CHAPTER 12

MEMBRANE CHOLESTEROL:
IMPLICATIONS IN RECEPTOR
FUNCTION

SANDEEP SHRIVASTAVA and AMITABHA CHATTOPADHYAY

12.1 CHOLESTEROL: STRUCTURE AND MEMBRANE
ORGANIZATION

Cholesterol is an essential lipid in higher eukaryotic cellular membranes and plays
a vital role in membrane organization, dynamics, function, and sorting (Liscum
and Underwood, 1995; Simons and Ikonen, 2000; Mouritsen and Zuckermann,
2004). The role of cholesterol in signal transduction is being increasingly rec-
ognized (Incardona and Eaton, 2000). Cholesterol biosynthesis and homeostasis
are critical for normal growth and development. In addition to being a major
membrane lipid, cholesterol is necessary for the proper maturation and signaling
of hedgehog proteins, and therefore, it is vital for embryonic development (Porter
et al., 1996).

The chemical nature of cholesterol is predominantly hydrophobic comprising
a near planar tetracyclic fused steroid ring and a flexible isooctyl hydrocarbon
tail (Fig. 12.1a). The only polar part in cholesterol is the 3f-hydroxyl group
that provides cholesterol its amphiphilic character and helps it to orient and
anchor in the membrane (Villalain, 1996). Interestingly, the planar tetracyclic
ring system of cholesterol is asymmetric about the ring plane (Rose et al.,
1980; Fantini and Barrantes, 2009). The sterol ring has a flat and smooth side
with no substituents (the a-face) and a rough side with methyl substitutions
(the B-face; Fig. 12.1b). The smooth a-face of the sterol nucleus helps in a
favorable van der Waals interaction with the saturated fatty acyl chains of
phospholipids (Lange and Steck, 2008). The a-face of cholesterol contains
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only axial hydrogen atoms and facilitates close contact between the sterol
nucleus and phospholipid chains, since this face does not have any bulky
group. The bumpiness of the P-face of cholesterol molecule is due to the
protruding methyl groups at positions C;g and C;9 and the isooctyl chain
linked to C;; (Fig. 12.1b and c). It has been shown that cholesterol orients
its smooth a-face toward saturated chains and its uneven P-face toward
unsaturated chains of phospholipids (Pandit et al., 2004), or with a bumpy
transmembrane domain (TMD) of an integral membrane protein (Fig. 12.1c).
Cholesterol is oriented in the membrane bilayer with its long axis perpendicular
to the plane of the membrane (Fig. 12.1c) so that its polar hydroxyl group
encounters the aqueous environment and the hydrophobic steroid ring is
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Figure 12.1 Structure and orientation of cholesterol in the membrane. (a) Chemical
structure of cholesterol. Three structurally distinct regions are shown in different color
boxes: the 3B-hydroxyl group, the rigid steroid ring, and the flexible alkyl chain. (b) Two
faces of cholesterol: cholesterol is characterized by a flat and smooth a-face and a rough
B-face. The a-face of cholesterol contains only axial hydrogen atoms. The roughness of the
B-face is due to the protruding bulky methyl groups. (c) A schematic representation of the
orientation of cholesterol in the membrane with respect to phospholipids. Cholesterol is
shown to align in bilayers with its 3p-hydroxyl group (the only polar group in cholesterol)
in the vicinity of the ester carbonyls of phospholipids and its tetracyclic ring immersed in
the bilayer interior, in close contact with a part of the phospholipid fatty acyl chain. See
text for details. Source: Adapted and modified from Paila and Chattopadhyay (2010).
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oriented parallel to and immersed in the hydrophobic fatty acyl chains of the
phospholipids.

A hallmark of organization of membrane cholesterol is its nonrandom distri-
bution in domains (Liscum and Underwood, 1995; Simons and Ikonen, 2000;
Xu and London, 2000; Mukherjee and Maxfield, 2004; Lingwood and Simons,
2010; Chaudhuri and Chattopadhyay, 2011). These domains (sometimes termed
as lipid rafts) contribute to variable patchiness and thickness of the membrane
(Engelman, 2005) and are believed to be important for the maintenance of mem-
brane structure (organization) and function. A unique property of cholesterol
that contributes to its capacity to form membrane domains is its ability to form
liquid-ordered-like phase in higher eukaryotic plasma membranes (Mouritsen,
2010). The idea of such specialized membrane domains has gained signifi-
cance in cell physiology since important cellular functions such as membrane
sorting and trafficking (Simons and van Meer, 1988), signal transduction pro-
cesses (Simons and Toomre, 2000), and the entry of pathogens (Simons and
Ehehalt, 2002; Riethmiiller et al., 2006; Pucadyil and Chattopadhyay, 2007b)
have been attributed to these type of domains. Importantly, cholesterol plays a
crucial role in the function and organization of membrane proteins and recep-
tors (Burger et al., 2000; Pucadyil and Chattopadhyay, 2006; Gimpl, 2010;
Paila and Chattopadhyay, 2010). These results have led to the interesting idea
whether pathogen entry into host cells is dependent on lipid-specific receptor
conformations.
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12.2 MEMBRANE CHOLESTEROL IN THE CONTEXT OF RECEPTOR
FUNCTION: THE SEROTONIN,, RECEPTOR

The G-protein coupled receptor (GPCR) superfamily represents the largest class
of molecules involved in signal transduction across the plasma membrane (Pierce
et al., 2002; Rosenbaum et al., 2009). They are prototypical members of the fam-
ily of seven TMD proteins and include more than 800 members, which together
constitute approximately 5% of the human genome (Zhang et al., 2006). GPCRs
regulate physiological responses to a diverse array of stimuli and mediate mul-
tiple physiological processes. As a consequence of this, GPCRs have emerged
as major targets for the development of novel drug candidates in all clinical
areas (Heilker et al., 2009). It is estimated that approximately 50% of clinically
prescribed drugs act as either agonists or antagonists of GPCRs.

Since GPCRs are integral membrane proteins, a significant portion of the
protein is embedded in the membrane. This gives rise to the obvious possibil-
ity that the membrane lipid environment could be an important modulator of
receptor structure and function (Lee, 2004; Phillips et al., 2009). In this context,
membrane cholesterol has been shown to modulate the function of a number of
GPCRs (Burger et al., 2000; Pucadyil and Chattopadhyay, 2006; Gimpl, 2010;
Paila et al., 2009; Paila and Chattopadhyay, 2005, 2006). In particular, work from
our group has established that the organization and function of the serotonin;,
receptor, a representative GPCR, is dependent on membrane cholesterol (Pucadyil
and Chattopadhyay, 2004—-2007a; Pucadyil et al., 2005b; Kalipatnapu and Chat-
topadhyay, 2005; Singh et al., 2007; Paila et al., 2005, 2008, 2009; Paila and
Chattopadhyay, 2009, 2010; Ganguly and Chattopadhyay, 2010; Saxena and
Chattopadhyay, 2011). The serotonin;, (5-HT,,, 5-hydroxytryptamine (sero-
tonin)) receptor (Fig. 12.2) is an important G-protein coupled neurotransmitter
receptor and is crucial in a multitude of physiological processes (Pucadyil et al.,
2005a; Kalipatnapu and Chattopadhyay, 2007). It serves as an important target
in the development of therapeutic agents for neuropsychiatric disorders. Interest-
ingly, mutant (knockout) mice lacking the serotonin; receptor exhibit enhanced
anxiety-related behavior and represent an important animal model for genetic
vulnerability to complex traits such as anxiety disorders and aggression in higher
animals (Gardier, 2009).

12.3 ACUTE VERSUS CHRONIC CHOLESTEROL DEPLETION

Seminal work from our laboratory comprehensively demonstrated the requirement
of membrane cholesterol in the function of the serotonin,, receptor. We demon-
strated the crucial modulatory role of membrane cholesterol on the ligand-binding
activity and G-protein coupling of the hippocampal serotonin;, receptor using a
number of approaches such as treatment with (i) methyl-g-cyclodextrin (MBCD),
which physically depletes cholesterol from membranes (Pucadyil and Chattopad-
hyay, 2004, 2005), (ii) the sterol-complexing detergent digitonin (Paila et al.,
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Figure 12.2 A schematic representation of the membrane-embedded human serotonin, 5
receptor. The membrane is shown as a bilayer of phospholipids and cholesterol, represen-
tative of typical eukaryotic membranes. The transmembrane helices of the receptor were
predicted using the program TMHMM2. The putative CRAC motifs (see text) are high-
lighted (in cyan). The amino acids in the receptor sequence are shown as circles. Further
structural details of the receptor are available in Paila et al., 2011. Source: Adapted and
modified from Jafurulla et al. (2011). (See insert for color representation of the figure.)

2005), (iii) the sterol-binding antifungal polyene antibiotic nystatin (Pucadyil
et al., 2004a), and (iv) cholesterol oxidase (Pucadyil et al., 2005b). While treat-
ment with MBCD physically depletes membrane cholesterol, treatment with other
agents (digitonin and nystatin) merely modulate the availability of membrane
cholesterol without physical depletion. Cholesterol oxidase, on the other hand,
catalyzes the oxidation of cholesterol to cholestenone. The common conclusion
that can be derived from these results is that it is the nonavailability of mem-
brane cholesterol, rather than the manner in which its availability is modulated,
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is crucial for ligand binding of the serotonin,, receptor. Importantly, replenish-
ment of membrane cholesterol resulted in recovery of ligand-binding activity to
a considerable extent.

Unfortunately, membrane cholesterol depletion using MBCD suffers from a
number of limitations (Zidovetzki and Levitan, 2007). A major limitation is
that such cholesterol depletion using MBCD is an acute process because of the
relatively short time of treatment. Such limitation could be avoided by metabolic
depletion of cholesterol using cholesterol biosynthetic inhibitors such as statins
(see later). Cholesterol is the end product of a long, multistep and exceedingly
fine-tuned sterol biosynthetic pathway (Fig. 12.3) that parallels sterol evolution
(Bloch, 1983). Konrad Bloch speculated that the sterol biosynthetic pathway
parallels sterol evolution (the “Bloch hypothesis™). According to this hypothesis,
cholesterol has been selected over a very long timescale of natural evolution for
its ability to optimize certain physical properties of eukaryotic cell membranes
with regard to biological functions. Interestingly, it has been suggested that the
evolution of cholesterol could be an adaptive strategy for the transition from
anaerobic to aerobic form of life (Galea and Brown, 2009).

Cells acquire cholesterol by two ways: (a) de novo synthesis from acetate in a
multistep pathway (Fig. 12.3) or (b) from outside the cell via receptor-mediated
endocytosis of low density lipoproteins (LDLs) (Brown and Goldstein, 1986).
Statins are competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, the key enzyme in cholesterol biosynthesis that catalyzes
the rate-limiting step in the biosynthetic pathway. This specific step involves the
conversion of HMG-CoA to mevalonate, the precursor of cholesterol and other
isoprenoids. Interestingly, statins represent one of the best selling drugs globally
and in clinical history. They are extensively used as oral cholesterol-lowering
drugs to treat hypercholesterolaemia and dyslipidaemia (Istvan and Deisenhofer,
2002; Menge et al., 2005). Cholesterol depletion using proximal biosynthetic
inhibitors such as statins (Shrivastava et al., 2010) or distal inhibitors such as AY
9944 (Paila et al., 2008) takes place over a longer period of time and represents
a chronic treatment, thereby mimicking physiological situations.

We used mevastatin to explore the effect of chronic cholesterol depletion on
the function of human serotonin;, receptors (Fig. 12.4). Our results showed a
significant reduction in the membrane cholesterol levels on mevastatin treatment
(Fig. 12.4a; Shrivastava et al., 2010). This reduction in membrane cholesterol
resulted in a drastic reduction in specific ligand binding (both agonist and antago-
nist) to the serotonin, 4 receptor (Fig. 12.4b). Interestingly, the membrane receptor
level did not exhibit any reduction under these conditions, indicating thereby that
the reduction in specific ligand binding was due to the reduction in membrane
cholesterol (Shrivastava et al., 2010). These results were further supported by
recovery of specific ligand binding to original levels (Fig. 12.4b) on replenish-
ment of membrane cholesterol (Fig. 12.4a).

A number of inherited disorders owing to a defect in cholesterol biosyn-
thesis have been identified that shows the importance of cholesterol in human
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Figure 12.3 Cholesterol biosynthesis. Cholesterol is the end product of a long and multi-
step sterol biosynthetic pathway that parallels sterol evolution. Two biosynthetic pathways
(Bloch and Kandutsch—Russell) are shown. The pathways diverge after the step in which
lanosterol is produced. Statins are competitive (proximal) inhibitors of HMG-CoA reduc-
tase, the key rate-limiting enzyme in cholesterol biosynthesis, and are one of the best
selling drugs globally. AY 9944, on the other hand, is a distal inhibitor in the last step
of the Kandutsch—Russell pathway in which 7-dehydrocholesterol is converted to choles-
terol, catalyzed by 3B-hydroxy-steroid-A’-reductase. Mutations in this enzyme resulting
in defective cholesterol biosynthesis leads to Smith-Lemli-Opitz syndrome (SLOS; see
Chattopadhyay and Paila, 2007; Paila et al., 2008 for further details on SLOS).

embryogenesis and development (Porter and Herman, 2011). One of the con-
genital and developmental malformation syndrome associated with defective
cholesterol biosynthesis is the Smith-Lemli-Opitz syndrome (SLOS), which is
clinically characterized by reduced levels of plasma cholesterol coupled with
elevated plasma concentrations of 7-dehydrocholesterol (7-DHC) and its isomer
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Figure 12.4 Effect of chronic cholesterol depletion on receptor activity. (a) Choles-
terol content in membranes isolated from cells stably expressing the serotonin,
receptor treated with mevastatin and replenished with cholesterol. (b) Specific bind-
ing of the agonist [ZH]8-OH-DPAT (8-hydroxy-2(di-N -propylamino)tetralin) (black
bar) and the antagonist [*H]p-MPPF (4-(2'-methoxy)-phenyl-1-[2/-(N -2, ,-pyridinyl)-p-
fluorobenzamido]ethyl-piperazine) (grey bar) to the serotonin;, receptor in membranes
from cells treated with mevastatin and replenished with cholesterol. Source: Adapted and
modified from Shrivastava et al. (2010).

8-dehydrocholesterol (8-DHC) (Irons et al., 1993; Porter and Herman, 2011).
We previously generated a cellular model of SLOS using cells stably express-
ing the human serotonin;, receptor (Paila et al., 2008). Interestingly, we have
shown earlier that the effects of 7-DHC and cholesterol on membrane organi-
zation and dynamics are considerably different (Shrivastava et al., 2008). The
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cellular model of SLOS was generated by metabolically inhibiting the biosynthe-
sis of cholesterol, utilizing a specific inhibitor (AY 9944) of the enzyme required
in the final step of cholesterol biosynthesis (Fig. 12.3). Importantly, AY 9944
treatment has previously been shown to generate animal (rat) models of SLOS
(Wolf et al., 1996; Chambers et al., 1997; Gaoua et al., 2000). SLOS serves as
an appropriate condition to ensure the specific effect of membrane cholesterol in
the function of the serotonin,, receptor, since the two aberrant sterols that get
accumulated in SLOS, that is, 7- and 8-DHCs, differ with cholesterol only in a
double bond. Our results showed a progressive and drastic reduction in specific
ligand binding with increasing concentrations of AY 9944 (Paila et al., 2008). In
addition, these results show that the G-protein coupling and downstream signal-
ing of serotonin;, receptors are impaired in SLOS-like condition, although the
membrane receptor level does not exhibit any reduction. Importantly, metabolic
replenishment of cholesterol using serum partially restored the ligand-binding
activity of the serotonin;, receptor under these conditions.

12.4 CHOLESTEROL BINDING SITE(S) IN GPCRS

The mechanism underlying the effect of cholesterol on the structure and func-
tion of GPCRs is complex (Paila and Chattopadhyay, 2009, 2010). Two possible
mechanisms have been suggested by which membrane cholesterol could influ-
ence the structure and function of GPCRs: (i) by a direct/specific interaction
with GPCRs, (ii) indirectly by altering membrane physical properties in which
the receptor is embedded, or (iii) due to a combination of both. Interestingly,
recently reported crystal structures of GPCRs have shown structural evidence of
cholesterol binding sites (Cherezov et al., 2007; Hanson et al., 2008). Importantly,
structural features of proteins that are believed to result in preferential association
with cholesterol have been recognized by several groups (recently summarized
in Gimpl, 2010). Although membrane cholesterol is known to be a crucial deter-
minant in GPCR function (Burger et al., 2000; Pucadyil and Chattopadhyay,
2006; Gimpl, 2010; Paila et al., 2009; Paila and Chattopadhyay, 2009, 2010),
specific motifs for binding of cholesterol to GPCRs have not been identified. We
recently reported the presence of cholesterol recognition/interaction amino acid
consensus (CRAC) motifs in three representative GPCRs, namely, rhodopsin,
B,-adrenergic receptor, and the serotonin;, receptor (Fig. 12.5; Jafurulla et al.,
2011). These GPCRs have been shown to have cholesterol dependence for their
function. The CRAC motif represents a characteristic structural feature of pro-
teins that are believed to result in preferential association with cholesterol (Li
and Papadopoulos, 1998; Epand, 2006; Gimpl, 2010). Many proteins that interact
with cholesterol have characteristic CRAC motifs. The CRAC motif is defined
by the presence of the pattern -L/V-(X);_5-Y-(X),_s-R/K-, in which (X),_s rep-
resents between one and five residues of any amino acid. This motif has been
previously shown to be present in caveolin-1 (Epand et al., 2005), the peripheral-
type benzodiazepine receptor (Li and Papadopoulos, 1998; Li et al., 2001), the
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Figure 12.5 Putative cholesterol recognition/interaction amino acid consensus (CRAC)
motifs in transmembrane domains (TMDs) of rhodopsin, the B,-adrenergic receptor, and
serotonin, , receptor. See text for other details. Source: Adapted and modified from Jafu-
rulla et al. (2011).

HIV-1 transmembrane protein gp41 (Vincenta et al., 2002), and the mammalian
seminal plasma protein PDC-109 (Scolari et al., 2010).

Our analysis showed that while the sequences of rhodopsin and the serotonin;
receptor contain three CRAC motifs, the B,-adrenergic receptor sequence shows
two CRAC motifs (Fig. 12.5). Interestingly, the presence of a single CRAC motif
in type 1 cannabinoid receptor has been very recently reported (Oddi et al., 2011).

The serotonin;, receptor sequence contains CRAC motifs in putative trans-
membrane helices IT (residues 90—101), V (residues 208—-219), and VII (residues
394-405) (Fig. 12.5). The serotonin,, receptor is estimated to have differenti-
ated approximately 650 million years ago from the serotonin; receptor subfamily
in the time period during which vertebrates diverged from invertebrates (Per-
outka and Howell, 1994). Given the evolutionary significance of the serotonin;,
receptor, we further analyzed whether the CRAC motifs are conserved during the
natural evolution of the receptor. Interestingly, our analysis revealed that CRAC
motifs are inherent characteristic features of the serotonin; , receptor and are con-
served over evolution (Fig. 12.6; Jafurulla et al., 2011). The presence of CRAC
motifs in GPCRs such as the serotonin;, receptor provides support to specific
interaction of membrane cholesterol with GPCRs. This is further reinforced by
our recent results from receptor modeling studies in which we showed that the
serotonin, 4 receptor is more compact in the presence of cholesterol (Paila et al.,
2011). Importantly, a recent bioinformatic analysis of lipid-binding residues in
membrane proteins has shown that these residues experience strong selection
pressure during evolution (Adamian et al., 2011).

12,5 CONCLUSION AND THE ROAD AHEAD: IMPLICATIONS
IN PATHOGEN ENTRY

The crucial role played by membrane cholesterol in host—pathogen interactions
has been previously reported (Shin and Abraham, 2001; van der Goot and Harder,
2001; Simons and Ehehalt, 2002; Maiies et al., 2003; Goluszko and Nowicki,
2005; Riethmiiller et al., 2006; Pucadyil and Chattopadhyay, 2007b; van der
Meer-Janssen et al., 2010). For example, it has been previously shown that entry
of pathogens such as Mycobacterium bovis (Gatfield and Pieters, 2000), malaria
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Figure 12.6 (a) Multiple alignment of putative CRAC motifs (highlighted in blue) in
the serotonin;, receptor over various phyla across evolution. CRAC motifs are typical
sequences found in proteins that interact with cholesterol and are characterized by the
presence of the pattern -L/V-(X),;_s-Y-(X),_s-R/K-, in which (X),_5 represents between
one and five residues of any amino acid. The putative CRAC motifs appear to be well
conserved across species. A graphical representation displaying the quality of alignment,
with lighter shades representing higher quality, is shown in (b). See text for other details.
Source: Adapted and modified from Jafurulla et al. (2011). (See insert for color represen-
tation of the figure.)

parasite Plasmodium falciparum (Lauer et al., 2000), HIV type 1 (Liao et al.,
2001), and Leishmania donovani (Pucadyil et al., 2004b) are dependent on mem-
brane cholesterol content, and cholesterol depletion could lead to inhibition of
pathogen entry. The mechanism of such inhibition of pathogen entry on depletion
of membrane cholesterol remains elusive. Interestingly, GPCRs are implicated for
the entry of pathogens to host cells. For example, the B,-adrenergic receptor has
been shown to be responsible for the entry of malaria parasite P. falciparum into
host cells (Harrison et al., 2003). On the basis of our and others’ work on the
role of membrane cholesterol in maintaining receptor function, we propose that
the conformation of membrane receptors necessary for pathogen entry into cells
could be dependent on membrane cholesterol. Owing to the lack of membrane
cholesterol availability, these receptors assume a conformation(s) that does not
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support pathogen entry leading to inhibition in the entry of pathogens to host
cells. We plan to check this hypothesis in our future work.

GPCRs act as cellular signaling hubs, are involved in a multitude of phys-
iological functions, and represent important drug targets in all clinical areas.
Interestingly, although GPCRs represent 30—50% of current drug targets, only a
small fraction of GPCRs are presently targeted by drugs (Lin and Civelli, 2004).
This points out the exciting possibility that the receptors that are not recog-
nized yet could be potential drug targets for diseases that are difficult to treat
by currently available drugs. The realization that lipids such as cholesterol could
influence the function of GPCRs has remarkably transformed our idea regarding
the function of this important class of membrane receptors. Mutational analyses
of the amino acid residues involved in the cholesterol binding site of GPCRs
would provide further insight into membrane cholesterol dependence of recep-
tor function. In addition, membrane cholesterol dependence of neurotransmitter
receptors such as the serotonin;, receptor could be relevant in understanding
the influence of cholesterol-lowering agents such as statin on mood and anxiety
orders. This is particularly significant in the context of earlier observations that
symptoms of anxiety and major depression are apparent in patients on long-term
statin administration (Papakostas et al., 2004) and cortical cholesterol content is
found to be lower in mood disorders (Beasley et al., 2005). With progress in
elucidating molecular details on the nature of this interaction, our overall under-
standing of GPCR function in health and disease would improve significantly,
thereby enhancing our ability to design better therapeutic strategies to combat
diseases related to malfunctioning of these receptors.
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