderations and control experiments with sterols lacking the isooctyl chain, these authors proposed a
transbilayer dimer arrangement stabilized by van der Waals interaction (see Fig. 3(a)). In this model,
cholesterol molecules are localized rather deep in the membrane.

Mukherjee and Chattopadhyay [28] utilized aggregation-sensitive fluorescence characteristics of 25-
NBD-cholesterol, a fluorescent analogue of cholesterol, to study the local organization of cholesterol
in the membrane at very low concentrations. Lipids labeled with the NBD group have been extensively
used as fluorescent probes to monitor membrane environment and dynamics due to a number of excellent
photophysical properties of the NBD group [7,15]. By careful analysis of the emission spectral features
of 25-NBD-cholesterol in DPPC membranes at low concentration, the possible presence of transbilayer
tail-to-tail dimers (Fig. 3(a)) of cholesterol in such membranes was detected both in gel and fluid phases.

These results were further validated by Loura and Prieto [23] by utilizing the intrinsic fluorescence of
DHE, a naturally occurring fluorescent cholesterol analogue found in yeast. Loura and Prieto [23] ana-
lyzed DHE concentration-dependent depolarization in membranes using a theoretical framework and ex-
plained their results on the basis of transbilayer tail-to-tail dimers of cholesterol, previously reported by
us [28] and others [16]. These conclusions were further supported by measurements in which the change
in peak intensity ratio of the vibronic bands of DHE was monitored as a function of DHE concentration
[50]. In addition, it was indicated that cholesterol dimers are sensitive to membrane curvature [50].

The effect of membrane curvature stress on the transbilayer organization of cholesterol dimers in
membranes was comprehensively addressed by us [50]. By monitoring the distinct spectral feature
of 25-NBD-cholesterol in membranes of varying curvature, we showed that the transbilayer dimer ar-
rangement is sensitive to membrane curvature and dimerization is not favored in highly curved mem-
branes (see Fig. 3(b)). This was attributed to differential packing arrangements in the two leaflets of
highly curved membranes. Interestingly, cholesterol dimerization was favored upon release of curvature
stress [50]. Furthermore, the transbilayer cholesterol dimers exhibited sensitivity to membrane thickness
(see Fig. 3(a)). Taken together, these results showed that the process of transbilayer dimerization is strin-
gently controlled by a narrow window of membrane thickness and curvature (see Fig. 3(a), (b)). These
results assume relevance in the context of increasing membrane thickness from Golgi to the plasma
membrane due to the gradient in cholesterol concentration [5]. We later showed, using wavelength-
selective FRAP [46] and REES [29] that the dynamics of the cholesterol monomer and dimer population
is considerably different. The monomer population exhibited faster lateral dynamics and was found to
be less ordered than the dimer (Fig. 3(c)).
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Fig. 3. Organization and dynamics of transbilayer dimers of cholesterol at low concentrations. The schematic diagram shows
the organization of cholesterol dimers in (a) membranes of varying thickness. The existence of cholesterol as transmembrane
tail-to-tail dimers is stringently controlled within a narrow window of membrane thickness. Insights from our previous work
suggest that cholesterol exists as monomers in relatively thin and thick membranes, while it forms transmembrane tail-to-tail
dimers in membranes of intermediate (optimum) thickness. (b) Cholesterol dimers are unstable at high surface curvature.
(c) Monomers of cholesterol show faster lateral dynamics in membranes relative to transbilayer tail-to-tail dimers of cholesterol
(see [46] for details).

4. Role of membrane cholesterol in GPCR organization and function: What have we learnt?

GPCRs are the largest class of molecules involved in signal transduction across membranes, and rep-
resent major targets in the development of novel drug candidates in all clinical areas [8,39,49]. Since
GPCRs are integral membrane proteins, interaction of membrane lipids with them constitutes an im-
portant area of research in GPCR biology. In particular, membrane cholesterol has been reported to
have a modulatory role in the function of a number of GPCRs [14,17,31,34,44,52]. Extensive work has
been carried out in case of GPCRs such as the serotonin;s receptor, the f,-adrenergic receptor, and
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Fig. 4. The multifaceted interaction of cholesterol with GPCRs. A schematic representation highlighting the consequences of
modulation of membrane cholesterol (shown in green) in GPCR structure, function and organization. Cholesterol has been
shown to modulate early events associated with GPCR function such as ligand binding and G-protein coupling, leading to
consequences in downstream signaling. Experimental and computational evidences show that membrane cholesterol modulates
the organization, dynamics and oligomerization of GPCRs. Such an intimate interplay between GPCRs and cholesterol could
arise either due to specific interaction of cholesterol with hotspots on GPCRs where cholesterol enjoys higher occupancy, or due
to modulation of membrane physical properties, or a combination of these effects (see [14,17,31,34,44,52] for more details).

the cannabinoid receptor. In all these cases, membrane cholesterol regulates GPCR function, dynam-
ics and oligomerization (see Fig. 4). Details of these effects have been described in previous reviews
[14,17,31,34,44,52] and we direct interested readers to these reviews.

We will instead briefly focus on the current understanding of the mechanistic basis of GPCR-
cholesterol interaction. It appears that specific effects in terms of cholesterol binding to certain regions
(sequences) of the receptor plays a role in these changes [33,37]. Some of these regions (such as the
CRAC motif) have been identified [18]. The involvement of these regions in regulation of GPCRs by
membrane cholesterol is being investigated for various types of GPCRs by experimental [32] and sim-
ulation approaches [51]. Detailed molecular dynamics simulations have revealed that cholesterol bind-
ing on GPCRs is weak yet dynamic with an occupancy time varying between ns and us (Fig. 5(a)).
The emerging model regarding the energy landscape of cholesterol association with GPCRs is that it
corresponds to a series of shallow minima interconnected by low energy barriers (see Fig. 5(b)). This
translates to GPCR conformational plasticity induced by membrane cholesterol with varying functional
attributes [43].

5. Role of host membrane cholesterol in pathogen entry

The cellular plasma membrane serves as a gateway for the entry of intracellular pathogens. An es-
sential step for an intracellular pathogen to enter into a host cell therefore is to be able to cross the cell
membrane. A clever strategy to regulate the entry of the intracellular pathogen (thereby reducing infec-
tion) is to change host membrane composition such that pathogen entry is reduced. An effective way to
achieve this is to reduce (or block) host membrane cholesterol. This approach has been successfully tried
for entry of pathogens such as Leishmania [9,20,21,36,45,47,48,55] and Mycobacterium [12,20,57]. An
advantage of such therapeutic approach involving modulation of host membrane cholesterol provides
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Fig. 5. Interaction of cholesterol with GPCRs: dynamic and diverse. (a) The interaction of cholesterol with GPCRs exhibits
diversity in terms of its occupancy at the GPCR surface. The interaction is weak but crucial. Cholesterol molecules interacting
with receptors exhibit varying timescales of exchange with bulk lipids. (b) The energy landscape corresponding to the inter-
action of cholesterol with specific sites on the receptor surface involves a series of shallow minima connected by low energy
barriers of the order of kT at room temperature. Taken from ref. [52].

the advantage that the development of drug resistance, a common problem associated with treatment of
diseases caused by these pathogens [1,19], would be absent since the therapeutic focus is on the host
membrane cholesterol, rather than the pathogen.

We have recently proposed a working mechanism for this approach (see Fig. 6). The crux of the
mechanism is that the conformation(s) of the host membrane receptors, responsible for pathogen entry,
display cholesterol sensitivity. An optimum level of host membrane cholesterol is found to be necessary
for supporting receptor conformation(s) that allow pathogen entry. Either depletion or enrichment of
membrane cholesterol results in receptor conformation(s) that do not support the entry of pathogens into
host cells (for details, see ref. [20]).

6. Conclusion and the road ahead

The examples discussed above represent chosen areas where cholesterol has a unique role in mem-
brane organization, function and pathogenicity. The interesting and fascinating aspect of cholesterol in
biology is that we are yet to comprehensively understand the whole gamut of biological roles it could
play and the crosstalk between pathways influenced by cholesterol. Every once in a while, reports ap-
pear in the literature that make us re-think our existing models about cholesterol in biology. For example,
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Fig. 6. Regulation of pathogen entry by host membrane cholesterol. Host membrane cholesterol modulates the entry of intracel-
lular pathogens (such as Leishmania, as shown in the figure). Previous results from our laboratory have shown that (a) depletion
as well as (b) enrichment of membrane cholesterol in host cells results in reduced pathogen entry, while (c) an optimum level
of host membrane cholesterol is required for efficient pathogen entry. We propose that such a cholesterol-mediated entry of
intracellular pathogens could be due to the interaction of membrane cholesterol with host cell surface receptors implicated in
pathogen entry. Receptor conformations stabilized in the membranes of varying cholesterol content are rendered in solid shapes,
while dotted outlines depict other unfavorable conformations. Optimum cholesterol levels in host cells could support receptor
conformation(s) that enable efficient pathogen entry. On the other hand, depletion or enrichment of host membrane cholesterol
could render receptor conformation(s) that do not support the entry of intracellular pathogens.

cholesterol has been implicated in maturation and signaling of hedgehog proteins involved in embryonic
development in Drosophila [41], and programmed cell death [24]. Another report appeared a few years
back in which cholesterol was implicated, for the first time, in synaptogenesis in the central nervous
system [25]. These examples justify the ‘evergreen’ nature of cholesterol, as alluded to in the title of our
review. In summary, cholesterol has enriched biology in its two centuries of glorious existence. What re-
mains to be seen is what new scenario evolves in relation to cholesterol in decades to come. Cholesterol,
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no doubt, will keep researchers engaged in this pursuit.
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