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Synopsis

Biological membranes are complex non-covalent assemblies of a diverse variety of
lipids and proteins. They impart an identity to the cell and its organelles and provide an
appropriate milieu for the function of membrane proteins involved in signaling across the
membrane, cell-cell recognition, and membrane transport. Since a significant portion of
integral membrane proteins remains in contact with the membrane, and functional centers in
them are often buried within the membrane, the function of membrane proteins often depends
on the surrounding membrane environment. Lipid-protein interactions in membranes have
attracted a lot of attention in relation to the role of such interactions in assembly, stability,
and function of membrane proteins. Monitoring lipid-receptor interactions is of particular
importance because a cell has the ability of varying the lipid composition of its membrane in
response to a variety of stress and stimuli, thus changing the environment and the activity of
the receptors in its membrane. Cholesterol is a major representative lipid in higher eukaryotic
cellular membranes and is crucial in the organization, dynamics, function, and sorting of
membranes. Cholesterol is often found distributed nonrandomly in domains in biological
and model membranes. Many of these domains (sometimes termed as ‘lipid rafts’) are
believed to be important for the maintenance of membrane structure and function. The idea
of such specialized membrane domains assumes significance in cell biology since
physiologically important functions such as membrane sorting and trafficking and signal
transduction processes, in addition to the entry of pathogens, have been attributed to these
domains.  Specifically, cholesterol is known to play a vital role in the function and
organization of membrane proteins and receptors.

G-protein-coupled receptors (GPCRs) constitute a superfamily of the largest class of
transmembrane proteins whose function is to transmit information across the cell membrane
from the extracellular environment to the interior of cells, thereby providing a mechanism of

communication between the exterior and the interior of the cell. Cellular signaling by



GPCRs involves their activation upon binding to ligands and the subsequent transduction of
signals to the interior of the cell through concerted changes in their transmembrane domain
structure. GPCRs are prototypical members of the family of seven transmembrane domain
proteins and include >800 members which together constitute ~1-2% of the human genome.
It is estimated that ~50% of clinically prescribed drugs act as either agonists or antagonists of
G-protein coupled receptors which points to their immense therapeutic potential.
Interestingly, although GPCRs represent 30-50% of current drug targets, only a small
fraction of all GPCRs are presently targeted by drugs. For example, more than 100 out of
800 GPCRs encoded by the human genome remain ‘orphan’ receptors and most of these are
expressed in the central nervous system. This points out the exciting possibility that the
receptors those are not recognized yet could be potential drug targets for diseases which are
difficult to treat with currently available drugs.

The serotonin;s (5-HT)4) receptor is an important neurotransmitter receptor and is the
most extensively studied among the serotonin receptors. The serotonin;, receptor is the first
serotonin receptor to be cloned as an intronless genomic clone (G-21) of the human genome
which cross-hybridized with a full length B-adrenergic receptor probe at reduced stringency.
Sequence analysis of this genomic clone (later identified as the serotonin;s receptor gene)
showed ~43% amino acid homology with the B,-adrenergic receptor in the transmembrane
domain.

Cholesterol plays a vital role in the function and organization of membrane proteins
and receptors. The effect of cholesterol on the structure and function of integral membrane
proteins and receptors has been a subject of intense investigation (reviewed in chapter 1).
For example, it has been proposed that cholesterol can modulate the function of GPCRs in
two ways: (i) through a direct/specific interaction with the GPCR, which could induce a
conformational change in the receptor, or (ii) through an indirect way by altering the

membrane physical properties in which the receptor is embedded.



The focus of the work presented in this thesis is to understand the specificity of
membrane lipid interaction with proteins, which could modulate the function of membrane
proteins. In this regard, the function, organization and dynamics of the serotonin, receptor,
an important neurotransmitter G-protein coupled receptor, have been explored upon
modulation of membrane lipids such as cholesterol and sphingolipids. In addition, the
oligomerization status of the serotonin,s receptor was investigated under various conditions
such as ligand stimulation and membrane lipid alteration, using time-resolved fluorescence

anisotropy measurements in live cells. This synopsis provides a brief outline of these studies.

The cholesterol-complexing agent digitonin modulates ligand binding of the bovine
hippocampal serotonin, 4 receptor

Previous work from our laboratory has shown the requirement of membrane
cholesterol for the function of the serotonin;a receptor from the bovine hippocampus. This
was achieved by the use of methyl-B-cyclodextrin (MPCD) which physically depletes
cholesterol from membranes. If cholesterol is necessary for ligand binding of the serotonin;
receptor, modulating cholesterol availability by other means could lead to similar effects on
the serotonin; s receptor function. This proposal was tested by treating membranes with the
sterol-complexing agent digitonin which does not physically deplete membrane cholesterol,
yet would effectively reduce cholesterol-receptor interactions in the membrane due to
complexation and the results are decsribed in chapter 2. Digitonin is a plant glycoalkaloid
saponin detergent obtained from Digitalis purpurea. It forms water-insoluble 1:1 complexes
(termed ‘digitonides’) with cholesterol and other steroids, which possess a planar sterol
nucleus, a 3B-hydroxy-A° configuration and a hydrophobic side chain at C7.

The serotonin;, receptor is an important member of the superfamily of seven
transmembrane domain G-protein coupled receptors. Serotonergic signaling is involved in
the generation and modulation of various cognitive, behavioral and developmental functions

(reviewed in chapter 1). The modulatory role of cholesterol on ligand binding of the bovine



hippocampal serotonin;s receptor was examined by cholesterol complexation in native
membranes using digitonin. Complexation of cholesterol from bovine hippocampal
membranes using digitonin results in a concentration-dependent reduction in specific binding
of the agonist 8-OH-DPAT and antagonist p-MPPF to serotonin;s receptors. The
corresponding changes in membrane order were monitored by analysis of fluorescence
polarization data of the membrane depth-specific probes, DPH and TMA-DPH. These
results point out the important role of membrane cholesterol in maintaining the function of
the serotonin;, receptor. An important aspect of these results is that non-availability of free
cholesterol in the membrane due to complexation with digitonin, rather than physical
depletion is sufficient to significantly reduce the serootnin;, receptor function. These results
provide a comprehensive understanding of the effects of the sterol-complexing agent
digitonin in particular, and the role of membrane cholesterol in general, on the serotonin;a

receptor function.

Signaling by the human serotonin;, receptor is impaired in cellular model of the Smith-
Lemli-Opitz syndrome

The Smith-Lemli-Opitz Syndrome (SLOS) is a congenital and developmental
malformation syndrome associated with defective cholesterol biosynthesis. SLOS is
clinically diagnosed by reduced plasma levels of cholesterol along with elevated levels of 7-
dehydrocholesterol (and its positional isomer 8-dehydrocholesterol) and the ratio of their
concentrations to that of cholesterol. Since SLOS is associated with neurological deformities
and malfunction, exploring the function of neuronal receptors and their interaction with
membrane cholesterol under these conditions assumes significance. Chapter 3 describes the
work in which a cellular model of SLOS was generated using CHO cells stably expressing
the human serotonin;s receptor. This was achieved by metabolically inhibiting the
biosynthesis of cholesterol, utilizing a specific inhibitor (AY 9944) of the enzyme required in

the final step of cholesterol biosynthesis. We utilized this cellular model to monitor the



function of the human serotonin;s receptor under SLOS-like condition. Our results show
that ligand binding activity, G-protein coupling and downstream signaling of serotonina
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;s receptor. These results are
potentially useful in developing strategies for the future treatment of the disease since intake

of dietary cholesterol is the only feasible treatment for SLOS patients.

Metabolic depletion of sphingolipids impairs ligand binding and signaling functions of the
human serotonin; 4 receptor

Sphingolipids are essential and indispensable components of eukaryotic cell
membranes and constitute 10-20% of the total membrane lipids. Sphingolipids are thought to
be involved in the regulation of cell growth, differentiation, and neoplastic transformation
through participation in cell-cell communication, and possible interaction with receptors and
signaling systems. Sphingolipids such as sphingomyelin are regarded as reservoirs for
second messengers such as sphingosine, ceramide and sphingosine 1-phosphate.
Sphingolipids are abundant in the plasma membrane compared to intracellular membranes.
Their distribution in the bilayer appears to be heterogeneous, and it has been postulated that
sphingolipids and cholesterol occur in laterally segregated lipid domains. Chapter 4
describes the work in which sphingolipid levels in CHO cells stably expressing the human
serotonin;s receptor (CHO-5-HT,4R) were modulated by metabolically inhibiting the
biosynthesis of sphingolipids. In order to achieve this, FB, (a specific metabolic inhibitor of
ceramide synthase) was utilized. FB, treatment results in reduction of sphingomyelin levels.
The function of the human serotonin;, receptor under these conditions was explored by
monitoring ligand binding, G-protein coupling and downstream signaling of the receptor
along with lateral mobility measurements using Fluorescence Recovery After Photobleaching

(FRAP). Results show that the function of the serotoninjs receptor is impaired upon

vi



metabolic depletion of sphingomyelin. These results are significant since FB; induces a
number of diseases and could possibly even impair neurotransmission. Importantly, our
results provide novel evidence that sphingolipids are necessary for ligand binding and
downstream signaling of the human serotonin;s receptor. In addition, these results
demonstrate that the effect of sphingomyelin on the ligand binding function of the

serotonin; s receptor caused by the metabolic depletion of sphingolipids is reversible.

Oligomerization of the human serotonin, 4 receptor in live cells: A time-resolved fluorescence
anisotropy approach

A number of studies have demonstrated the capability of a variety of GPCRs to
interact and form functional ihomo-dimers or oligomers. Such oligomerization has been
assumed to be involved in the proper folding of receptors, thereby providing the framework
for efficient and controlled signal transduction. Importantly, recent structural data available
for GPCRs suggest that the surface area of GPCR monomer facing the cytosol is too small to
support for simultaneous interaction of a and P/y subunits of G-proteins. Based on this
consideration, it was suggested that one molecule of the G-protein trimer could be interfaced
with a homo-dimer in case of rhodopsin. In addition, it was reported that one G-protein
trimer binds the homo-dimer in case of the leukotriene B4 receptor. Yet, there is another
school of thought which envisages that the functional unit of GPCR could be a monomer.
For example, it has been argued that only one receptor molecule is capable of activating its
cognate G-protein in case of rhodopsin and the B,-adrenergic receptor. In spite of the wealth
of information accumulated for GPCR signaling and function, there appears to be no
consensus on their oligomeric status. In addition, it appears that it is not clear whether the
minimum signaling unit of GPCRs is a monomer or oligomer. Preformed oligomers of
certain GPCRs could serve as signaling platforms and may retain its multimeric status
throughout signaling. Other GPCRs could cycle through monomeric and multimeric states in

a ligand-regulated fashion.
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The serotonin; 4 receptor is an important G-protein coupled neurotransmitter receptor
which is a central player in a multitude of physiological processes, and serves as an important
target in the development of therapeutic agents for neuropsychiatric disorders. However, the
oligomerization status of this receptor is only beginning to be addressed. FRET
(Fluorescence Resonance Energy Transfer) is a widely used approach to address the
oligomerization status of GPCRs in cells. HomoFRET (ie., FRET between same
fluorophores) represents a useful approach to monitor aggregation of membrane-bound
molecules in general. HomoFRET can be monitored by change in fluorescence anisotropy.
Chapter 5 describes the results of experiments performed to address the issue of the
oligomerization status of the serotonin; receptor tagged to Enhanced Yellow Fluorescent
Protein (EYFP) in live cells under various conditions such as ligand stimulation and
membrane lipid modulation, utilizing time-resolved fluorescence anisotropy measurements
on cells under a fluorescence microscope. These measurements were performed upon acute
and metabolic deprivation of cholesterol and modulation of sphingolipid levels. The
anisotropy decay of the receptor stimulated by ligands was analyzed with the aim of
identifying and quantifying homo-FRET among receptor clusters. The anisotropy decay of
EYFP tagged to the human serotonin;, receptor upon conditions of acute and metabolic
cholesterol deprivation was monitored. Importantly, reduction in initial anisotropy (rin)
compared to that of control conditions, was observed upon acute cholesterol depletion,
implying that serotonin; receptors reorganize into higher oligomers upon acute cholesterol
depletion. These results are in overall agreement with previous results from our laboratory.
Interestingly, our results show that limiting anisotropy (rp) value in cells is significantly low
compared to the corresponding value in glycerol. This reduction could be attributed to rapid
and unresolved homo-FRET. A possible explanation for this could be homo-FRET in
preexisting constitutive oligomers of the receptor. These results could be useful in
understanding the effect of membrane lipid modulations and ligand stimulation on
serotonergic signaling mediated through this receptor.

vili



The human serotonin;, receptor expressed in neuronal cells: Toward a native environment
for neuronal receptors

The pharmacological and functional characterization of the human serotoninia
receptor stably expressed in HN2 cell line, which is a hybrid cell line between hippocampal
cells and mouse neuroblastoma, is described in chapter 6. These cells are referred to as HN2-
5-HTaR cells. Our results show that serotonin;, receptors in HN2-5-HT AR cells display
ligand binding properties that closely mimic binding properties observed with native
receptors. We further demonstrate that the differential discrimination of G-protein coupling
by the specific agonist and antagonist, a hallmark of the native receptor, is maintained for the
receptor in HN2-5-HT R cells. Importantly, the serotonin;a receptor in HN2-5-HT AR cells
shows efficient downstream signaling by reducing cellular cyclic AMP levels. These results
show that serotonin;, receptors expressed in HN2-5-HT 4R cells represent a useful model
system to study serotonin; s receptor biology, and is a potential system for solubilization and

purification of the receptor in native-like membrane environment.
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1.1. G-protein coupled receptors (GPCRs)

G-protein-coupled receptors (GPCRs) constitute a superfamily of the largest
class of transmembrane proteins whose function is to transmit information across the
cell membrane from the extracellular environment to the interior of cells, thereby
providing a mechanism of communication between the exterior and the interior of the
cell (Pierce et al., 2002; Kroeze et al., 2003; Perez, 2003). Cellular signaling by GPCRs
involves their activation upon binding to ligands and the subsequent transduction of
signals to the interior of the cell through concerted changes in their transmembrane
domain structure (Gether, 2000). GPCRs are prototypical members of the family of
seven transmembrane domain proteins and include >800 members which together
constitute ~1-2% of the human genome (Fredriksson and Schi6th, 2005). They are
involved in the generation of cellular responses to a diverse array of stimuli that include
biogenic amines, peptides, glycoproteins, lipids, nucleotides, and even photons. As a
consequence, these receptors mediate multiple physiological processes such as
neurotransmission, cellular metabolism, secretion, cellular differentiation, growth,
inflammatory and immune responses. GPCRs have therefore emerged as major targets
for the development of novel drug candidates in all clinical areas (Schlyer and Horuk,
2006; Jacoby et al., 2006; Insel et al., 2007). It is estimated that ~50% of clinically
prescribed drugs act as either agonists or antagonists of GPCRs which points to their
immense therapeutic potential (Karnik er al., 2003). Interestingly, although GPCRs
represent 30-50% of current drug targets, only a small fraction of all GPCRs are
presently targeted by drugs (Lin and Civelli, 2004). For example, more than 100 out of
800 GPCRs encoded by the human genome remain ‘orphan’ receptors and most of these
are expressed in the central nervous system (Huber ef al., 2008). This points out the
exciting possibility that the receptors those are not recognized yet could be potential

drug targets for diseases which are difficult to treat by currently available drugs.



Chapter 1. Introduction

J Analysis of the entire superfamily of GPCRs in the human genome indicates the
presence of five main families, namely the glutamate, rhodopsin, adhesion,
frizzled/taste2, and secretin families (collectively referred to as the GRAFS
classification system) with the members of each family displaying a common
evolutionary origin (Fredriksson and Schitth, 2005). The GRAFS classification system
is more representative of the entire repertoire of GPCRs coded by a single mammalian
species than the previously used A-E classification system which analyzed GPCRs based
on the occurrence of seven transmembrane receptors from several species (Kolakowski,
1994; Karnik et al., 2003). The rhodopsin family constitutes the largest number of
GPCRs with 701 receptors of the total of ~800 GPCRs present in the human genome.
The members of this family possess several characteristics such as the Asn-Ser-X-X-
Asn-Pro-X-X-Tyr motif in the transmembrane domain VII of the receptor. This motif is
involved in maintaining receptors in an inactive conformation through hydrogen
bonding interactions with residues in the transmembrane domains I, II and III of the
receptor. These receptors also possess the Asp/Glu-Arg-Tyr/Phe motif at the interface
of transmembrane domain IIl and the second intracellular loop that is involved in
activation of G-proteins. The ligands for most of the rhodopsin family of receptors bind
in a cavity within the transmembrane region (Baldwin, 1994). These include odorants,
prostaglandins, and small biogenic amines such as serotonin and melatonin. The
glutamate family comprises of 15 members that includes the metabotropic glutamate and
GABA receptors. The ligand recognition domain in the metabotropic glutamate is found
in the extracellular N-terminus domain. The frizzled/taste 2 group contains 24 members.
This group includes two distinct clusters, the frizzled receptors and taste 2 receptors.
The frizzled receptors bind the glycoprotein Wnt and control cell fate, proliferation, and
polarity during vertebrate development. The taste 2 receptors clearly show the presence
of seven hydrophobic regions in a hydrophobicity plot but have a very short N-terminus

that is unlikely to contain a ligand-binding domain. The secretin family comprises of 15 #
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members and bind large homologous peptides that most often act in a paracrine manner.
The adhesion receptor family consists of 24 members that contain GPCR-like
transmembrane-spanning regions fused together with one or several functional domains
with adhesion-like motifs in the N-terminus, such as EGF-like repeats, mucin-like
regions, and conserved cysteine-rich motifs (Pucadyil and Chattopadhyay, 2006). 4
GPCRs primarily transmit signals across the plasma membrane via their
interactions with heterotrimeric G-proteins present on the cytoplasmic side of the cell
membrane (Neer, 1995; Hamm, 2001). Heterotrimeric G-proteins are composed of o,
and vy subunits, with molecular masses of ~39-45, 35-39, and 6-8 kDa, respectively. To
date, at least 28 distinct G-protein o subunits, 5 different B, and 12 different y subunits
have been described (Cabrera-Vera et al., 2003). Heterotrimeric G-proteins can be
divided into four families based on the degree of primary sequence similarities of their a
subunits: Gs (Gs and Goi), Gi (Gir, G, Gg, Git3, Go, and Gy), Gq (Gg, Gi1, Gus, and
Gisne), and Gz (G2 and Gy3). These heterotrimeric G-proteins follow the same scheme
of activation/inactivation cycle allowing reversible and specific transmission of signals
into cells. The G-protein heterotrimer is maintained in an inactive state by mutual
association in a complex, with the o subunit bound to a GDP moiety. Although a GDP-
bound a subunit is able to bind to the receptor without Py, its association with the
receptor is greatly enhanced by the presence of By. Upon binding to the agonist, the
receptor undergoes a conformational change resulting in increased affinity for the G-
protein. The conformational change in the receptor acts as a switch to release GDP from
the Go subunit. Since the concentration of GTP is much higher than GDP under
physiological conditions, GTP immediately replaces GDP. The activated state lasts until
GTP is hydrolyzed to GDP by the intrinsic GTPase activity of Ga. subunits. Exchange
of GDP for GTP on the a subunit leads to dissociation/reorganization (Frank et al.,
2005) of the heterotrimeric G-protein complex that facilitates transduction of signals to

effector molecules such as adenylyl cyclase, phospholipases, and ion channels (Pierce et
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al., 2002). The multiple components of GPCR signal transduction such as different
types of receptors and G-protein- subunits provide cells with enough flexibility to
customize their responses to a diverse array of ligands such as hormones,
neurotransmitters, and pharmacological agonists. In addition, recent evidence suggests
that GPCRs are capable of transducing signals across the plasma membrane through
alternative mechanisms such as by activating Jak2 kinase, phospholipase Cy, or protein
kinase C via direct interaction with the receptor (Ji ef al., 1998; Hall et al., 1999).

The membrane organization of GPCRs assumes significance in the light of their
role in health and disease. Interestingly, the efficiency of signal transduction processes
carried out by GPCRs appears to be influenced by the local composition and
organization of lipids within the plasma membrane (Ostrom and Insel, 2004). It has
been proposed that the G-protein coupled receptors are not uniformly present on the
plasma membrane but are concentrated in specific membrane microdomains (Ostrom et
al., 2000; Ostrom, 2002). It has been shown that some of these domains are enriched in
cholesterol (Ostrom and Insel, 2004). For example, it has been reported that serotoninya
receptors are localized in cholesterol-enriched membrane microdomains (caveolae) and
serotonergic signaling induced by serotonin;s receptors depends on the membrane
cholesterol content (Dreja et al., 2002) and on caveolin-1, a scaffolding protein found in
caveolae (Bhatnagar ef al., 2004). Localization of GPCRs into domains has given rise to
new challenges and complexities in receptor signaling since signaling has to be
understood in context of the three dimensional organization of various signal

transduction components which include receptors and G-proteins (Ostrom et al., 2000).

1.2. Membrane cholesterol
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Biological membranes are complex non-covalent assemblies of a diverse variety
of lipids and proteins that allow cellular compartmentalization thereby imparting an
identity to the cell and its organelles. Since a significant portion of integral membrane
proteins remains in contact with the membrane bilayer (Lee, 2003), and reaction centers
in them are often buried within the membrane, the structure and function of membrane
proteins often depend on their interactions with surrounding lipids (Palsdottir and Hunte,
2004; Lee, 2004). Cholesterol is a major representative lipid in higher eukaryotic
cellular membranes and is crucial in the organization, dynamics, function, and sorting of
membranes (Liscum and Underwood, 1995; Simons and Ikonen, 2000). Cholesterol is a
predominantly hydrophobic molecule comprising a near planar tetracyclic fused steroid
ring and a flexible isooctyl hydrocarbon tail (see Figure 1.1a). The 3B-hydroxyl moiety
provides cholesterol its amphiphilic character, thereby orienting it in the membrane
bilayer with its long axis perpendicular to the plane of the membrane (see Figure 1.1b).

[/ Interestingly, it has been reported that tail-to-tail cholesterol dimers spanning the two
leaflets of the membrane bilayer can be formed under certain conditions (Harris et al.,
1995; Mukherjee and Chattopadhyay, 1996, Loura and Prieto, 1997; Tulenko et al.,
1998; Rukmini et al., 2001; Mason ef al., 2003).4 Cholesterol is often found distributed
nonrandomly in domains in biological and model membranes (Liscum and Underwood,
1995; Simons and Ikonen, 1997, 2000; Schroeder et al., 1995; Xu and London, 2000;
Mukherjee and Maxfield, 2004). Many of these domains (sometimes termed as ‘lipid
rafts’) are believed to be important for the maintenance of membrane structure and
function. The idea of such specialized membrane domains assumes significance in cell
biology since physiologically important functions such as membrane sorting and
trafficking (Simons and van Meer, 1988) and signal transduction processes (Simons and
Toomre, 2000), in addition to the entry of pathogens (Simons and Ehehalt, 2002;
Pucadyil and Chattopadhyay, 2007a), have been attributed to these domains.

Specifically, cholesterol is known to play a vital role in the function and organization of
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membrane proteins and receptors (Burger e al., 2000; Pucadyil and Chattopadhyay,

2006).
(a)
Flexible alkyl chain
|
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group Rigid sterol ring
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Figure 1.1. Chemical structure and membrane orientation of cholesterol. Three
structurally distinct regions are shown as shaded boxes in panel (a): the 3B-hydroxyl
group, the rigid steroid ring, and the flexible alkyl chain. The 3B-hydroxyl moiety is the
only polar group in cholesterol thereby contributing to its amphiphilic character and
helps to orient and anchor it in the membrane. Panel (b) shows the schematic orientation
of cholesterol in relation to a phospholipid molecule in a lipid bilayer. The rigid and
near planar steroid ring contributes to the ordering effect of cholesterol in phospholipid
bilayers due to the restriction in motion imposed by it to adjacent phospholipid fatty acyl
chains. The flexible alkyl chains extend into the hydrophobic core of the membrane.
Reproduced from Chattopadhyay and Paila, 2007.
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Interestingly, a strong asymmetry exists even in the manner cholesterol is
distributed among Varioﬁs organs in the body of higher eukaryotes. For example, the
central nervous system which accounts for only 2% of the body mass contains ~25% of
free cholesterol present in the whole body (Dietschy and Turley, 2001). Although the
brain is highly enriched in cholesterol and important neuronal processes such as
synaptogenesis require cholesterol (Mauch et al., 2001), the organization and dynamics
of brain cholesterol is still poorly understood (Wood ef al., 1999). Brain cholesterol is
synthesized in situ (Kabara, 1973) and is developmentally regulated (Turley ef al.,
1998). The organization, traffic, and dynamics of brain cholesterol are stringently
controlled since the input of cholesterol into the central nervous system is almost
exclusively from in situ synthesis as there is no evidence for the transfer of cholesterol
from blood plasma to brain (Dietschy and Turley, 2001). As a result, a number of
neurological diseases share a common etiology of defective cholesterol metabolism in
the brain (Porter, 2002; Chattopadhyay and Paila, 2007). The recent increase in the
number of studies in understanding the mechanisms by which cholesterol metabolism in
the brain is regulated could be attributed to the fact that defects in cholesterol
homeostasis in the brain have been linked to development of several neurological
disorders such as Alzheimer’s disease, Niemann-Pick type C disease and the Smith-
Lemli-Opitz syndrome (Vance et al., 2005). In the Smith-Lemli-Opitz syndrome, for
example, the marked abnormalities in brain development and function leading to serious
neurological and mental dysfunctions have their origin in the fact that the major input of
brain cholesterol comes from the in situ synthesis and such synthesis is defective in this
syndrome (Waterham and Wanders, 2000). In view of the importance of cholesterol in
relation to membrane domains (Rukmini et al., 2001; Liscum and Underwood, 1995;
Simons and lkonen, 1997, 2000; Schroeder et al., 1995; Xu and London, 2000;
Mukherjee and Maxfield, 2004), the effect of alteration in the cholesterol content of

neuronal membranes on membrane dynamics and receptor function represents an
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important determinant in the analysis of neurogenesis and several neuropathologies.
The interaction between cholesterol and other membrane components (such as receptors)
in the brain therefore assumes relevance for a comprehensive understanding of brain

function.

1.3. Effect of membrane cholesterol on the function of GPCRs: general
or specific effect ?

Membrane cholesterol has been shown to modulate the function of a number of
GPCRs. From the available data on the role of cholesterol on GPCR function (see Table
1.1), it appears that there is a lack of consensus in the manner in which cholesterol
modulates receptor function. For example, while cholesterol is found to be essential for
the proper function of several GPCRs, the function of rhodopsin has been shown to be
inhibited by the presence of cholesterol. This brings out the necessity for a detailed
mechanistic analysis of the effects of cholesterol on the specific receptor system. A
critical analysis of some of the available literature on the role of membrane cholesterol
in GPCR function, with an overall objective to distinguish specific and general effects, is
provided below.

Cholesterol plays a vital role in the function and organization of membrane
proteins and receptors (Burger et al., 2000; Pucadyil and Chattopadhyay, 2006). The
effect of cholesterol on the structure and function of integral membrane proteins and
receptors has been a subject of intense investigation (Burger et al., 2000; Pucadyil and
Chattopadhyay, 2006). For example, it has been proposed that cholesterol can modulate
the function of GPCRs in two ways: (i) through a direct/specific interaction with the
GPCR, which could induce a conformational change in the receptor (Gimpl et al.,
2002a,b), or (11) through an indirect way by altering the membrane physical properties
in which the receptor is embedded (Ohvo-Rekild ef al., 2002; Lee, 2004) or due to a

9
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Table 1.1

Effect of membrane cholesterol on the function of GPCRs

GPCR References
Rhodopsin (Straume and Litman, 1988; Mitchell ef al., 1990;
Albert and Boesze-Battaglia, 2005)
Cholecystokinin (CCK) (Gimpl et al., 1997; Burger et al., 2000;
Harikumar et al., 2005)
Galanin (GAL2) (Pang et al., 1999)

Serotoninga (S-HT4)

Serotonin; (5-HT5)
Metabotropic glutamate®
& Opioid

k Opioid

p Opioid

Oxytocin

,-adrenergic

Chemokine (CXCR4, CCRS)
Neurokinin (NK1)
Cannabinoid (CB1)

M, Muscarinic

(Pucadyil and Chattopadhyay, 2004a, 2005, 2006;
Paila et al., 2005, 2008)

(Sjogren et al., 2006)
(Eroglu et al., 2002, 2003)
(Huang et al., 2007)

(Xu et al., 2006)

(Lagane et al., 2000)

(Gimpl ez al., 1995, 1997, 2002b;
Fahrenholz et al., 1995; Klein et al., 1995)

(Kirilovsky and Schramm, 1983; Kirilovsky et al.,
1987; Ben-Arie et al., 1988)

(Nguyen and Taub, 2002a,b, 2003)
(Monastyrskaya et al., 2005; Meyer ef al., 2006)
(Bari et al., 2005a,b)

(Colozo et al., 2007)

*These studies were carried out in the Drosophila eye where the major sterol present is ergosterol

10
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combination of both factors. There could be yet another manner in which membrane
cholesterol could affect structure and function of membrane proteins. For example, it
has been reported that for the nicotinic acetylcholine receptor (which requires
cholesterol for its function), cholesterol is proposed to be present at the ‘nonannular’
sites around the receptor (Jones and McNamee, 1988). These nonannular sites, initially
postulated for Ca2+/Mg2+-ATPase (Lee et al., 1982; Simmonds et al., 1982), are
characterized by occlusion of phospholipids. It has been suggested that the possible
locations for the nonannular sites could be either inter- or intramolecular protein
interfaces (Simmonds et al., 1982). In the context of GPCREs, it is interesting to note that
many GPCRs are believed to function as oligomers (Park ef al., 2004).

GPCRs such as oxytocin and cholecystokinin (CCK) receptors have been shown
to require membrane cholesterol for their function (Gimpl et al., 1995, 1997, 2002a,b;
Harikumar et al., 2005; Fahrenholz et al., 1995; Klein ef al., 1995). Interestingly, while
the interaction between the oxytocin receptor and cholesterol is believed to be specific,
the function of the CCK receptor appears to be dependent on the physical properties of
membranes which are a function of cholesterol content. This is demonstrated by the fact
that these receptors displayed different types of correlation, when fluorescence
anisotropy of the popular membrane probe DPH was correlated with the ligand binding
activity. In case of the CCK receptor, ligand binding showed linear increase with
measured anisotropy values (Gimpl ef al., 1997). In contrast to this, the ligand binding
activity of the oxytocin receptor showed a slight reduction with cholesterol depletion
followed by a sharp decline when the membrane cholesterol content reached a certain
critical level (~57% of the original cholesterol content). This shows that membrane

“cholesterol could affect the ligand binding activity of the oxytocin receptor by a
cooperative mechanism. Hill analysis of cholesterol content vs. ligand binding revealed
that the oxytocin receptor binds several molecules of cholesterol (n > 6) in a positive

cooperative manner (Burger ef al., 2000; Gimpl et al., 2002b). These conclusions are

11
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further supported by structure-activity analysis of the oxytocin and cholecystokinin
receptor using a variety of cholesterol analogues substituting for membrane cholesterol
(Gimpl et al., 1997). In order to assess the specific structural features of cholesterol that
are required to maintain the high-affinity state of the oxytocin receptor, cyclodextrins
were used to replenish cholesterol-depleted membranes with a broad range of cholesterol
analogues that were subtly different from cholesterol either in the headgroup, the steroid
ring, or in the hydrocarbon tail. Interestingly, ligand binding of the oxytocin receptor
could be restored only with certain analogues, thereby indicating a specific structural
feature in cholesterol to support receptor function. Although cholesterol depletion
reduces ligand binding to the cholecystokinin receptor, this effect could be reversed with
most analogues of cholesterol that could restore membrane order. The ligand binding of
the CCK receptor therefore was supported by each of the cholesterol analogue and was
well correlated with the corresponding fluorescence anisotropy values. Similar effects on
the oxytocin receptor could be demonstrated only with certain analogues that structurally
resembled cholesterol in some critical features. Taken together, this data provide
support for a specific molecular interaction between the oxytocin receptor and
cholesterol. Further, molecular modeling studies have indicated a putative docking site
(involving residues on the surface of transmembrane segments V and VI) for cholesterol
in the oxytocin receptor that is absent in the CCK receptor (Politowska et al., 2001). In
addition, it has been reported that cholesterol stabilizes the oxytocin receptor against
thermal inactivation and protects the receptor from proteolytic degradation (Gimpl and
Fahrenholz, 2002). It has also recently been shown that cholesterol promotes
cooperativity in the binding of ligands to the M, muscarinic receptor (Colozo et al.,
2007).

Pang et al. (1999) have shown that membrane cholesterol is required for ligand
binding of the subtype 2 galanin receptor (GalR2) and intracellular signaling of the

receptor. The role of membrane cholesterol in modulating ligand binding to the galanin
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receptor was examined by treating membranes with MBCD or by culturing cells
expressing the receptor in lipoprotein-deficient serum. These studies revealed a marked
reduction in galanin binding to the receptor in cholesterol-deficient membranes.
Importantly, replenishment of cholesterol to cholesterol-depleted membranes restored
galanin binding to normal levels. This interaction appears to be specific to cholesterol,
as only a limited number of cholesterol analogues were able to rescue galanin binding.
In addition, treatment of membranes with filipin, a cholesterol-binding agent, or with
cholesterol oxidase markedly reduced galanin binding. Hill analysis suggested that
several molecules of cholesterol (n>3) could bind in a positively cooperative manner to

GalR2 (Pang et al., 1999).

1.4. Cholesterol and nonannular lipids in the function of membrane
proteins

The role of dynamic lipid-protein interactions in regulating the structure and
functional activity of membrane proteins has been extensively studied using a variety of
spectroscopic approaches (Devaux and Seigneuret, 1985). Integral membrane proteins
are surrounded by a shell or annulus of lipid molecules which mimics the immediate
layer of solvent surrounding soluble proteins (Jost ef al., 1973; Lee, 2003). These are
termed ‘annular’ lipid around the membrane protein. After several years of moderate
controversy surrounding the interpretation of spectroscopic data, it later became clear
that the annular lipids are exchangeable with bulk lipids (Figure 1.2; Devaux and
Seigneuret, 1985). The rate of exchange of lipids between the annular lipid shell and the
bulk lipid phase was shown to be approximately an order of magnitude slow than the
rate of exchange of bulk lipids resulting from translational diffusion of lipids in the
plane of the membrane. It therefore appears that exchange between annular and bulk
lipids is slightly slower since lipid-protein interaction is favorable compared to lipid-
lipid interaction. However, the difference in interaction energy is modest, consistent

13
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with the observation that lipid-protein binding constants (affinity) depend weakly on
lipid structure (Lee, 2003). Interestingly, the two different types of lipid environments
(annular and bulk) can be readily detected using electron spin resonance (ESR)
spectroscopy (Marsh, 1990). In addition to the annular lipids, there is evidence for other
lipid molecules in the immediate vicinity of integral membrane proteins. These are
termed as ‘nonannular’ lipids (Figure 1.2). Nonannular sites are characterized by lack of
accessibility to the annular lipids, i.e., these sites cannot be displaced by competition
with annular lipids. This is evident from analysis of fluorescence quenching of intrinsic
tryptophans of membrane proteins by phospholipid or cholesterol covalently labeled
with bromine (Jones and McNamee, 1988; Simmonds ef al., 1982), which acts as a
quencher due to the presence of the heavy bromine atom (Chattopadhyay, 1992). These
results signify that nonannular lipid binding sites remain vacant even in the presence of
annular lipids around the protein (Marius et al., 2008). Although not shown
experimentally yet, the exchange of lipid molecules between nonannular sites and bulk
lipids would be relatively slow compared to the exchange between annular sites and bulk
lipids, and binding to the nonannular sites is considered to be more specific compared to
annular binding sites (Lee, 2003).

The location of the postulated nonannular sites represents an intriguing question. It
has been suggested that the possible locations for the nonannular sites could be either
inter or intramolecular (interhelical) protein interfaces (Figure 1.2), characterized as
deep clefts (or cavities) on the protein surface (Simmonds et al., 1982; Marius et al.,
2008). For example, in the crystal structure of the potassium channel KcsA from S
lividans, one of the best understood ion channels, a negatively charged lipid molecule
was found to be bound as ‘anionic nonannular’ lipid at each of the protein-protein
interface in the homotetrameric structure (Marius et al., 2005). These nonannular sites
show high selectivity for anionic lipids over zwitterionic lipids, and it has been proposed

that the change in the nature of the nonannular lipid results in a change in packing at the
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Table 1.2. Number of annular and nonannular lipid molecules associated with membrane proteins

Membrane protein Annular lipids Nonannular lipids Reference
Intraprotein Interprotein

(a) G-protein coupled receptors

*Rhodopsin 24 Watts et al., 1979

dMetarhodopsin I 1 (nonannular ?) Ruprecht et al., 2004

48,-adrenergic receptor 2 (nonannular ?) 6 (nonannular ?) Cherezov et al., 2007;

Hanson et al., 2008

(b) Other proteins

*Ca’*/Mg*? ATPase 32 at 0 °C (22 at 37 °C) East et al., 1985

*“Nicotinic acetylcholine 45 10 Ellena et al., 1983;

receptor (pentamer) Jones et al., 1988;
Jones & McNamee, 1988

®Gramicidin A 3-4 Kéta et al., 2004

(monomer)

“Potassium channel KcsA 3 Marius et al., 2005, 2008

(homotetramer)

®MscL from 30 Powl et al., 2007

Mycobacterium tuberculosis

15



*Na"/K*-ATPase from 66
Squalus acanthus (dimer)

*Yeast cytochrome oxidase 55
*Human erythrocyte 29
glycophorin

Bacteriorhodopsin 6
quuaporin-O : 7

(per momoner)
Y east cytochrome b, complex

dCytochrome oxidase
from Paracoccus denitrificans

YE. coli succinate dehydrogenase 1

Photosynthetic reaction center
from Thermochromatium tepidum

YADP/ATP carrier from 7
mitochondria

Chapter 1. Introduction

Esmann et al., 1985

Knowles et al., 1979

Yeagle, 1982

Lee, 2004

Hite et al., 2008

Lange et al., 2001

Lee, 2004

Yankovskaya et al., 2003

Nogi et al., 2000

Lee, 2004

*from ESR

® from *'P NMR

“from fluorescence quenching
from electron crystallography
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(b)

Figure 1.2. A schematic representation of (a) a membrane embedded seven
transmembrane domain protein, (b) the top view of a multisubunit (or oligomeric) inte-
gral membrane protein, showing various classes of lipids in the vicinity of the protein.
Annular lipids (shown in red) represent the shell (or annulus) of lipid molecules which
mimics the immediate layer of solvent surrounding soluble proteins. The annular lipids
are in dynamic equilibrium (exchangeable) with bulk lipids (shown in green). The rate of
exchange of lipids between the annular lipid shell and the bulk lipid phase is
approximately an order of magnitude slow than the rate of exchange of bulk lipids.
Annular and bulk lipids can be readily detected using Electron Spin Resonance (ESR)
spectroscopy. Nonannular lipids (shown in blue) are characterized by lack of accessibil-
ity to annular lipids. Nonannular lipids can be distinguished from annular lipids by
analysis of fluorescence quenching measurements of intrinsic tryptophans in membrane
proteins by phospholipid or cholesterol covalently labeled with bromine. Interestingly,
lipid molecules resolved in high resolution crystal structures of membrane proteins are
likely to be nonannular lipids (Lee, 2004). It has been implicated from the recently
reported crystal structure of the B2-adrenergic receptor (a representative member of the G-
protein coupled receptor superfamily) that cholesterol molecules located at the
interhelical/interprotein regions of the receptor could represent nonannular lipids (Paila et
al., 2009). See text for details.
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protein-protein interface which modulates the open channel . probability and its
conductance. Interestingly, the relationship between open channel probability of KcsA
and negative phospholipid content exhibits cooperativity. This is consistent with a model
in which the nonannular sites in the KcsA homotetramer have to be occupied by anionic
lipids for the channel to remain open (Marius ez al., 2008). This example demonstrates the
crucial requirement of nonannular lipids in the function of membrane proteins and the
stringency associated with regard to specificity of nonannular lipids. In addition to
nonannular lipids, another class of lipids have been suggested to reside within a membrane
protein complex and these lipids could have an important role in proper folding and
assembly of membrane proteins. These lipids are termed integral protein lipids. For
example, phosphatidylinositol was observed as an integral protein lipid in the crystal
structure of the yeast cytochrome bc; complex (Palsdottir and Hunte, 2004). However, the
distinction between the above definition of nonannular lipids and integral protein lipids is

somewhat arbitrary.

1.5. Presence of specific (nonannular ?) cholesterol binding sites in the
crystal structures of GPCRs

(i) Rhodopsin

Rhodopsin, the photoreceptor of retinal rod cells, undergoes a series of
conformational changes upon exposure to light. The light activated receptor exists in
equilibrium with various intermediates collectively called metarhodopsins. The state of
equilibrium is sensitive to the presence of cholesterol in the membrane (Straume and
Litman, 1988; Mitchell et al., 1990; Bennet and Mitchell, 2008). An increase in the

amount of cholesterol in the membrane shifts this equilibrium toward the inactive
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ji,-adrenergic
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o~
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Figure 1.3. Presence of tightly bound cholesterol molecules in the transmembrane regions in the
recently reported crystal structures of metarhodopsin I (panel a) and human [3,-adrenergic receptor
(panels b and c). Panel (a) shows side view of metarhodopsin I showing cholesterol between
transmembrane helices. Notice the close proximity of tryptophan residues (W161 and W265) to
cholesterol, independently confirmed by FRET studies (see text for more details). Reproduced
from Ruprecht et al., 2004. Panel (b) depicts the structure of the human f,-adrenergic receptor
(shown in blue) bound to the partial inverse agonist carazolol (in green) embedded in a lipid
bilayer. Cholesterol molecules between two receptor molecules are shown in orange (reproduced
from Cherezov et al., 2004). Panel (c) shows the Cholesterol Consensus Motif (CCM) in the 3.-
adrenergic receptor (bound to the partial inverse agonist timolol) crystal structure. The side chain
positions of the [3,-adrenergic receptor and two bound cholesterol molecules are shown. Residues
at positions 4.39-4.43 fulfills the CCM requirement (if one or more of these positions contains an
arginine or lysine residue) and constitute site 1 (shown in blue) toward the cytoplasmic end of
transmembrane helix IV. Site 2 (in cyan) represents the most important site at position 4.50 on
transmembrane helix IV since it is the most conserved site with tryptophan occupying this position
in 94% of class A GPCRs. The other choice of amino acid for this site is tyrosine. Site 3 (in
green) at position 4.46 on transmembrane helix IV satisfies the CCM requirement if isoleucine,
valine, or leucine occupy the position. Site 4 (in orange) on transmembrane helix II is at position
2.41 and can be either phenylalanine or tyrosine (reproduced from Hanson et al., 2008).
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conformation of the protein. Direct interaction between rhodopsin and cholesterol has
been monitored utilizing fluorescence resonance energy transfer (FRET) between
tryptophan residues of rhodopsin (donor) and a fluorescent cholesterol analogue,
cholestatrienol (acceptor) (Albert et al., 1996). In this work, replenishment of cholesterol
or ergosterol into cholesterol-depleted rod outer segment disk membranes was carried out
and their ability to inhibit the quenching of donor tryptophan fluorescence was monitored.
Interestingly, cholesterol was able to inhibit tryptophan quenching, whereas in presence of
ergosterol, quenching was observed due to energy transfer between tryptophan residues of
rhodopsin and cholestatrienol, indicating a specific interaction between rhodopsin and
cholesterol. In addition, it was postulated that one cholesterol molecule per rhodopsin
monomer would be present at the lipid-protein interface (Albert et al., 1996). This was
supported by the crystal structure of a photo-stationary state, highly enriched in
metarhodopsin I, which shows a cholesterol molecule between two rhodopsin monomers,
which could possibly represent a nonannular site for cholesterol binding (Ruprecht ef al.,
2004, see Figure 1.3a). In addition, cholesterol was reported to improve the reliability and
yield of crystallization. In this structure, cholesterol is shown to be oriented with its
tetracyclic ring aligned normal to the membrane bilayer. Interestingly, these authors
proposed that some of the tryptophans in transmembrane helices would be able to interact
with the cholesterol tetracyclic ring. Recently reported crystallographic structures of the

B.-adrenergic receptor have shown similar interactions.

(ii) P,-adrenergic receptor
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In general, lipid molecules that are resolved in crystal structures of membrane
proteins are tightly bound. These lipid molecules, which are preserved even in the crystal
structure, are often localized at protein-protein interfaces in multimeric proteins and belong
to the class of nonannular (sometimes termed as ‘co-factor’) lipids (Lee, 2003, 2005).
Cholesterol has been shown to improve stability of GPCRs such as the P;-adrenergic
receptor (Yao and Kobilka, 2005), and appears to be a necessary component for
crystallization of the receptor since it is believed to facilitate receptor-receptor interaction
and consequent oligomerization (Cherezov et al., 2007). The cholesterol analogue,
cholesterol hemisuccinate, has recently been shown to stabilize the (3;-adrenergic receptor
against thermal inactivation (Hanson et al., 2008). Since a possible location of the
nonannular sites is interprotein interfaces (Simmonds et al., 1982; Jones and McNamee,
1988), it is possible that cholesterol molecules located between individual receptor
molecules (Figure 1.3b) occupy nonannular sites and modulate receptor structure and
function. Importantly, the recent crystal structure of the f,-adrenergic receptor has
revealed structural evidence of a specific cholesterol binding site (Figure 1.3c, Hanson et
al., 2008). The crystal structure shows a cholesterol binding site between transmembrane
helices I, II, III and IV with two cholesterol molecules bound per receptor monomer. The
cholesterol binding site appears to be characterized by the presence of a cleft located at the
membrane interfacial region. Both cholesterol molecules bind in a shallow surface groove
formed by segments of the above mentioned helices (I, II, II and IV), thereby providing an
increase in the intramolecular occluded surface area, a parameter often correlated to the
enhanced thermal stability of proteins (DeDecker et al., 1996). Calculation of packing
values of various helices in the [3;-adrenergic receptor which are involved in the
cholesterol interacting site showed that the packing of transmembrane helices IV and II

e 5721494
TH 16514 s

P Me_
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increases upon cholesterol binding, which would restrict their mobility rendering greater
thermal stability to the protein (Hanson ef al., 2008).

It has been recently proposed that cholesterol binding sequence or motif should
contain at least one aromatic amino acid which could interact with ring D of cholesterol
(Hanson et al., 2008) and a positively charged residue (Epand et al., 2006; Jamin et al.,
2005) capable of participating in electrostatic interactions with the 33-hydroxyl group. In
the crystal structure of the [B;-adrenergic receptor, three amino acids in transmembrane
helix IV, along with an amino acid in transmembrane helix II, have been shown to
constitute a cholesterol consensus motif (CCM, see Figure 1.3c). The aromatic Trp 158*%°
(according to the Ballesteros-Weinstein numbering system (Ballesteros and Weinstein,
1995) is conserved to a high degree (~94%) among rhodopsin family GPCRs and appears
to contribute the most significant interaction with ring D of cholesterol (Hanson et al.,
2008). In this structure, the hydrophobic residue Ile154*“® would interact with rings A and
B of cholesterol and is largely conserved (~60%) in rhodopsin family GPCRs. The

0**' in transmembrane helix Il could interact with ring A of

aromatic residue Tyr7
cholesterol and with Argl51** of transmembrane helix IV through hydrogen bonding.
The criterion of specific residues in CCM (as described above) could be somewhat
broadened by conservative substitutions of amino acids.

The above description of CCM in the recently reported crystal structure of the B,-
adrenergic receptor raises the interesting possibility of the presence of putative nonannular
binding sites in transmembrane interhelical locations in GPCRs. Interestingly, it was
previously proposed from quenching analysis of intrinsic tryptophan fluorescence in the

nicotinic acetylcholine receptor by brominated lipids and cholesterol analogues, that there

could be 5-10 nonannular sites per ~250,000 dalton monomer of the receptor (Jones and
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Figure 1.4. A schematic representation of the membrane embedded human serotonin,, receptor
showing its topological and other structural features. The membrane is shown as a bilayer of
phospholipids and cholesterol, representing typical eukaryotic membranes. The transmembrane
helices of the receptor were predicted using TMHMM2. The predictions were confirmed by other
programs such as MEMSTAT, SPLIT4 and HMMTOP?2 (it has been earlier reported that these four
programs were among the best and perform equally well in predicting transmembrane helices
(Cuthbertson et al., 2005)). Seven transmembrane stretches, each composed of ~22 amino acids,
are depicted as putative a-helices. The exact boundary between the membrane and the aqueous
phase is not known and therefore the location of the residues relative to the membrane bilayer is
putative. The amino acids in the receptor sequence are shown as circles and are marked for
convenience. The potential sites (shown in lavender) for N-linked glycosylation (depicted as
branching trees in red) on the amino terminus are shown. A putative disulfide bond between Cys'”
and Cys'" is shown. The transmembrane domains contain residues (shown in cyan) that are
important for ligand binding. The putative cholesterol binding site (see text) is highlighted (in
orange). The receptor is stably palmitoylated (shown in blue) at residues Cys*’ and/or Cys**
(shown in green). Light blue circles represent contact sites for G-proteins. Light pink circles
represent sites for protein kinase mediated phosphorylation. Further structural details of the
receptor are available in (Pucadyil et al., 2005a) and (Pucadyil and Chattopadhyay, 2006). It is
probable, based on comparison with known crystal structures of similar GPCRs such as rhodopsin
and [3,-adrenergic receptor, that there are motionally restricted water molecules that could be
important in inducing conformational transitions in the transmembrane portion of the receptor.
Reproduced from Paila et al. (2009).
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McNamee, 1988). This is consistent with the above proposal of two putative nonannular

sites per ~50,000 dalton monomer of the f3;-adrenergic receptor.

1.6. The serotoning, receptor

The serotonin; s receptor is an important neurotransmitter receptor and is the most
extensively studied of the serotonin receptors for a number of reasons (Pucadyil et al.,
2005a; Kalipatnapu and Chattopadhyay, 2007a). One of the main reasons is the
availability of a selective ligand §-OH-DPAT that allows extensive biochemical,
physiological, and pharmacological characterization of the receptor (Arvidsson et al.,
1981; Gozlan et al., 1983). Serotonin receptors have been classified into at least 14
subtypes on the basis of their pharmacological responses to specific ligands, sequence
similarities at the gene and amino acid levels, gene organization, and second messenger
coupling pathways (Hoyer et al., 2002). The serotonin; 4 receptor is the first among all the
types of serotonin receptors to be cloned as an intronless genomic clone (G-21) of the
human genome which cross-hybridized with a full length B-adrenergic receptor probe at
reduced stringency (Pucadyil ef al., 2005a; Kobilka et al., 1987). Sequence analysis of this
genomic clone (later identified as the serotonin; s receptor gene) showed ~43% amino acid
homology with the B,-adrenergic receptor in the transmembrane domain (Paila et al.,
2009). The serotonin; s receptor was therefore initially discovered as an ‘orphan’ receptor
and was identified (‘deorphanized’) later (Fargin et al., 1988). While the gene was shown
to be localized in chromosome 5 of the human genome and speculated to code for a
potential member of the GPCR superfamily (Kobilka ef al, 1987), its identity as a

serotonin receptor was discovered only later (Fargin ef al, 1988). Membranes prepared
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from COS-1 cells transiently transfected with G-21 showed typical ligand binding
characteristics of the serotonin;s receptor. Subsequently, genes for the rat and mouse
serotonin, 5 receptors have been cloned, and their amino acid sequences deduced (Albert et
al., 1990; Charest et al., 1993). These developments facilitated stable expression and
characterization of the receptor in a number of neural and non-neural cell lines (Banerjee et
al., 1993; Newman-Tancredi et al., 1997; Kalipatnapu ef al., 2004a; Paila and
Chattopadhyay, 2006). Furthermore, it was the first serotonin receptor for which
polyclonal antibodies were obtained (Fargin et al., 1988; Pucadyil et al., 2005a) allowing

their visualization at the subcellular level in various regions of the brain.

The human serotonin;s receptor is composed of 422 amino acids with a core

molecular weight of ~46,000 (Raymond et al., 1999; Pucadyil et al, 2005a; Paila and !

Chattopadhyay, 200
li’rﬂl—lﬁcyg&“gl?}_/“(‘:;sy‘létfon on the amino terminus, and the homology of the receptor with B-
adrenergic receptor, it is predicted that the receptor is oriented in the plasma membrane
with the amino terminus facing the extracellular region and the carboxy terminus facing
the intracellular cytoplasmic region (Raymond et al., 1999; Pucadyil et al, 2005a; Paila
and Chattopadhyay, 2009; see Figure 1.4). The transmembrane domains (TM1-TM7) of
the receptor are connected by hydrophilic sequences of three extracellular loops (ECI,
EC2, EC3) and three intracellular loops (IC1, IC2, IC3). Such an arrangement is typical of
the G-protein coupled receptor superfamily (Gether and Kobilka 1998). Although the
structure of the serotonin;s receptor has not yet been experimentally determined,
mutagenesis studies have helped in identifying amino acid residues important for ligand
binding and G-protein coupling of the serotonin;, receptor (reviewed in Pucadyil et al,

2005a). Among the predicted structural features of the serotonin; 4 receptor, palmitoylation

status of the receptor has been confirmed in a recent report (Papoucheva et al, 2004).
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Palmitoylation of Cys-417 and Cys-420 of the heterologously expressed rat serotoninja
receptor, and its requirement in G-protein coupling and signaling of the serotonin;a
receptor have been demonstrated in this report. An interesting aspect of this study is that
palmitoylation of the serotonin;s receptor was found to be stable and independent of
stimulation by the agonist. This is unusual for GPCRs which undergo repeated cycles of
palmitoylation and depalmitoylation (Milligan ef al.,, 1995). It has therefore been proposed
that stable palmitoylation of the receptor could play an important role in maintaining the

receptor structure (Papoucheva ef al., 2004).

The serotonin;s receptor has recently been shown to have a role in neural
development (del Olmo er al, 1998; Gaspar et al., 2003), and protection of stressed
neuronal cells undergoing degeneration and apoptosis (Singh et al, 1996a). Treatment
using agonists for the serotonin;a receptor constitutes a potentially useful approach in case
of children with developmental disorders (Azmitia, 2001). The serotonin;s receptor
agonists and antagonists have been shown to possess potential therapeutic effects in
anxiety-or stress-related disorders (Pucadyil et al,, 2005a). As a result, the serotoninja
receptor serves as an important target in the development of therapeutic agents for
neuropsychiatric disorders such as anxiety and depression. Interestingly, mutant
(knockout) mice lacking the serotonin; receptor generated a few years back exhibit
enhanced anxiety-related behavior (described in Juliﬁs, 1998), and represent an important
animal model for the analysis of complex traits such as anxiety disorders and aggression in
higher animals (Gingrich and Hen, 2001; Toth, 2003). On the clinical front, serotonin;
receptor levels have been shown to be altered in schizophrenia, and in patients suffering
from major depression (Pucadyil er al, 2005a). Interestingly, a recent observation has
associated genetic polymorphisms at the upstream repressor region of the serotoninia

receptor gene to major depression and suicide in humans (Lemonde et al., 2003) linking its
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expression status to these clinical syndromes. The selective serotonin; 4 receptor agonist 8-
OH-DPAT has recently been shown to inhibit growth of Plasmodium falciparum
(reviewed in Chattopadhyay and Kalipatnapu, 2004) opening novel possibilities in
antimalarial drug research. Besides, serotonin;s receptors are implicated in feeding,
regulation of blood pressure, temperature, and working memory (Pucadyil et al., 2005a).
Taken together, the serotonin;a receptor is a central player in a multitude of physiological

processes, and an important drug target.

Previous work from our laboratory has shown the requirement of membrane
cholesterol for the function of the serotonin;a receptor from the bovine hippocampus
(Pucadyil and Chattopadhyay, 2004a). This was achieved by the use of methyl-B-
cyclodextrin (MBCD) which physically depletes cholesterol from membranes. Based on
these results, it was proposed that If cholesterol is necessary for function of the serotonin;a
receptor, modulating cholesterol availability by other means could lead to similar effects
on the serotonin; 4 receptor function. This proposal was tested in the first part of the thesis,
by treating membranes with the sterol-complexing agent digitonin which does not
physically deplete membrane cholesterol, yet would effectively reduce cholesterol-receptor
interactions in the membrane due to complexation. This work is followed by addressing
the issue of membrane cholesterol specificity for the function of the serotonin;a receptor.
Toward this direction, a cellular model of the Smith-Lemli-Opitz Syndrome (SLOS) was
generated. SLOS serves as an appropriate condition to ensure the specific effect of
membrane cholesterol in the function of the serotonin;s receptor, since the two aberrant
sterols that get accumulated in SLOS, ie., 7- dehydrocholesterol (7-DHC) and 8-DHC,
differ with cholesterol only in a double bond. Furthermore, sphingolipid levels in CHO
cells stably expressing the human serotonin;s receptor were modulated using FB,, which
metabolically inhibits the biosynthesis of sphingolipids. In addition, the pharmacological
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and functional characterization of the human serotonin;, receptor stably expressed in
hippocampal neuronal cell line (HN2) was carried out. The oligomerization state of the
serotonin;s receptor under various conditions such as ligand stimulation, cholesterol and
sphingolipid depletion was monitored utilizing time-resolved fluorescence anisotropy

measurements in live cells. These results are discussed in the later part of the thesis.
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Chapter 2. Digitonin and the function of the serotonin; receptor

2.1. Introduction

Cholesterol is an essential and representative lipid component of eukaryotic membranes
and plays a crucial role in membrane organization, dynamics, function, and sorting (Liscum
and Underwood, 1995; Simons and Ikonen, 2000). Cholesterol in the plasma membrane
plays a key role in regulating the activity of membrane proteins including receptors (Burger
et al., 2000; recently reviewed in Pucadyil and Chattopadhyay, 2006). The interaction
between cholesterol and other membrane components (such as receptors) in the brain
therefore assumes relevance for a comprehensive understanding of brain function.

Serotonin receptors represent one of the largest, evolutionarily ancient, and highly
conserved families of G-protein-coupled receptors (Peroutka and Howell, 1994). Serotonin
exerts its diverse actions by binding to distinct cell surface receptors which have been
classified into many groups (Hoyer et al., 2002). Serotonin receptors are members of a
superfamily of seven transmembrane domain receptors (Pierce ef al., 2002) that couple to
and transduce signals via GTP-binding regulatory proteins (G-proteins) (Clapham, 1996).
Among the 14 subtypes of serotonin receptors, the G-protein coupled serotonin;a (5-HTa)
receptor is the best characterized for a variety of reasons (Pucadyil et al., 2005a). We have
earlier partially purified and solubilized serotonin;a receptors from bovine hippocampus in
a functionally active form (Chattopadhyay et al., 2002, 2005).

Previous work from our laboratory has shown the requirement of membrane
cholesterol in modulating ligand binding activity of the serotonin; receptor from the bovine
hippocampus (Pucadyil and Chattopadhyay, 2004a). This was achieved by the use of
methyl-B-cyclodextrin which physically depletes cholesterol from membranes. Treatment
of bovine hippocampal membranes with methyl-3-cyclodextrin therefore resulted in specific
removal of membrane cholesterol without any change in phospholipid content. Removal of
cholesterol from bovine hippocampal membranes in this manner resulted in a reduction in

ligand binding and G-protein coupling to the serotonin;s receptor (Pucadyil and
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Chattopadhyay, 2004a). If cholesterol is necessary for ligand binding of the serotonin;,
receptor, modulating cholesterol availability by other means could lead to similar effects on
the serotonin,a receptor function. This proposal was tested by treating membranes with the
sterol-complexing agent digitonin which does not physically deplete membrane cholesterol,
yet would effectively reduce cholesterol-receptor interactions in the membrane due to
complexation (Elias ef al., 1978; Nishikawa ef al., 1984). Digitonin is a plant glycoalkaloid
saponin detergent (see Figure 2.1) obtained from Digitalis purpurea. It forms water-
insoluble 1:1 complexes (termed ‘digitonides’) with cholesterol and other steroids, which

possess a planar sterol nucleus, a 3B-hydroxy-A° configuration and a hydrophobic side chain

at Cy7 (Severs and Robenek, 1983).

HO

xylose - glucose - galactose — Q

glucose - galactose

Figure 2.1. Chemical structure of digitonin

Digitonin treatment has been shown to result in the formation of cholesterol-
digitonin rich domains in the membrane (Akiyama et al., 1980), thereby reducing the freely
available cholesterol capable of interacting with other membrane constituents such as
receptors. This property of digitonin has resulted in its use as an agent to distinguish
between cholesterol-rich and -poor membranes in the ultrastructure analysis of cell
membranes (Dontchev ef al., 1994). The modulatory role of cholesterol on the function
(specific agonist and antagonist binding) of the bovine hippocampal serotonin; 5 receptor by

cholesterol complexation in native membranes was examined using digitonin. The

31.



Chapter 2. Digitonin and the function of the serotonin;, receptor

corresponding changes in membrane dynamics were monitored by analysis of fluorescence

polarization data of the membrane depth-specific probes, DPH and TMA-DPH.

2.2. Materials and methods

Materials

BCA, DMPC, DPH, EDTA, EGTA, MgCl,, MnCl, Na,HPO,, p-MPPI, PMSF,
TMA-DPH, Tris, iodoacetamide, polyethylenimine, serotonin, sodium azide, and sucrose
were obtained from Sigma Chemical Co. (St. Louis, MO). Digitonin was from Research
Organics (Cleveland, OH). Amplex Red cholesterol assay kit was from Molecular Probes
(Eugene, OR). GTP-y-S was from Roche Applied Science (Mannheim, Germany). [3H]8-
OH-DPAT (specific activity = 135.0 Ci/mmol) and [*H]p-MPPF (specific activity = 70.5
Ci/mmol) were purchased from DuPont New England Nuclear (Boston, MA). BCA reagent
for protein estimation was obtained from Pierce (Rockford, IL). All other chemicals used
were of the highest available quality. GF/B glass microfiber filters were from Whatman
International (Kent, U.K.). Pre-coated silica gel 60 thin-layer chromatography plates were
from Merck (Merck KGaA, Germany). All solvents were of analytical grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system and used throughout. Fresh
bovine brains were obtained from a local slaughterhouse within 10 min of death and the
hippocampal region was carefully dissected out. The hippocampi were immediately flash

frozen in liquid nitrogen and stored at =70 °C till further use.

Preparation of native hippocampal membranes

Native hippocampal membranes were prepared as described earlier (Harikumar and
Chattopadhyay, 1998). Bovine hippocampal tissue (~100 g) was homogenized as 10% (w/v)
in a polytron homogenizer in buffer A (2.5 mM Tris, 0.32 M sucrose, 5 mM EDTA, 5 mM
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EGTA, 0.02% sodium azide, 0.24 mM PMSF, 10 mM iodoacetamide, pH 7.4). The
homogenate was centrifuged at 900g for 10 min at 4 °C. The supernatant was filtered
through four layers of cheesecloth and the pellet was discarded. The supernatant was
further centrifuged at 50,000g for 20 min at 4 °C. The resulting pellet was suspended in 10
vol. of buffer B (50 mM Tris, 1 mM EDTA, 0.24 mM PMSF, 10 mM iodoacetamide, pH
7.4) using a hand-held Dounce homogenizer and centrifuged at 50,000g for 20 min at 4 °C.
This procedure was repeated until the supernatant was clear. The final pellet (native
membranes) was resuspended in a minimum volume of buffer C (50 mM Tris, pH 7.4),
homogenized using a hand-held Dounce homogenizer, flash frozen in liquid nitrogen and
stored at ~70 °C. Protein concentration was determined using the BCA reagent with bovine

serum albumin as a standard (Smith et al., 1985).

Preparation of digitonin stock solutions and treatment of hippocampal membranes

Stock solutions of digitonin in water were prepared as described previously (Winter,
1974). Briefly, digitonin was dissolved in ethanol by mild shaking in a water bath at 37 °C
and the solution was evaporated to dryness under a gentle stream of N,. This procedure
results in the deposition of a fine film of digitonin on the walls of the glass tube that
dissolves instantly upon addition of water. Aliquots of this aqueous stock solution were
immediately added to hippocampal membranes at a total protein concentration of 0.5 mg/ml
in 50 mM Tris, pH 7.4 buffer and incubated for 1 hr at 25 °C with constant shaking.

Membrane solubilization mediated by digitonin was assayed as described previously
(Pucadyil and Chattopadhyay, 2004b). Briefly, membrane samples treated with increasing
concentrations of digitonin for 1 hr at 25 °C were spun down at 100,000g for 45 min at 4
°C. The lipid phosphate and cholesterol content of the membrane pellet dissolved in 50 mM

Tris, pH 7.4 buffer was assayed as described below.

Estimation of inorganic phosphate and cholesterol
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The concentration of lipid phosphate was determined subsequent to total digestion
by perchloric acid (McClare, 1971) using Na,HPO, as standard. DMPC was used as an
internal standard to assess lipid digestion. Samples without perchloric acid digestion
produced negligible readings. Membrane cholesterol was estimated using the Amplex Red

cholesterol assay kit (Amundson and Zhou, 1999).

Thin-layer chromatography of lipids extracted from native membranes

Lipid extraction was carried out according to Bligh and Dyer (Bligh and Dyer,
1959). The extracts were dried under a stream of nitrogen at 45 °C. The dried extracts were
resuspended in a mixture of chloroform-methanol (1:1, v/v). Thin-layer chromatography of
the extracted lipids was carried out using chloroform/methanol/water (65:25:4, v/v). The
separated lipids were visualized by charring with a golution containing cupric sulfate (10%
w/v) and phosphoric acid (8% v/v) at 150 °C. The TLC plates were scanned and lipids band
intensities were analyzed using the Adobe Photoshop software version 5.0 (Adobe Systems

Inc., San Jose, CA).

Radioligand binding assays

Receptor binding assays were carried out in presence of increasing concentrations of
digitonin. Tubes in duplicate containing 0.5 mg total protein in a volume of 1 ml of buffer
D (50 mM Tris, 1 mM EDTA, 10 mM MgCl,, 5 mM MnCl,, pH 7.4) for agonist binding or
in I ml of buffer E (50 mM Tris, ] mM EDTA, pH 7.4) for antagonist binding assays were
used. Tubes were incubated with the radiolabeled agonist [*H]8-OH-DPAT (final
concentration in assay tube being 0.29 nM) or antagonist [’H]p-MPPF (final concentration
in assay tube 0.5 nM) for I hr at 23 °C in presence of increasing concentrations of digitonin.
Non-specific binding was determined by performing the assay either in the presence of 10
pM serotonin (for agonist binding assays) or in the presence of 10 uM p-MPPI (for

antagonist binding assays). The binding reaction was terminated by rapid filtration under
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vacuum in a Millipore multiport filtration apparatus through Whatman GF/B 2.5 cm
diameter glass microfiber filters (1.0 pum pore size), which were presoaked in 0.15% (w/v)
polyethylenimine for 1 hr (Bruns ef al., 1983). The filters were then washed three times
with 3 ml cold water (4 °C), dried and the retained radioactivity was measured in a Packard

Tri-Carb 1500 liquid scintillation counter using 5 ml of scintillation fluid.

GTP-y-S sensitivity assay

In experiments with GTP-y-S, agonist binding assays were carried out as described
above in the presence of a range of concentrations of GTP-y-S as described previously
(Harikumar and Chattopadhyay, 1999). The concentrations of GTP-y-S leading to 50%
inhibition of specific agonist binding (ICso) were calculated by non-linear regression fitting

of the data to a four parameter logistic function (Higashijima et al., 1987):

B = [a/(1+(x/)9)] + b (1)

where B is the specific binding of the agonist normalized to control binding (in absence of
GTP-y-S), x is the concentration of GTP-y-S, a is the range (Ymax-Ymin) Of the fitted curve on

the ordinate (y-axis), I is the ICsy concentration, b is the background of the fitted curve

(Ymin) and s is the slope factor.

Fluorescence polarization measurements

Fluorescence polarization experiments were carried out with membranes containing
50 nmol of total phospholipids suspended in 1.5 ml of 50 mM Tris, pH 7.4 buffer with
increasing concentrations of digitonin. Stock solutions of the fluorescent probes (DPH and
TMA-DPH) were prepared in methanol. The amount of probe added was such that the final
probe concentration was 1 mol% with respect to the total phospholipid content. This

ensures optimal fluorescence intensity with negligible membrane perturbation. Membranes
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were vortexed for 1 min after addition of the probe and kept in the dark for 1 hr before
measurements. Background samples were prepared the same way except that the probe was
omitted. The final probe concentration was 0.33 pM in all cases and the methanol content
was low (0.03% v/v). Control experiments showed that at this concentration of methanol,
the ligand binding properties of the receptor are not altered.

Steady state fluorescence was measured in a Hitachi F-4010 spectrofluorometer
using 1 cm path length quartz cuvettes at room temperature (23 °C). Excitation and
emission wavelengths were set at 358 and 430 nm. Excitation and emission slits with
nominal bandpasses of 1.5 nm and 20 nm were used. The excitation slit was kept low to
avoid any photoisomerization of DPH and TMA-DPH. In addition, fluorescence was
measured with a 30 sec interval between successive openings of the excitation shutter (when
the sample was in the dark in the fluorimeter) to reverse any photoisomerization of DPH
and TMA-DPH (Chattopadhyay and London, 1984). Fluorescence polarization experiments
were performed using a Hitachi polarization accessory. Polarization values were calculated

from the equation (Lakou)icz, 2006):

Ivv - GIVH

pP= _ 2)
IVV + GIVH

where Iyy and Iyy are the measured fluorescence intensities (after appropriate background
subtraction) with the excitation polarizer vertically oriented and the emission polarizer
vertically and horizontally oriented, respectively. G is the instrumental correction factor and
is the ratio of the efficiencies of the detection system for vertically and horizontally
polarized light and is equal to Igv/Im. The optical density (measured with a Hitachi U-2000
spectrophotometer using 1 c¢m path length quartz cuvettes) of the membrane samples in the
absence of digitonin measured at 358 nm was ~0.2 which increased in presence of digitonin.

To avoid any scattering artifacts due to the presence of digitonin, the fluorescence
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polarization values reported in Figure 8§ were corrected for scattering by diluting the
samples with 50 mM Tris, pH 7.4 buffer as described earlier (Lentz et al., 1979).
Fluorescence polarization values of samples (control and digitonin-treated, undiluted and
diluted with the same buffer) were plotted against their corresponding optical densities as
shown in Figure 2.8. The intercept on the ordinate (y-axis) from linear fits of this data was

considered as the corrected fluorescence polarization value.

2.3. Results

Digitonin complexes membrane cholesterol without altering the cholesterol and
phospholipid contents of hippocampal membranes

Digitonin i1s a widely used detergent and has been used to solubilize specific
membrane components such as receptors (Bahouth and Malbon, 1987). It is therefore
important to choose a range of concentration where digitonin would be present
any significant loss of membrane lipids (cholesterol and/or phospholipids). We estimated
the loss of membrane lipids in the presence of digitonin by assaying the amount of total
cholesterol and phospholipids present in the insoluble pellet obtained by high speed
centrifugation following digitonin treatment (Pucadyil and Chattopadhyay, 2004b). The
total cholesterol content was analyzed by thin-layer chromatography of lipids extracted
from digitonin-treated membranes. Figure 2.2.a is a thin-layer chromatogram of lipids
extracted from native membranes, and membranes treated with 0.6 and 1.0 mM of digitoniﬁ. \,,
Quantitative densitometric analysis of the cholesterol content (Figure 2.2b) indicates that
the treatment with digitonin does not deplete membrane cholesterol. However, analysis of

the cholesterol content of digitonin-treated membranes using the cholesterol oxidase
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Figure 2.2. Cholesterol-complexing effect of digitonin. Total lipids extracted from
digitonin-treated membranes were separated by thin-layer chromatography, as shown in (a).
The lanes represent lipids extracted from native membranes (lane 2), and membranes treated
with 0.6 mM (lane 3) and 1 mM (lane 4) digitonin. The arrow represents position of
cholesterol on the thin-layer chromatogram identified using a standard in lane 1. The total
and freely available cholesterol content in digitonin-treated membranes were distinguished
as shown in (b). The total cholesterol content (grey bars) in the lipid extract was determined
by a densitometric analysis of the thin-layer chromatogram. Values are expressed as a
percentage of the cholesterol content in native membranes in the absence of digitonin. The
amount of freely available cholesterol content (white bars) in membranes treated with
digitonin was determined by the Amplex Red cholesterol assay kit. Values are expressed as
a percentage of available cholesterol in native membranes in the absence of digitonin. Data

represents the mean + SD of two independent experiments. See section 2.2 for further
details.
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enzyme based Amplex Red cholesterol assay kit (Amundson and Zhou, 1999) reveals an
apparent reduction in the cholesterol content (Figure 2.2b). Thus, treatment of membranes
with 1 mM digitonin reduces the available cholesterol content by ~50%. These results
suggest that the presence of digitonin reduces the ability of the enzyme cholesterol oxidase
to catalyze the oxidation of cholesterol thereby demonstrating the cholesterol-complexingr‘a
ability of digitonin. Importantly, Figure 2.3 shows that in the concentration range of |
digitonin used (up to 1 mM), there is minimal loss of phospholipid content. All experiments
were therefore carried out with this range (upto 1 mM) of digitonin concentration that

complexes membrane cholesterol to a significant extent without physically depleting

membrane lipids.

Ligand binding to serotonin,, receptors is differentially affected in presence of digitonin
Figure 2.4 shows the reduction in the specific binding of the selective serotonin;a
receptor agonist ["’H]8-OH-DPAT with increasing concentrations of digitonin, which results
in progressive complexation of membrane cholesterol. This shows that complexation of
cholesterol from hippocampal membranes results in loss of specific agonist binding to the
serotonin; s receptor. Thus, the specific agonist binding reduces by 86% in the presence of
1 mM digitonin. To the best of our knowledge, this result represents the first observation of
reduction in specific ligand binding to the serotonin;a receptor due to complexation
of membrane cholesterol by digitonin. Although selective serotonin;, agonists such as 8-
OH-DPAT were discovered long back (Gozlan et al., 1983), the development of selective
serotonin;a antagonists has been relatively 'slow and less successful.  Two specific
antagonists for the serotonin;a receptor, p-MPPl and p-MPPF, were introduced later
(Zhuang et al., 1994; Thielen and Frazer, 1995). These compounds bind specifically to the
serotonin;a receptor with high affinity which is equivalent to the affinity displayed by the

specific agonist 8-OH-DPAT.
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Figure 2.3. Effect of increasing concentrations of digitonin on the phospholipid content of
bovine hippocampal membranes. Phospholipid contents were assayed as described in
section 2.2. Values are expressed as a percentage of the phospholipid content in native
membranes in the absence of digitonin. Data represent the means * SE of three independent
experiments.
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Figure 2.4. Effect of increasing concentrations of digitonin on specific ['H]8-OH-DPAT
binding to the serotonin; s receptor in hippocampal membranes. Values are expressed as a
percentage of specific binding for native membranes in the absence of digitonin. Data

shown are the means + SE of at least three independent experiments. See section 2.2 for
other details.
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Figure 2.5. Effect of increasing concentrations of digitonin on specific [’H]p-MPPF binding
to the serotonin;s receptor in hippocampal membranes. Values are expressed as a
percentage of specific binding for native membranes in the absence of digitonin. Data
shown are the means + SE of at least three independent experiments. See section 2.2 for
other details.

Figure 2.5 shows the decrease in specific binding of the serotonin; selective
antagonist ["’H]p-MPPF in the presence of increasing concentrations of digitonin. In
contrast to the observed reduction in specific agonist binding (Figure 2.4), the reduction in
specific antagonist binding appears to be more drastic at lower digitonin concentrations
used. For example, the reduction in specific antagonist binding is ~83% in the presence of
0.4 mM digitonin. The corresponding reduction in specific agonist binding is ~42% (see
Figure 2.4). Taken together, these results show that the complexation of free membrane
cholesterol in hippocampal membranes results in the loss of the serotonin,s receptor ligand
binding ability. “The present results constitute the first observation where the availability of
free cholesterol rather than its mere physical presence in the membrane is essential for the

receptor function.
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Digitonin alters the interaction of the receptor with G-proteins

G-protein-coupled receptors tranduce signals from the extracellular milieu to the
inside of the cell vig their interaction with their cognate G-proteins located on the
cytoplasmic face of the cell. The hippocampal serotonin; receptor is negatively coupled to
the adenylate cyclase system through pertussis toxin-sensitive G-proteins (G/G,) (Emerit et
al., 1990). We previously showed that the specific binding of the agonist [’H]8-OH-DPAT
to bovine hippocampal serotonin;s receptors is sensitive to guanine nucleotides and is
inhibited with increasing concentrations of GTP-y-S, a non-hydrolyzable GTP analogue
which blocks the G-protein cycle (Harikumar and Chattopadhyay, 1999). Thus, the
presence of GTP-y-S induces transition of the receptor from a high affinity G-protein
coupled state to a low affinity G-protein uncoupled state. Figure 2.6 shows the
representative inhibition of specific [’H]8-OH-DPAT binding to the serotonin,  receptor in
the presence of GTP-y-S in a characteristic concentration-dependent manner in control and
digitonin-treated membranes. The half maximal inhibition concentration (ICsp) value for
inhibition of [’H]8-OH-DPAT binding by GTP-y-S is found to be 58.6 nM for native
membranes. The inhibition curve for digitonin-treated membranes, however, exhibits a
significant (p<0.05) ~2.0 fold shift toward higher concentration of GTP-y-S with an
increased ICsp value of 122 nM. This implies that the agonist binding to the serotonin;a
receptor in digitonin-treated membranes is less sensitive to GTP-y-S indicating that G-
protein coupling of the receptor is drastically reduced. This points out to a possible
perturbation of receptor/G-protein interaction due to non-availability of membrane

cholesterol because of complexation with digitonin.

Change in hippocampal membrane dynamics due to digitonin treatment
The overall membrane order and dynamics could be an important determinant for
the function of a transmembrane receptor, a large portion of which remains in contact with

the membrane lipids. In order to explore the possible changes in membrane order induced
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Figure 2.6. Sensitivity of specific [’H]8-OH-DPAT binding to GTP-y-S in native and
digitonin-treated membranes. Values are expressed as a percentage of specific binding for
membranes in the absence of GTP-y-S. Plot shows the effect of increasing concentrations
of GTP-y-S on specific [’H]8-OH-DPAT binding to control (----O----) membranes and

membranes treated with 0.4 mM digitonin (——®——). The inhibition curves are non-linear
regression fits to the experimental data using the four parameter logistic function (equation
1). The values represent the means * SE of four independent experiments. See section 2.2
for other details.

Table 2.1

Effect of cholesterol-complexing agent digitonin on specific
[*H]8-OH-DPAT binding sensitivity to GTP-y-S*

Treatment ICso (nM)
Control 58.6 £ 10
0.4 mM digitonin 122 + 15

*Sensitivity of specific [’H]8-OH-DPAT binding to GTP-y-S in the assay was measured by
calculating the ICso for inhibition of [*H]8-OH-DPAT binding in presence of a range of
concentrations of GTP-y-S. The data represent the means + SE of four independent
experiments. See section 2.2 for other details. '
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by digitonin treatment, we measured the fluorescence polarization of membrane depth-
specific fluorescence probes DPH and TMA-DPH (see Figure 2.7). In general, fluorescence
polarization is correlated to the rotational diffusion (Lakowicz, 2006) of membrane
embedded probes, which is sensitive to the packing of fatty acyl chains and cholesterol.
Since membranes display a considerable degree of anisotropy in terms of motional
properties of constituent lipids and proteins (Chattopadhyay, 2003), a comprehensive
understanding of membrane dynamics can be achieved by the use of more than one probe

which localize at different depths in the membrane. DPH and its derivatives represent
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Figure 2.7. A schematic representation of half of the membrane bilayer showing the
chemical structures and locations of the fluorescence probes DPH and TMA-DPH. The
location of the DPH group in TMA-DPH and the average location of DPH in membranes is
shown according to Kaiser and London (1998). The horizontal line at the bottom indicates
the center of the bilayer. See text for other details.

popular probes for monitoring organization and dynamics in membranes (Lentz, 1989).
On account of its hydrophobicity, DPH readily partitions into the membrane and localizes at
the fatty acyl chain region in the membrane. TMA-DPH is a derivative of DPH with a

cationic moiety attached to the para position of one of the phenyl rings (Prendergast et al.,
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1981). The amphipathic TMA-DPH is oriented in the membrane with its positive charge
localized at the membrane interface (Sojcic ef al., 1992). The DPH moiety in TMA-DPH is
localized at ~11 A from the center of the membrane and reports the interfacial region of the
membrane (Kaiser and London, 1998). In contrast, the average location of DPH has been

shown to be ~8 A from the center of the membrane (Kaiser and London, 1998).
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Figure 2.8. Representative plots of fluorescence polarization as a function of optical
density. The plots represent the fluorescence polarization of (a) DPH and (b) TMA-DPH
for native membranes (0) which serve as control and 0.6 mM digitonin-treated membranes
(®) upon dilution with 50 mM Tris, pH 7.4 buffer. Fluorescence polarization was
calculated as described in section 2.2. The solid lines are linear fits to the data with the
intercept on the ordinate (y-axis) considered as the corrected fluorescence polarization
(Lentz ef al., 1979). The plots are data from at least three independent experiments. See
section 2.2 for other details.

We observed an increase in the optical density of samples upon increasing the
concentration of digitonin which could complicate fluorescence polarization measurements
using DPH and TMA-DPH. The fluorescence polarization data obtained under these
conditions were corrected for scattering artifacts according to the formalism previously
developed by Lentz et al. (Lentz et al., 1979). Representative plots (at 0.6 mM digitonin) of
experimentally measured fluorescence polarization as a function of optical density at the

excitation wavelength are shown in Figure 2.8. The intercept on the ordinate (y-axis) from
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linear fits of this data gives the corrected fluorescence polarization value (Lentz et al.,
1979). The correction significantly altered the polarization values of samples containing
digitonin while the polarization values of control samples (without digitonin) remained

unaltered.
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Figure 2.9. Effect of increasing concentrations of digitonin on fluorescence polarization of
membrane probes DPH (0) and TMA-DPH (@) in hippocampal membranes. Fluorescence
polarization experiments were carried out with membranes containing 50 nmol
phospholipid at a probe to phospholipid ratio of 1:100 (mol/mol) at room temperature (23
°C). The data show corrected fluorescence polarization values (as described in section 2.2,
and representative plots shown in Figure 2.8) and represent the means + SE of at least three

independent experiments. The solid lines are linear fits of the data. See section 2.2 for other
details.

Corrected fluorescence polarization values of DPH and TMA-DPH obtained this
way as a function of digitonin concentration are shown in Figure 2.9. As apparent from the
figure, the corrected fluorescence polarization of DPH (~0.35) in hippocampal membranes
in the absence of digitonin is lower than that of TMA-DPH (~0.37). The higher polarization
of TMA-DPH compared to DPH is indicative of the shallower interfacial location of TMA-

DPH in the membrane (Pucadyil and Chattopadhyay, 2004a). The fluorescence
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polarization of both the probes shows an overall decrease with increasing concentrations of
digitonin. Interestingly, the extent of reduction in fluorescence polarization is higher for
DPH (11%) compared to TMA-DPH (7%) up to 1 mM digitonin used. The presence of
digitonin (at concentrations that do not deplete membrane lipids, see Figures 2.2 and 2.3)
therefore induces asymmetric reduction in the membrane order in different regions of the
membrane. Importantly, the relatively modest alterations in fluorescence polarization values
of DPH and TMA-DPH in hippocampal membranes treated with digitonin ensure that the
overall morphology of the membrane remains intact and rule out any possibility of gross

changes in membrane architecture.

2.4. Discussion

Lipid-protein interactions play a crucial role in maintaining the structure and
function of integral membrane proteins and receptors (Lee, 2004; Jensen and Mouritsen,
2004). A large portion of any given transmembrane receptor remains in contact with the
membrane lipid environment. This raises the obvious possibility that the membrane could
be an important modulator of receptor structure and function (Burger et al., 2000).
Monitoring lipid-receptor interactions is of particular importance because a cell has the
ability of varying the lipid composition of its membrane in response to a variety of stress
and stimuli, thereby changing the environment and the activity of the receptors in its
membrane. In view of the importance of cholesterol in relation to membrane domains
(Liscum and Underwood, 1995; Simons and Ikonen, 1997), the interaction of cholesterol
with membrane receptors (Burger et al., 2000; Pucadyil and Chattopadhyay, - 2006)
represents an important determinant in functional studies of such receptors, especially in the

nervous system.
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The serotonin;s receptor belongs to the G-protein-coupled receptor superfamily
which comprises the largest class of molecules involved in signal transduction across the
plasma membrane, thus providing a mechanism of communication between the exterior and
the interior of the cell (Pierce ef al., 2002). These receptors can be activated by ligands as
chemically diverse as biogenic amines, peptides, glycoproteins, lipids, nucleotides and even
photons, thus mediating diverse physiological processes such as neurotransmission, cellular
metabolism, secretion, cellular differentiation and growth, and inflammatory and immune
responses. As mentioned before, G-protein-coupled receptors serve as major targets for the
development of novel drug candidates, and possess tremendous therapeutic potential.

These results show the complexation of cholesterol in hippocampal membranes
using digitonin results in a concentration-dependent reduction in specific agonist and
antagonist binding to serotonin;, receptors. Complexation of membrane cholesterol with
digitonin is believed to reduce the availability of free cholesterol (present data and Severs
and Robenek, 1983) essential to support important membrane functions. This is supported
by the observation that the presence of digitonin restores the otherwise suppressed phase
transition (Estep et al., 1978) of dipalmitoylphosphatidylcholine membranes containing
cholesterol (Nishikawa et al., 1984). In addition, cholesterol complexation by digitonin
affected G-protein coupling of the receptor as monitored by the GTP-y-S assay. The
accompanying changes in membrane order were reported by corresponding changes in
fluorescence polarization of membrane probes, such as DPH and TMA-DPH, which are
localized at different positions (depths) in the membrane. These results point out the
important role of membrane cholesterol in maintaining the function of the serotonina
receptor. This result assumes significance in the light of a tightly bound cholesterol
molecule in the recently reported crystallographic structure of metarhodopsin 1, an
important photointermediate of rhodopsin which is a representative member of the G-
protein-coupled receptor family (Ruprecht et al., 2004). Inferestingly, the clinical

significance of membrane cholesterol levels resulting in receptor dysfunction has been aptly
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exemplified in the case of cholecystokinin (CCK) receptors (Xiao ef al., 1999, 2000). Thus,
agonist binding is reduced and G-protein coupling affected for CCK receptors isolated from
muscle tissues in human gallbladders with cholesterol stones.

Our results on the inhibition of ligand binding and G-protein coupling to serotonin
receptors in presence of the cholesterol-complexing agent digitonin confirm and extend our
previous observation on the requirement of membrane cholesterol for efficient serotonin;a
receptor function (Pucadyil and Chattopadhyay, 2004a). Importantly, since digitonin does
not physically deplete cholesterol from membranes unlike agents such as methyl-3-
cyclodextrin, our results serve to delineate the mechanism by which cholesterol exerts its
influence on the serotonin;s receptor function. We conclude that the mere non-availability
of free cholesterol in the membrane is sufficient to significantly reduce the serotonin;a
receptor function. These results provide a comprehensive understanding of the effects of the
sterol-complexing agent digitonin in particular, and the role of membrane cholestero!l in

general, on the serotonin; s receptor function from a lipid-protein interaction perspective.
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Chélpter 3. The human serotonin, 4 receptor function in cellular model of SLOS

3.1. Introduction

The Smith-Lemli-Opitz Syndrome (SLOS) (Smith et al., 1964) is an autosomal
recessive disorder characterized clinically by mental retardation, physical deformities,
failure to thrive and multiple congenital anomalies (Waterham and Wanders, 2000; Yu and
Patel, 2005). SLOS is caused by mutations in the gene encoding 3B-hydroxy-steroid-A’-
reductase (7-DHCR), an enzyme required in the final step of cholesterol biosynthesis (Irons
et al., 1993; Tint ef al., 1994). Till date, close to 100 different mutations in the DHCR7
gene have been identified which lead to the disease (Jira ef al., 2003). SLOS is ranked as
one of the most serious recessive genetic conditions (Yu and Patel, 2005; Battaile and
Steiner, 2000). Reduced levels of plasma cholesterol along with elevated levels of 7-
dehydrocholesterol (7-DHC) (and its positional isomer §-dehydrocholesterol, 8-DHC) and
the ratio of their concentrations to that of cholesterol are representative parameters for
diagnosis of SLOS (Tint et al., 1995). Although SLOS has devastating effects on the
nervous system, the relationship of SLOS with neuronal receptors and their membrane lipid
‘ interactions, which play a crucial role in the function of the nervous system, remains an
unexplored area. Cholesterol is an important lipid in this context since it is known to
regulate the function of membrane receptors (Burger et al., 2000), especially neuronal
receptors (Pucadyil and Chattopadhyay, 2006), thereby affecting neurotransmission.
Importantly, a possible role of cholesterol in a variety of neurological disorders is well
documented (Chattopadhyay and Paila, 2007).

Previous work from our laboratory has shown the requirement of membrane
cholesterol in the function of an important neurotransmitter receptor, the serotonina
receptor (Pucadyil and Chattopadhyay, 2006). Keeping in mind the pharmacological
relevance of the serotonin;s receptor, a transmembrane protein, its interaction with the
surrounding lipid environment assumes greater significance in modulating its function in

healthy and diseased states.
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Figure 3.1. Generation of a cellular model of Smith-Lemli-Opitz syndrome. The principal
route of cholesterol synthesis in humans is the Kandutsch-Russell pathway (Kandutsch and
Russell, 1960). In this pathway, the immediate precursor of cholesterol is 7-DHC. The
reduction of C7(8) double bond of 7-DHC to yield cholesterol is catalyzed by 3B-hydroxy-
steroid-A’-reductase (7-DHCR) in an NADPH-dependent manner. Mutations in this
enzyme cause SLOS, a severe developmental disorder associated with multiple congenital
and morphogenic anomalies. Reduced levels of cholesterol, along with elevated levels of
dehydrocholesterol (7-DHC + 8-DHC), have been characterized as a diagnostic parameter
of the SLOS. 8-DHC, a positional isomer of 7-DHC, is formed due to an enzyme-catalyzed
isomerization of 7-DHC. 7-DHC (and 8-DHC) differs with cholesterol only in a double
bond at the 7" (or 8™) position in the sterol ring (highlighted in their chemical structures).
We have generated a cellular model for SLOS by treating CHO cells stably expressing the
human serotonin;a receptor (CHO-5-HTsR) with AY 9944, a specific metabolic inhibitor
of 7-DHCR, by altering the cholesterol and dehydrocholesterol levels, thereby mimicking
the condition of mutated 7-DHCR.
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A cellular model of SLOS was generated using CHO cells stably expressing the
human serotonin; s receptor (CHO-5-HT;sR) by metabolically inhibiting the biosynthesis of
cholesterol. To achieve this, AY 9944, which is a specific metabolic inhibitor of 7-DHCR,
was utilized (Dvornik et al., 1963). AY 9944 treatment results in reduction of cholesterol
with a concomitant accumulation of 7- and §-DHC, thereby mimicking SLOS (see Figure
3.1). We explored the function of the human serotonin; 4 receptor under these conditions by
monitoring ligand binding, G-protein coupling and downstream signaling of the receptor.
Our results show that the function of the serotonin;, receptor is impaired under SLOS-like
condition. Importantly, metabolic replenishment of cholesterol partially restored the ligand
binding activity of the serotonin;s receptor. These results are significant since intake of

dietary cholesterol is the recommended treatment for SLOS patients.

3.2. Materials and methods

Materials

Cholesterol, DMPC, AY 9944, EDTA, 7-DHC, coprostanol, MgCl,, MnCl,, 8-OH-
DPAT, penicillin, streptomycin, gentamycin sulfate, polyethylenimine, PMSF, serotonin,
sodium bicarbonate, and Tris were obtained from Sigma Chemical Co. (St. Louis, MO). D-
MEM/F-12 [Dulbecco’s modified Eagle medium:nutrient mixture F-12 (Ham) (1:1)],
lipofectamine, fetal calf serum, and geneticin (G 418) were from Invitrogen Life
Technologies (Carlsbad, CA). N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) was
obtained from Supelco (Bellefonte, PA). GTP-y-S was from Roche Applied Science
(Mannheim, Germany). BCA reagent for protein estimation was from Pierce (Rockford,
IL). Forskolin and IBMX were obtained from Calbiochem (San Diego, CA). MTT was
purchased from Calbiochem (La Jolla, CA). [3H]8-OH-DPAT (sp. activity = 135.0

Ci/mmol) was purchased from DuPont New England Nuclear (Boston, MA). The cyclic
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PHJAMP assay kit was purchased from Amersham Biosciences (Buckinghamshire, U.K.).
GF/B glass microfiber filters were from Whatman International (Kent, U.K.). All other
chemicals and solvents used were of the highest available purity. Water was purified

through a Millipore (Bedford, MA) Milli-Q system and used throughout.

Methods
Cell culture and treatment with AY 9944

CHO cells stably expressing the human serotonin;s receptor (termed as CHO-5-
HT;aR) and CHO cells stably expressing the human serotonin;s receptor tagged to
enhanced yellow fluorescent protein (termed as CHO-5-HT;A\R-EYFP) were maintained in
D-MEM/F-12 (1:1) supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum,
60 pg/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin sulfate, and 200 pg/ml
geneticin in a humidified atmosphere with 5% CQO, at 37 °C. Stock solution of AY 9944
was prepared in water and added to cells grown for 24 h (final concentration of AY 9944
was 1-10 uM) and incubated in 5% serum for 63-66 h. Control cells were grown under

similar conditions without AY 9944 treatment.

Cell membrane preparation

Cell membranes were prepared as described earlier (Kalipatnapl; et al., 2004a;
Paila and Chattopadhyay, 2006). Briefly, confluent cells were harvested by treatment with
ice-cold buffer containing 10 mM Tris, 5 mM EDTA, 0.1 mM PMSF, pH 7.4. Cells were
then homogenized at 4 °C at maximum speed with a Polytron homogenizer. The cell lysate
was centrifuged at 500g for 10 min at 4 °C and the resulting post-nuclear supernatant was
centrifuged at 40,000g for 30 min at 4 °C. The pellet thus obtained was suspended in 50
mM Tris buffer, pH 7.4. Total protein concentration in membranes thus isolated was

determined using the BCA assay (Smith et al., 1985).
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oven temperature was maintained at 250 °C with a solvent delay of 5 min from the time of
injection. Helium at the rate of 1.2 ml/min was used as the carrier gas under constant flow
mode. The inlet and interface temperatures were kept at 250 and 280 °C, respectively. The
ion source and quadrupole temperatures were kept at 230 and 150 °C, respectively. Mass
spectra were scanned from 30 to 600 Da under scan mode. The ions at m/z 329, 351 and
370 were used under Selected Ion Monitoring (SIM) mode for the estimation of cholesterol,
7-DHC/8-DHC and coprostanol, respectively. Peak areas were obtained individually for
each compound under SIM mode in the concentration range of 100-1200 ppm for
cholesterol, 10-100 ppm for both 7-DHC and coprostanol, and the calibration curves were
constructed. The absolute concentrations of various sterols in the samples were calculated
from the calibration curves. The concentration of coprostanol is used to calculate the
recovery of the sterols. Membrane sterol contents are expressed as cholesterol to total sterol

ratio and cholesterol to dehydrocholesterol (7-DHC + 8-DHC) ratio.

Radioligand binding assays

Receptor binding assays were carried out with ~50 pg of total protein as described in

section 2.2.

Saturation radioligand binding assays

Saturation binding assays were carried out with increasing concentrations (0.1-7.5
nM) of the radiolabeled agonist [’H]8-OH-DPAT as described previously (Paila and
Chattopadhyay, 2006).  Saturation binding assays were carried out with varying
concentrations (0.1-7.5 nM) of the radiolabeled agonist [’H]8-OH-DPAT and antagonist
[’H]p-MPPF under conditions as described above. Non-specific binding was measured in
the presence of 10 uM serotonin for agonist and 10 uM p-MPPI for antagonist binding.
Binding data were analyzed as described previously (Pucadyil et al., 2004a). The

concentration of the bound radioligand (RL*) was calculated from the equation:
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RL* =107 x BV x SA x 2220) M 3)
where B is the bound radioactivity in disintegrations per minute (dpm) (i.e., total dpm—non-
specific dpm), V is the assay volume in ml, and SA is the specific activity of the
radioligand. The data could be fitted best to a one site ligand binding equation. The
dissociation constant (Ky) and maximum binding sites (Bnax) were calculated by non-linear
regression analysis of binding data using Graphpad Prism software version 4.00 (San Diego,
CA). Data obtained after regression analysis were used to plot graphs with the GRAFIT

program version 3.09b (Erithacus Software, Surrey, U.K.).

Estimation of cyclic AMP content in cells

The ability of ligands to affect the forskolin-stimulated increase in cAMP levels in
cells was assessed as described below. CHO-5-HT 4R cells were plated at a density of 1 x
10* cells per well of a 24-well plate and grown for 4 days in culture under conditions as
described earlier. Cells were rinsed with PBS and incubated with forskolin (20 uM) and
phosphodiesterase inhibitor IBMX (50 uM) in the presence of increasing concentrations of
8-OH-DPAT at 37 °C for 30 min in serum-free DMEM medium. The assay was terminated
by adding lysis buffer (10 mM Tris, 5 mM EDTA, pH 7.4 buffer) to the cells. Cell lysates
were boiled for 3 min and spun at 50,000 g for 10 min to remove precipitated protein. The
amount of cAMP in an aliquot of the supernatant was evstimated using the cyclic [PHJAMP
assay system which is based on the protein binding method described previously (Nordstedt
and Fredholm, 1990). Agonist dependent dose-response curves were analyzed according to
the 4 parameter logistic function.

The ability of agonists such as §-OH-DPAT to affect the forskolin-stimulated
increase in cCAMP levels in CHO-5-HT AR cells was assessed as described earlier (Paila and
Chattopadhyay, 2006). The amount of cAMP in an aliquot of the supernatant was estimated

using the cyclic HJAMP assay system which is based on the protein binding method
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described previously (Norstedt and Fredholm, 1990). Agonist dependent dose-response

curves were analyzed according to the four parameter logistic function using equation 1.

GTP-y-S sensitivity assay
In experiments with GTP-y-S, agonist binding assays were carried out as described

in section 2.2.

Fluorescence anisotropy measurements

Fluorescence anisotropy experiments were carried out using the fluorescent probe DPH with
membranes prepared from cells that were treated with varying concentrations of AY 9944,
containing 50 nmol of total phospholipids suspended in 1.5 ml of 50 mM Tris, pH 7.4
buffer, as described earlier (Paila et al., 2005) and in section 2.2. Fluorescence anisotrpy (r)

values were calculated from the equation (Lakowicz, 2006):

IVV - GIVH

r= “)
Iyy + 2Glyy

where Iyy and Iyy are the measured fluorescence intensities (after appropriate background
subtraction) with the excitation polarizer vertically oriented and the emission polarizer
vertically and horizontally oriented, respectively. G is the grating correction factor and is
the ratio of the efficiencies of the detection system for vertically and horizontally polarized
light and is equal to Iyy/lIun. All experiments were done with multiple sets— of samples and

average values of fluorescence anisotropy are shown in Figure 3.7.

Metabolic replenishment of cholesterol with serum
After treatment with 5 uM AY 9944, CHO-5-HT AR cells were grown for 3 days in

D-MEM/F-12 (1:1) supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum,
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60 pg/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin sulfate, and 200 pg/ml
geneticin in a humidified atmosphere with 5% CO, at 37 °C to achieve metabolic

replenishment of cholesterol.

Western blot analysis

Cell membranes were prepared from CHO-5-HT AR-EYFP (control), AY 9944
treated and cholesterol-replenished cells as previously described earlier (Paila and
Chattopadhyay, 2006) and in this section with an addition of 1:20 dilution of freshly added
protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Total protein
(60 png) from each sample was mixed with 1:4 v/v of 4x electrophoresis sample buffer and
boiled for 30 min at 37 °C. Sample mixtures were loaded and separated on 10% SDS-
PAGE.

After electrophoresis, gel proteins were electrophoretically transferred to a
nitrocellulose membrane (Hybond ECL, Amersham Pharmacia Biotech, Little Chalfont,
U.K\) using semi-dry transfer apparatus (Amersham Pharmacia Biotech, Little Chalfont,
U.K.). The non specific binding sites were blocked with 10% fat-free dry milk in PBS/
Tween 20, pH 7.4 for 1 h at room temperature. To monitor the expression of 5-HTsR-
EYFP, blots were probed with antibodies raised against GFP (BD Biosciences, San Jose,
CA; 1:10000 dilution in PBS/Tween 20), incubated overnight at 4 °C. To monitor the levels
of B-actin, which acts as a loading control, membranes were probed with antibodies raised
against P-actin (Chemicon International, Temecula, CA; diluted 1:800 in PBS/Tween 20),
incubated overnight at 4 °C. Membranes were washed with PBS/Tween 20 (washing
buffer) for 30 min and the wash buffer was changed every 10 min. Membranes were then
incubated with 1:4000 dilution of a secondary antibody (horseradish peroxidase conjugated-
anti-mouse antibody) in PBS/Tween 20 for 1 h at room temperature. Membranes were then
washed and developed using the enhanced chemiluminescence detection reagents

(Amersham Biosciences, Buckinghamshire, U.K.). 5-HT;aR-EYFP and B-actin were
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detected using the chemiluminescence detection system (Chemi-Smart 5000, Vilber
Lourmat). 5-HT;,R-EYFP and B-actin levels were quantitated using Bio-Profile (Bio-

1D++, version 11.9).

Statistical analysis
Significance levels were estimated using student’s two-tailed paired f-test using

Microcal Origin software version 5.0 (OriginLab Corp., Northampton, MA).

3.3. Results

Cell viability upon AY 9944 treatment

Viability of CHO-5-HTaR cells was estimated upon treatment with increasing
concentration of AY 9944 and shown in figure 3.2. The figure shows that cell viability was
not affected upto 5 pM AY 9944. At the highest concentration of AY 9944 used (10 uM),

there was ~30% reduction in cell viability.

Quantification of sterols using gas chromatography-mass spectrometry (GC-MS)

With an overall goal of addressing lipid-protein interactions in healthy and diseased
states, we developed a cellular model of SLOS using AY 9944, a specific metabolic
inhibitor of 7-DHCR, on CHO-5-HT;aR cells (see Figure 3.1 for more details). Sterols
(cholesterol, 7- DHC and 8-DHC) were separated, identified and quantitated using GC-MS
(Figures 3.3 and 3.4). 7-DHC content in control cells was below the detection level. We
observed an increase in 7-DHC content up to 2.5 uM of AY 9944 (see Figure 3.4a), beyond
which an additional peak appeared (Figure 3.3c). This peak was identified as 8-DHC
(Figures 3.3c and d), a positional isomer of 7-DHC (see Figure 3.1).
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The identities of the trimethylsilyl ethers of the compounds were established by
comparison with authentic standards for cholesterol and 7-DHC. The peak for §-DHC was
identified using its mass spectra reported earlier (Lindenthal ez al., 2001; Wolf et al., 1996).
Importantly, the ratios of sterols generated using AY 9944 in these cases (see Figure 3.4)
were comparable to the ratios reported in SLOS patients (Elias et al., 2003; Lin et al., 2005;
Scalco et al., 2003). It should be mentioned here that we estimated phospholipid contents
under identical conditions by performing lipid phosphate assays. The change in
phospholipid content was found to be negligible, even when the highest concentration of

AY 9944 was used.
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Figure 3.2. Viability of CHO-5-HT 4R cells upon treatment with AY 9944. Cell viability
was estimated using MTT assay. Data shown are means + SE of at least three independent
measurements. See section 3.2 for other details.

Ligand binding activity of the human serotonin, 4 receptor is reduced in SLOS-like condition
Since SLOS is associated with neurological deformities and malfunction, exploring

the function of neuronal receptors and their membrane lipid interactions under these
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conditions assumes significance. We explored the ligand binding function of the human
serotonin;  receptor under SLOS-like condition. Figure 3.5a shows the effect of AY 9944

treatment on specific ’H]8-OH-DPAT binding to serotonin, s receptors in CHO-5-HT;aR
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Figure 3.3. Identification of sterols. Panels (a) and (c) show representative selected ion
chromatograms of sterols obtained from total lipid extracts from membranes of CHO-5-
HTiaR cells treated with AY 9944. An additional peak (besides 7-DHC) was observed for
concentrations beyond 2.5 pM of AY 9944. This was identified as 8-DHC, a positional
isomer of 7-DHC. Peaks 1, 2 and 3 correspond to cholesterol, 7-DHC and 8-DHC,
respectively. Panels (b) and (d) show the mass spectra of 7-DHC and 8-DHC. 8-DHC has a
shorter retention time compared to 7-DHC. The distinctive patterns of m/z ratios of 7-DHC
and 8-DHC are shown in panels (b) and (d).
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Figure 3.4. Quantitation of sterols in membranes from CHO-5-HT;sR cells treated with
AY 9944. Effect of increasing concentrations of AY 9944 on sterol content of membranes
from CHO-5-HT 4R cells. Cholesterol and 7-DHC were identified with authentic
standards. 8-DHC was identified using its mass spectra reported earlier (Wolf ef al., 1996;
Elias et al., 2003). Sterols were separated and quantitated using GC-MS analysis. Panel (a)
shows the relative contents of membrane cholesterol (gray bars), 7-DHC (open bars) and 8-
DHC (hatched bars) from CHO-5-HTaR cells treated with increasing concentrations of AY
9944 used, and normalized to total sterol (cholesterol + 7-DHC + 8-DHC) content. The cell
membrane cholesterol to total sterol ratio is shown in (b). The ratio of cholesterol to total
sterol was normalized to control cells. The ratio between cholesterol and total
dehydrocholesterol (7-DHC + 8-DHC) is shown in (c¢). Data represent means + SE of at
least three independent experiments. See section 3.2 for other details.
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cells. As shown in the figure, there is a progressive and drastic reduction in the specific
[PH]8-OH-DPAT binding with increasing concentrations of AY 9944 used. The reduction
in agonist binding correlates well with the reduction in ratio between cholesterol to total
sterol as well as the cholesterol to dehydrocholesterol ratio (shown in Figures 3.4b and c¢).
The agonist binding of the human serotonin;s receptor is reduced to ~8% of the original
value upon treatment with 10 pM AY 9944. Importantly, the reduction in agonist binding is
not due to a decrease in the expression level of the human serotonin;, receptor (see later,
Figure 3.9). Although the requirement of membrane cholesterol in maintaining the ligand
binding activity of the serotonin;a receptor has previously been reported by our group
(Pucadyil and Chattopadhyay, 2004a), this result represents the first observation that
defective cholesterol biosynthesis could result in loss of specific agonist binding to the
serotonina receptor.

The saturation binding analysis of the specific agonist [’H]8-OH-DPAT binding to
serotonin; s receptors is shown in Figure 3.5b. The results of saturation binding analysis
with the agonist ["H]8-OH-DPAT, carried out with membranes prepared from AY 9944
treated and control cells, revealed that the reduction in ligand binding can primarily be
attributed to a reduction in the number of total binding sites with a marginal reduction in the
affinity of ligand binding. There is a significant reduction (~26%, p<0.02) in the maximum
number of binding sites (Byax) when the CHO-5-HT 4R cells were treated with 5 uM AY
9944.

Ligand-dependent downstream signaling efficiency of the human serotonin4 receptor is
reduced in SLOS-like condition

Most of the seven transmembrane domain receptors are coupled to G-proteins, and
therefore guanine nucleotides are known to modulate ligand binding. The serotonin|a
receptor agonists such as 8-OH-DPAT are known to specifically activate the Gi/G, class of

G-proteins in CHO cells (Raymond ef al., 1993). Agonist binding to such receptors
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Figure 3.5. Ligand binding function of the human serotonin;, receptor is inhibited in
cellular model of SLOS. CHO-5-HT ;R cells were treated with varying concentrations of
AY 9944 and specific [’'H]8-OH-DPAT binding to the serotonin;, receptor was measured
(shown in panel a). The concentration of [’H]8-OH-DPAT in each assay tube was 0.29 nM.
Values are expressed as a percentage of specific binding for control cell membranes without
AY 9944 treatment. Data shown are means + SE of at least three independent experiments.
Panel (b) shows saturation binding analysis of specific [°’H]8-OH-DPAT binding to
serotonin s receptors from CHO-5-HT 4R cell membranes in control (O) cells and in cells
treated with 5 uM AY 9944 (®). Representative plots are shown for specific [3H]8-OH-
DPAT binding with increasing concentrations (0.1-7.5 nM) of [’H]8-OH-DPAT under these
conditions. The curves are non-linear regression fits to the experimental data using
Graphpad Prism software. See section 3.2 for other details.
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Table 3.1

Parameters for [’H]8-OH-DPAT binding in control cells and
cells treated with AY 9944

Kd Bmax
(nM) (pmol/mg of-protein)
Control 0.26 + 0.04 0.65 +0.03
AY 9944 treated 0.29+£0.02 0.48+0.03

Binding parameters were calculated by analyzing saturation binding isotherms with a range
(0.1-7.5 nM) of the radioligand using Graphpad Prism software. Data shown in the table
represent means + SE of three independent experiments. Concentration of AY 9944 used
was 5 uM. See section 3.2 for other details.

therefore displays sensitivity to agents such as GTP-y-S, a non-hydrolyzable analogue of
GTP, that uncouple the normal cycle of guanine nucleotide exchange at the Ga subunit
caused by receptor activation. We have previously shown that in the presence of GTP-y-S,
serotonin; s receptors undergo an affinity transition, from a high affinity G-protein coupled
to a low-affinity G-protein uncoupled state (Harikumar and Chattopadhyay, 1999). In
agreement with these results, Figure 3.6a shows a characteristic reduction in binding of the
agonist ['H]8-OH-DPAT in the presence of a range of concentrations of GTP-y-S with an
estimated half maximal inhibition concentration (ICs¢) of 3.75 nM for control cells. The
inhibition curve in case of cells treated with AY 9944 displays a significant (~2.5-fold,
p<0.03) shift toward higher concentrations of GTP-y-S with an increased 1Csg value of 9.92
nM. This implies that the agonist binding to the serotonin;s receptor in SLOS-like
condition is less sensitive to GTP-y-S indicating that the G-protein coupling efficiency is
reduced under these conditions. This suggests a possible perturbation of receptor-G-protein

interaction in SLOS-like condition.
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Figure 3.6. Reduced downstream signaling of the human serotonin;4 receptor in SLOS-like
condition. The downstream signaling efficiency of the serotonin;a receptor was monitored
by the sensitivity of [’H]8-OH-DPAT binding to GTP-y-S and cyclic AMP levels. Panel (a)
shows the effect of increasing concentrations of GTP-y-S on the specific binding of the
agonist [3H]8-OH-DPAT to serotonin;s receptors in control cells (O) and in cells treated
with 5 uM AY 9944 (A). Values are expressed as percentages of the specific binding
obtained at the lowest concentration of GTP-y-S. The curves are non-linear regression fits to
the experimental data using equation 1. The data points represent means + SE of duplicate
points from at least three independent experiments. See section 3.2 for other details. Panel
(b) shows the estimation of cAMP levels in CHO-5-HT R cells. The ability of the specific
agonist (8-OH-DPAT) to reduce the forskolin-stimulated increase in cAMP levels in control
cells (O) and in cells treated with 5 pM AY 9944 (A) was assessed. cAMP levels in cells
were estimated as described in section 3.2. The curves are non-linear regression fits to the
experimental data using equation 1. Data are normalized to cAMP levels present at the
lowest concentration of 8-OH-DPAT used in the experiment and represent the means + SE
of duplicate points from at least three independent experiments. See section 3.2 for other
details.
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In addition to ligand binding properties, we monitored the function of serotonin;a
receptors in CHO-5-HT 4R cells by measuring its ability to catalyze downstream signal
transduction processes upon stimulation with the specific agonist, 8-OH-DPAT. Serotonin;a
receptor agonists such as 8-OH-DPAT are known to specifically activate the Gi/G, class of
G-proteins in CHO cells, which subsequently reduce cAMP levels in cells (Raymond et al.,
1993). As shown in Figure 3.6b, the forskolin-stimulated increase in cAMP levels is
inhibited by 8-OH-DPAT with a half maximal inhibition concentration (ICsp) of 11.97 nM
in control cells. In cells treated with AY 9944, the ICsq value is increased to a considerable
extent (~4-fold, p<0.13) to 50.68 nM. This points out that the downstream signaling

efficiency of the human serotonin, s receptor is considerably reduced under this condition.

Reduction in the function of the human serotonin;, receptor in SLOS-like condition is
independent of the overall membrane order

In order to explore any possible change in overall membrane order upon AY 9944
treatment, we measured the fluorescence anisotropy of the fluorescent probe DPH.
Fluorescence anisotropy measured using probes such as DPH is correlated to the rotational
diffusion of membrane embedded probes (Lakowicz, 2006), which is sensitive to the
packing of lipid fatty acyl chains. This is due to the fact that fluorescence anisotropy
depends on the degree to which the probe is able to reorient after excitation, and probe
reorientation is a function of local lipid packing. DPH, which is a rod-like hydrophobic
molecule, partitions into the interior (fatty acyl chain region) of the bilayer. Figure 3.7
shows the effect of increasing concentrations of AY 9944 on the fluorescence anisotropy of
the membrane probe DPH incorporated into CHO-5-HTsR cell membranes. The
fluorescence anisotropy of DPH appears to be more or less invariant over the concentration
range of AY 9944 used. These results therefore suggest that the overall (global) membrane
order is not signiﬁcantlry altered in SLOS-like condition and changes in ligand binding

activity and downstream signaling could be due to specific (local) effects (see later).
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Figure 3.7. Overall membrane order is unaltered in SLOS-like condition. The overall
(average) membrane order was estimated in control cell membranes and in membranes of
cells treated with varying concentrations of AY 9944, using fluorescence anisotropy of the
membrane probe DPH. Fluorescence anisotropy measurements were carried out with
membranes containing 50 nmol phospholipid at a probe to phospholipid ratio of 1:100
(mol/mol) at room temperature (~23 °C). Data represent means + SE of duplicate points
from at least three independent experiments. See section 3.2 for other details.

Metabolic cholesterol replenishment restores the ligand binding activity of the human
seroloning 4 receptor

Treatment of SLOS consists of reduction of 7-DHC levels on one hand, and to
supplement deficient cholesterol, on the other hand. This is generally achieved by
providing supplemental cholesterol in the diet (Battaile and Steiner, 2000; Porter, 2000;
Kelley and Hennekam, 2000). This is due to the fact that the supplemented dietary
cholesterol would reduce cholesterol precursors by feedback inhibition of HMG-CoA
reductase. In order to check the reversibility of the changes induced by AY 9944 (i.e.,
reduction of cholesterol and accumulation of dehydrocholesterol) in SLOS-like condition in
CHO-5-HTaR cells, we performed metabolic replenishment with serum cholesterol. This
was carried out by incubating cells treated with AY 9944 for 3 days in serum (see section

3.2). Under these conditions, a significant (p<0.01) fraction of cholesterol could be
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Figure 3.8. Metabolic replenishment of cholesterol with serum. After treatment with 5 uM
AY 9944, CHO-5-HT 4R cells were allowed to recover by metabolic replenishment with
serum cholesterol. Following AY 9944 treatment, cells were grown for 3 days in D-
MEM/F-12 (1:1) medium (supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf
serum, 60 pg/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin sulfate, and 200
pg/ml geneticin) in a humidified atmosphere with 5% CQ; at 37 °C, sterols were extracted
from cell membranes and quantified using GC-MS. Panel (a) shows the relative contents of
membrane cholesterol (gray bars), 7-DHC (open bars) and 8-DHC (hatched bars) in control
(without AY 9944 treatment) cells, AY 9944 treated cells and cells in which cholesterol was
metabolically replenished. The relative sterol contents are normalized to total sterol
(cholesterol + 7-DHC + 8-DHC) content. The corresponding changes in the specific
binding of the agonist [’H]8-OH-DPAT to serotonin; receptors under these conditions are
shown in (b). See section 3.2 for other details.
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restored, along with a concomitant reduction in 8-DHC levels, and an overall
decrease in combined dehydrocholesterol levels (Figure 3.8a), resulting in significant

(p<0.01) recovery of the ligand binding activity (see Figure 3.8b).

The expression level of the serotonin;, receptor is not reduced in SLOS-like condition

The impaired ligand binding activity and signaling of the human serotoninia
receptor observed in SLOS-like condition could be due to reduced expression levels of
serotonin;a receptors. In order to explore this possibility, we performed Western blot
analysis of 5-HT|AR-EYFP in cell membranes prepared from control, AY 9944 treated and
cholesterol replenished CHO-5-HT{AR-EYFP cells (see Figure 3.9). For these experiments,
we chose to use the receptor tagged to EYFP (5-HT;4R-EYFP) since no monoclonal
antibodies for the serotonin; receptor are available yet, and the polyclonal antibodies have
been reported to give variable results on Western blots (Zhou et al., 1999). We have earlier
shown that EYFP fusion to the serotonin;a receptor does not affect the ligand binding
properties, G-protein coupling and signaling functions of the receptor (Pucadyil et al.,
2004a). Figure 3.9b shows that the levels of the serotonin; receptor in membranes are not
reduced in SLOS-like condition. The receptor level is slightly increased (~1.4-fold
compared to control) following AY 9944 treatment. This increase, however, was found to
be not significant (p>0.05). After metabolic replenishment with serum cholesterol, the
receptor level increased to ~1.6-fold. It has been previously reported that serotoninia

receptor levels in CHO cells could increase upon induction of stress (Singh et al., 1996).

71



Chapter 3. The human serotonin, 4 receptor function in cellular model of SLOS

(a)
5-HT, ,R-EYFP S !
pactin - "IN YD
Control  AY 9944 Cholesterol
treated replenishment in serum
(b)

(9]
V

M
|_

5-HT, ,R-EYFP/p-actin
(fold increase over control)
SO
L) L]

e
-
\

Control AY 9944 Cholesterol
treated replenishment in serum

Figure 3.9. The expression level of the human serotonin;s receptor is not reduced in
membranes of cellular model of SLOS. Western blot analysis of 5-HT;sR-EYFP in
membranes prepared from CHO-5-HTsR-EYFP (control) cells, CHO-5-HT AR-EYFP celis
treated with 5 pM AY 9944 and after metabolic replenishment with serum cholesterol.
Panel (a) shows the human serotonin; s receptor tagged to EYFP with corresponding -actin
probed with antibodies directed against GFP and B-actin. Panel (b) shows the quantitation
of 5-HT|aR-EYFP and B-actin levels using densitometry. 5-HTAR-EYFP levels were
normalized to B-actin of the corresponding sample. Data are shown as fold increase of 5-
HT;AR-EYFP over control and represent means + SE of at least four independent
experiments. See section 3.2 for other details.
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3.4. Discussion

SLOS is a congenital and developmental malformation syndrome associated with
defective cholesterol biosynthesis. Patients diagnosed with SLOS typically show
growth and mental retardation, microcephaly, cleft palate, syndactyly, urogenital
abnormalities, and a variety of other anatomical defects. SLOS is clinically characterized
by reduced levels of plasma cholesterol coupled with accumulation of 7- and 8-DHC.
Learning disabilities and mental retardation are present in at least 95% of SLOS patients
(Porter, 2000) which could be attributed to impaired neurotransmission. The relationship
between clinical severity and biochemical parameters in SLOS is an ongoing area of
research. It has been previously reported that reduced cholesterol levels are associated with
increased clinical severity, while the correlation between 7-DHC and clinical severity is
weak (Cunniff et al., 1997). These results are supported using SLOS animal model, which
shows that cholesterol deficit but not accumulation of precursor sterols, is the major cause
of abnormal embryogenesis in SLOS (Gaoua et al., 2000). Importantly, cholesterol is an
essential lipid in this context since a number of neurological diseases share a common
etiology of defective cholesterolmetabolismin the brain (Porter, 2002). As mentioned
earlier, we have previously shown the requirement ofmembrane cholesterol in the function
of the serotoninys receptor (Pucadyil and Chattopadhyay, 2004a; 2006). Based on this
evidence, it appears that reduction in cholesterol levels could contribute to the impairment
of function of the serotonin;a receptor under SLOS-like condition, althdugh effects of
accumulation of dehydrocholesterol may not be ruled out.

Serotonin;a receptors are members of a superfamily of seven transmembrane
domain receptors (Perez, 2003) that couple to and transducer signals via G-proteins
(Pucadyil et al., 2005a; Kalipatnapu and Chattopadhyay, 2007a). The effect of metabolic
inhibition of cholesterol biosynthesis on the function of the human serotonin;, receptor in

CHO-5-HTaR cells was monitored. These results show that ligand binding activity, G-
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protein coupling and downstream signaling of serotonin;a receptors are impaired in SLOS-
like condition. The potential clinical relevance of this observation stems from the fact that
defective cholesterol biosynthesis constitutes a common theme for a number of genetically
inherited disorders (Waterham, 2006). These results assume greater significance in the light
of recent findings that symptoms of anxiety and major depression are apparent in humans
upon long term administration of statins which are inhibitors of the first enzyme (HMG-
CoA reductase) in the cholesterol biosynthesis pathway (Papakostas et al., 2004).
Interestingly, SLOS carriers have been reported to be at greater risk of suicidal behavior
(Lalovic et al., 2004) and a recent study has shown that serotonin, s receptors play a key role
in the biology of suicidal behavior (Pichot et al., 2005).

Importantly, our results show that the receptor level is not reduced under this
condition. This implies that the fraction of functional receptors is reduced upon AY 9944
treatment resulting in a higher fraction of non-functional receptors. Interestingly, these
results could be related to an earlier report describing abnormal development of
serotonergic neurons in SLOS mouse model (Waage-Baudet ef al., 2003). In addition,
modulation of serotonergic transmission has been implicated in cholesterol-lowering
therapy (Vevera et al., 2005). Our results assume significance in the light of the fact that
SLOS patients suffer from impaired neurotransmission. It should be mentioned here that
although we have monitored the levels of membrane sterols and clinical reports from patient
samples rely on plasma sterols, it has been earlier reported that modulation of membrane
and plasma sterols are positively correlated (Lijnen ef al., 1996). Based on our results, it
could be possible that the function of serotonin;s receptors is reduced in SLOS patients,
since the membrane sterol levels we obtained match well with reported serum sterol levels
in SLOS patients (Elias et al., 2003; Lin et al., 2005; Scalco et al., 2003). Clearly, further
work is needed in this area to support this hypothesis.

The effect of cholesterol on the structure and function of integral membrane proteins

has been a subject of intense investigation (see chapter 1). We have earlier shown that
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oxidation of membrane cholesterol with cholesterol oxidase leads to inhibition of the ligand
binding activity of the serotonin,, receptor (Pucadyil et al., 2005b). In the present work, we
have utilized a cellular model of SLOS in order to delineate the specific and global effects
of cholesterol in the function of the serotonin;s receptor. SLOS serves as an appropriate
condition to test this since the two aberrant sterols that get accumulated in SLOS, i.e., 7-
and 8-DHC, differ with cholesterol only in a double bond. Our results show that the overall
membrane order, as monitored with the fluorescent probe DPH, does not exhibit significant
change in SLOS-like condition (Figure 3.7). Interestingly,we have recently shown that 7-
DHC does not support the function of the serotonin; s receptor without any change in overall
membrane order (Singh er al., 2007). We therefore conclude that the requirement for
maintaining ligand binding activity is more stringent than the requirement for maintaining
membrane order. Taken together, these results indicate that the molecular basis for the
requirement of membrane cholesterol in maintaining the ligand binding activity of
serotonin s receptors could be specific interaction, although global bilayer effects may not
be ruled out (Prasad et al., 2009).

Cholesterol is often found distributed non-randomly in domains in biological
membranes (See chapter 1). It would be interesting to compare to what extent 7- and 8-
DHC could mimic cholesterol in this regard. It has been previously reported using a
number of approaches that membrane domains formed by 7-DHC differ with those formed
by cholesterol in protein composition (Keller et al., 2004), packing (Berring et al., 2005)
and stability (Wolf and Chachaty, 2000; Wolf ef al., 2001; Megha et al., 2006). In addition,
model membranes mimicking SLOS membranes have been reported to exhibit atypical
membrane organization (Tulenko et al., 2006) and curvature (Gondre-Lewis et al., 2006). It
is therefore possible that mere replacement of cholesterol with 7-DHC may significantly
affect aspects of membrane organization such as near neighbor interactions (7-DHC is more

polar than cholesterol) and accessible surface area. Interestingly, it has been reported that
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the activity of inward-rectifier K* channels is modulated even by optical isomers of
cholesterol thereby exemplifying the specificity of interaction (Romanenko et al., 2002).
Dietary cholesterol has been proposed as a potential therapy in the treatment of
SLOS and currently a lot of research is focused on developing a formula as food supplement
for SLOS patients (Lin ef al., 2005). We have metabolically replenished cholesterol in cells
pre-treated with AY 9944 with serum and found that the ligand binding activity of the
human serotonin;s receptor could be recovered to a significant extent (Figure 3.8b).
Metabolic replenishment of cholesterol is relevant since the only feasible treatment for
SLLOS patients is regular intake of dietary cholesterol. It has been reported earlier that
administration of dietary cholesterol can partially reverse some of the behavioral
abnormalities (Kelley and Hennekam, 2000). It is possible that the impaired function of
receptors such as the serotonin;s receptor in SLOS patients could be regained to some
extent after cholesterol administration. Taken together, our results could be potentially
useful in understanding the molecular basis that underlie the pathophysiology of this

disorder and could provide novel insight in formulating future treatment for the disease.
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Chapter 4. Metabolic depletion of sphingolipids and function of the serotonin; 4 receptor

4.1. Introduction

Sphingolipids are essential and indispensable components of eukaryotic cell
membranes and constitute 10-20% of the total membrane lipids (Holthius ez al., 2001).
Sphingolipids are thought to be involved in the regulation of cell growth, differentiation,
and neoplastic transformation through participation in cell-cell communication, and possible
interaction with receptors and signaling systems. Sphingolipids such as sphingomyelin are
regarded as reservoirs for second messengers such as sphingosine, ceramide and
sphingosine 1-phosphate (Merrill ef al., 1996). Sphingolipids are abundant in the plasma
membrane compared to intracellular membranes. Their distribution in the bilayer appears to
be heterogeneous, and it has been postulated that sphingolipids and cholesterol occur in
laterally segregated lipid domains (sometimes termed as ‘lipid rafts’) (Brown, 1998;
Masserini and Ravasi, 2001; Mukherjee and Maxfield, 2004; see chapter 1).

Ceramide is at the center of sphingolipid metabolism and has been recognized as a
critical second messenger (Hannun and Obeid, 2002). Ceramide levels can reach up to 10
mol% of the total phospholipids (Hannun, 1996) emphasizing its role as a signaling
molecule. Furthermore, the formation of ceramide upon stimulation occurs in restricted
cellular sites, and the local concentration of ceramide has been estimated to exceed 25
mol% (Holopainen et al., 2000). The pool of ceramide is maintained by de novo synthesis.
The cellular levels of ceramide and sphingomyelin can be modulated using compounds such
as fumonisins. Fumonisins have been extensively used to explore functions of ceramides,
sphingomyelin and complex sphingolipids (Desai et al., 2002). Fumonisins are a group of
naturally occurring mycotoxins, which are ubiquitous contaminants of corn and other grain
products, produced by Fusarium verticelloidés and several other Fusarium species
(Gelderblom et al., 1988; Marasas, 1996). There are at least 14 known fumonisins of
which fumonisin B;.(FB,) is the most abundant (Dragan et al., 2001). FB, is structurally

similar to sphingoid bases such as sphinganine and sphingosine (see Figure 4.1), which are
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intermediates in sphingolipid metabolism, and an important site of inhibition is the reaction
catalyzed by sphinganine N-acetyltransferase (ceramide synthase) (Wang et al., 1991).
Consumption of FB, through contaminated corn has been reported to induce neurotoxicity
(Desai et al., 2002; Gelderblom et al., 1992), and esophageal and liver cancer in humans
(Soriano et al., 2005). Although little is known about the molecular mechanism of action
by which these mycotoxins induce carcinogenic effects, disruption of the sphingolipid
metabolism appears to be a major factor. It has been previously demonstrated that
inhibition of sphingolipid biosynthesis using FB; results in depletion of cellular
(glyco)sphingolipids and significantly affects axonal growth, suggesting that sphingolipids
may play a vital role in regulating neuronal development (Harel and Futerman, 1993).
Sphingolipids have been demonstrated to regulate apoptosis, survival and regeneration of
cells in the nervous system. In addition, the role of sphingolipids in the development and
progression of several neurological diseases such as Alzheimer’s disease is well
documented (Posee de Chaves, 2006), which could be due to impaired neurotransmission.
Modulating sphingolipid levels and monitoring the function of an important
neurotransmitter receptor therefore assumes relevance.

The serotonin;s receptor is an important neurotransmitter G-protein coupled
receptor and serves as an important target in the development of therapeutic agents for
neuropsychiatric disorders such as anxiety and depression. Keeping in mind the
pharmacological relevance of the serotonin;a receptor, its interaction with the surrounding
lipid environment assumes greater significance in modulating its function in healthy and
diseased states. This chapter describes about the work in which sphingolipid levels in CHO
cells stably expressing the human serotonin; s receptor (CHO-5-HT | 4R) were modulated by
metabolically inhibiting the biosynthesis of sphingolipids. In order to achieve this, FB; (a
specific metabolic inhibitor of ceramide synthase) was utilized. FB, treatment results in
reduction of sphingomyelin levels. The function of the human serotonin;, receptor under

these conditions was explored by monitoring ligand binding, G-protein coupling and
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downstream signaling of the receptor along with lateral mobility measurements using
Fluorescence Recovery After Photobleaching (FRAP). Our results show that the function of
the serotonin;a receptor is impaired upon metabolic depletion of sphingomyelin. These
results are significant since FB; induces a number of diseases (see above) and could
possibly even impair neurotransmission. Importantly, our results provide evidence, that
sphingolipids are necessary for ligand binding and downstream signaling of the human
serotonin; 4 receptor. In addition, our results demonstrate that the effect of sphingomyelin
on the ligand binding function of the serotonin;a receptor caused by metabolic depletion of

sphingolipids is reversible.

4.2. Materials and methods

Materials

DMPC, fumonisin By, EDTA, MgCl,, MnCl,, 8-OH-DPAT, penicillin, streptomycin,
gentamycin sulfate, polyethylenimine, PMSF, p-MPPI, primuline, serotonin, sphingosine,
sodium bicarbonate, and Tris were obtained from Sigma Chemical Co. (St. Louis, MO). D-
MEM/F-12 [Dulbecco’s modified Eagle medium:nutrient mixture F-12 (Ham) (1:1)], fetal
calf serum, and geneticin (G 418) were from Invitrogen Life Technologies (Carlsbad, CA).
GTP-y-S was from Roche Applied Science (Mannheim, Germany). Porcine brain
sphingomyelin was purchased from Avanti Polar Lipids (Alabaster, AL). BCA reagent for
protein estimation was from Pierce (Rockford, IL). Forskolin and IBMX were obtained
from Calbiochem (San Diego, CA). [*H]8-OH-DPAT (sp. activity = 135.0 Ci/mmol) and
[PH]p-MPPF (sp. activity = 70.5 Ci/mmol) were purchased from DuPont New England
Nuclear (Boston, MA). The cyclic ["HJAMP assay kit was purchased from Amersham
Biosciences (Buckinghamshire, U.K.). GF/B glass microfiber filters were from Whatman

International (Kent, U.K.). Pre-coated silica gel 60 thin layer chromatography plates were
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from Merck (Merck, Germany). All other chemicals and solvents used were of the highest
available purity. Water was purified through a Millipore (Bedford, MA) Milli-Q system

and used throughout.

Cell culture and FB; treatment

CHO cells stably expressing the human serotonin;s receptor (termed as CHO-5-
HT;sR) and stably expressing the human serotonin, s receptor tagged to enhanced yellow
fluorescent protein (termed as CHO-5-HTAR-EYFP) were maintained in D-MEM/F-12
(1:1) supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum, 60 pg/ml
penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin sulfate, and 200 pg/ml geneticin in
a humidified atmosphere with 5% CO, at 37 °C. Stock solutions (1 mM) of FB; were
prepared in water and added to cells grown for 24 h (final concentration of FB;, was 2-6
pM) and incubated in 5% serum for 63-66 h. Control cells were grown under similar

conditions without FB; treatment.

Cell membrane preparation
Cell membranes were prepared as described earlier (Kalipatnapu et al., 2004a; Paila
and Chattopadhyay, 2006) and in section 3.2. Total protein concentration in the isolated

membranes was determined using the BCA assay (Smith et al., 1985).

Estimation of sphingomyelin by thin layer chromatography

Total lipid extraction from membranes of control and FB; treated cells was carried
out according to Bligh and Dyer (1959). Lipid extracts were dried under a stream of
nitrogen at 45 °C. The dried extracts were resuspended in a mixture of
chloroform/methanol (1:1, v/v). Total lipid extracts were resolved by thin layer
chromatography (TLC) using chloroform/methanol/acetic acid/water (25:15:4:2, v/v/v/v) as

the solvent system (Ito er al., 2002). The separated lipids were visualized by spraying a
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fluorescent stain, primuline (Skipski, 1975). Sphingomyelin standard was used to identify
sphingomyelin bands on the thin layer chromatogram run with total lipid extracts obtained
from membranes of control and FB, treated cells. The sphingomyelin bands were scraped
from the TLC plates, and lipids were re-extracted with chloroform/methanol (1:1, v/v) from
samples, and the phosphate contents were estimated and normalized to the phosphate

content obtained from native (control) cell membranes.

Estimation of inorganic phosphate

The concentration of lipid phosphate was as described in section 2.2.

Radioligand binding assays

Receptor binding assays were carried out as described in section 2.2 with ~50 pg

total protein.

GTP-y-S sensitivity assay
In order to estimate the efficiency of G-protein coupling, GTP-y-S sensitivity assays

were carried out as described in section 2.2.

Estimation of cyclic AMP content in cells
The ability of ligands to affect the forskolin-stimulated increase in cAMP levels in

CHO-5-HT sR cells was assessed as described in section 3.2.

Fluorescence anisotropy measurements

Fluorescence anisotropy experiments were carried out using the fluorescent probe
DPH with membranes prepared from cells that were treated with varying concentrations of
FB,, containing 50 nmol of total phospholipids suspended in 1.5 ml of 50 mM Tris, pH 7.4

buffer, as described earlier (Paila et al., 2005) and in section 3.2.
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Metabolic replenishment of sphingolipids using sphingosine

After treatment with 6 pM FB;, CHO-5-HT AR cells were grown for 24 hs in D-
MEM/F-12 (1:1) supplemented with 1 uM sphingosine, 2.4 g/l of sodium bicarbonate, 10%
fetal calf serum, 60 pg/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin sulfate,
and 200 ug/ml geneticin in a humidified atmosphere with 5% CO; at 37 °C in order to

achieve replenishment of sphingolipids.

Confocal microscopy and live cell imaging

In order to visualize the serotonin;s receptor, CHO-K1 cells stably expressing the
serotonin; s receptor tagged to enhanced yellow fluorescent protein (referred to as CHO-5-
HTAR-EYFP) were used (Pucadyil ef al., 2004a). CHO-5-HT;aR-EYFP cells were plated
at a density of 5 x 10* cells on a 40 mm glass coverslip and were grown in D-MEM/F-12
medium with or without FB,. Coverslips were washed twice with 3 ml of HEPES-Hanks,
pH 7.4 buffer, and mounted on an FCS2 closed temperature controlled Bioptechs chamber
(Butler, PA). The chamber was gently perfused with 10 ml of the same buffer and was
allowed to attain 37 °C, which took ~10 min. Images were acquired on an inverted Zeiss
LSM 510 Meta confocal microscope (Jena, Germany), with a 63x, 1.2 NA water immersion
objective using the 514 nm line of an argon laser. EYFP fluorescence emission was

collected using the 535-590 nm bandpass filter.

Fluorescence recovery after photobleaching (FRAP) measurements and statistical analysis
FRAP experiments were carried out at room temperature (~23 °C) on cells that were
grown in D-MEM/F-12 medium containing 5% serum with or without FB; treatment on
Lab-Tek chambered coverglass (Nunc, Denmark). Fluorescence images of cells grown on
Lab-Tek chambers were acquired in the presence of PBS buffer pH 7.4, containing 0.5 mM
MgCl, and 1 mM CaCl,. Images were acquired on an inverted Zeiss LSM 510 Meta

confocal microscope as described above, and recorded at a 225 pm pinhole resolution,
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giving an optimal z-slice thickness of 1.7 um. A circular region of interest (ROI), with a
radius of 1.4 um was chosen as the bleach ROI. The time interval between successive scans
was ~0.53 s. Analysis with a control ROI drawn a fair distance away from the bleach ROI
indicated no significant bleach while fluorescence recovery was monitored. Data
representing the mean fluorescence intensity of the bleached ROI were background
subtracted using an ROI placed outside the cell boundary and were analyzed to determine
the diffusion coefficient (D). FRAP recovery plots were analyzed on the basis of the
equation for a uniform disk illumination condition (Soumpasis, 1983):

F(t) = [F(o0) = F(0)] [exp(-2ta/t) (Io(2ta/t) + Li(2a/t))] + F(0) ()
where F(¢) is the mean background corrected and normalized fluorescence intensity at time ¢
in the bleached ROI, F() is the recovered fluorescence at time ¢ = oo, F(0) is the bleached
fluorescence intensity set at time ¢ = 0, and 14 is the characteristic diffusion time. Iy and [;
are modified Bessel functions. Diffusion coefficient (D) is determined from the equation:

D=’ /414 (6)
where o is the actual radius of the bleached ROI. Mobile fraction estimates of the
fluorescence recovery were obtained from the equation:

mobile fraction = [F(c0) — F(0)]/[1 - F(O)] @)
where the mean background corrected and normalized prebleach fluorescence intensity is
equal to unity. Nonlinear curve fitting of the fluorescence recovery data to equation 5 was
carried out using the Graphpad Prism software version 4.00 (San Diego, CA). Frequency
distribution plot and statistical analysis were performed using Microcal Origin software

version 5.0 (OriginLab Corp., Northampton, MA).

Western blot analysis
Cell membranes were prepared from CHO-5-HT sR-EYFP (control), FB; treated
and FB, treatment followed by sphingosine-treated cells as previously described earlier

(section 3.2; Paila and Chattopadhyay, 2006) with an addition of 1:20 dilution of freshly
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added protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Western

blot analysis was performed as described in section 3.2.

4.3. Results

Quantification of sphingomyelin upon metabolic depletion using F'B,

CHO cells stably expressing the human serotonin;a receptor (CHO-5-HTaR) were
treated with FBy, in order to achieve the metabolic depletion of sphingolipids. FB; is a
potent and competitive inhibitor of ceramide synthase, the enzyme that catalyzes the
acylation of sphinganine in de novo biosynthesis of sphingolipids and the reutilization of
sphingosine derived from sphingolipid turnover (Merrill et al., 1996). The structures of
sphingosine, sphinganine and FB, are shown in Figure 4.1. Besides disrupting sphingolipid
metabolism, FB, is known to induce oxidative stress leading to cytotoxicity when used at
high concentrations (Kouadio et al., 2005). It is therefore important to ensure that the FB,
concentrations used are below the concentration range in which cytotoxic effects are
predominant. It has previously been shown that treatment up to 50 pM FB, does not result
in cell death (Yu et al., 2001; Sjogren and Svenningsson, 2007). We therefore chose to use
low concentrations of FB; and the concentration of FB, used in the present work never
exceeded 6 uM. Total lipids were extracted from membranes prepared from control and
FB, treated cells, and were separated on TLC plates (shown in Figure 4.2a). Sphingomyelin
bands were scraped from chromatographic plates and their phosphate contents were
estimated as described in section 4.2 and shown in Figure 4.2b. The sphingomyelin content
shows a progressive reduction with increasing FB; concentration.  Figure 4.2b shows that
~80% of sphingomyelin is metabolically depleted in membranes of CHO-5-HT;sR

following treatment with 6 uM FB;.
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Figure 4.1. Chemical structures of sphingosine, sphinganine and fumonisin B;. Fumonisin
B, is a potent and competitive inhibitor of ceramide synthase (N-acetyltransferase), the
enzyme that catalyzes the acylation of sphinganine in de novo biosynthesis of sphingolipids
and the reutilization of sphingosine derived from sphingolipid turnover (Merrill et al.,
1996). See text for more details.
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Figure 4.2. Estimation of sphingomyelin content in membranes isolated from control cells
and cells treated with varying concentrations of FB;. Total lipids were extracted from
membranes of control cells and cells treated with varying concentrations of FB; and were
separated by thin layer chromatography as shown in (a). The lanes represent lipids
extracted from membranes from control cells (lane 2), and membranes isolated from cells
treated with 2 (lane 3), 4 (lane 4) and 6 (lane 5) uM of FB,. The arrow represents position
of sphingomyelin on the thin layer chromatogram identified using a standard in lane 1.
Sphingomyelin contents were quantified by estimation of phosphate content and are shown
in (b). Values are expressed as percentages of the sphingomyelin content of membranes of
control cells (without any treatment). Data represent means + SE of at least three
independent experiments. See section 4.2 for other details.
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Specific ligand binding of the human serotoniny receptor is reduced upon metabolic
depletion of sphingolipids

In order to monitor the effect of metabolic depletion of sphingolipids on the ligand
binding activity of the serotonin; s receptor, CHO-5-HT AR cells were treated with varying
concentrations of FB; and ligand binding was measured. For this, we measured binding of
the selective serotonin s receptor agonist [’H]8-OH-DPAT and antagonist [’H]p-MPPF to
cell membranes prepared from CHO-5-HT 4R cells under control (without FB; treatment)
and FB, treated conditions. Figure 4.3 shows the decrease in specific binding of the
selective serotonin;a receptor agonist ["H]8-OH-DPAT with increasing concentrations of
FB, (Figure 4.3a), and the accompanying reduction in membrane sphingomyelin levels
(Figure 4.3b). The specific agonist binding is reduced to ~57% of the original value upon
metabolic depletion of ~80% sphingomyelin. The effects of increasing concentrations of
FB, and accompanying sphingomyelin depletion on specific *H]p-MPPF binding to the
serotonin;a receptor are shown in panels (c) and (d), respectively. Figure 4.3c shows that
specific binding of the selective antagonist [’H]p-MPPF is decreased with FB, treatment,
and is reduced to ~65% of its original value upon treatment with 6 uM FB,;. Figure 4.3
shows that the reduction in ligand binding is somewhat drastic till ~30% sphingomyelin is
lost (corresponding to 2 uM FB,). Taken together, these results show that the reduction in
membrane sphingomyelin content in CHO-5-HT R cells by metabolic depletion using FB,

results in the loss of the serotonin; s receptor ligand binding ability.

Ligand-dependent downstream signaling efficiency of the human serotonin;, receptor is
reduced upon metabolic depletion of sphingolipids

Figure 4.4a shows a characteristic reduction in binding of the agonist [*H]8-OH-
DPAT in the presence of a range of concentrations of GTP-y-S with an estimated half
maximal inhibition concentration (ICsp) of 3.41 nM for control cells. The inhibition curve

in case of cells treated with 6 uM FB, displays a significant (~5-fold) shift toward higher
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Figure 4.3. Effect of metabolic depletion of sphingolipids on specific ligand binding of the
human serotonin;, receptor. CHO-5-HT 4R cells were treated with varying concentrations
of FB; and specific [’H]8-OH-DPAT binding to the serotonings receptor in membranes
isolated from these cells was measured and shown in (a). The change in specific ['H]8-OH-
DPAT binding is plotted with increasing sphingomyelin depletion in (b). Values are
expressed as percentages of specific binding for control cell membranes without FB,
treatment. Data shown are means £ SE of at least three independent experiments. The
effects of increasing concentrations of FB, and accompanying sphingomyelin depletion on
specific ["H]p-MPPF binding to the serotonin, s receptor are shown in panels (c) and (d),
respectively. Values are expressed as percentages of specific binding for control cell
membranes without FB; treatment. Data shown are means + SE of at least three
independent experiments. Data for the extent of sphingomyelin depletion with increasing
concentrations of FB, are taken from Figure 4.2b. See section 4.2 for other details.

89



Chapter 4. Metabolic depletion of sphingolipids and function of the serotonin;receptor

concentrations of GTP-y-S with an increased ICsy value of 19.75 nM. This implies that
the agonist binding to the serotonin; s receptor upon metabolic depletion of sphingolipids is
less sensitive to GTP-y-S indicating that the G-protein coupling efficiency is reduced under
these conditions. This indicates a possible perturbation of receptor-G-protein interaction
upon metabolic depletion of sphingolipids.

In addition to ligand binding properties, we monitored the function of serotoninja
receptors in CHO-5-HT AR cells by measuring its ability to catalyze downstream signal
transduction processes upon stimulation with the specific agonist, 8-OH-DPAT.
Serotonin; a4 receptor agonists such as 8-OH-DPAT are known to specifically activate the
Gi/G, class of G-proteins in CHO cells, which subsequently reduce cAMP levels in cells
(Raymond et al., 1993). As shown in Figure 4.4b, the forskolin-stimulated increase in
cAMP levels is inhibited by 8-OH-DPAT with a half maximal inhibition concentration
(ICs0) of 9.49 nM in control cells. In cells treated with 6 uM FBy, the ICs5y value is
increased to a significant extent (~2.5-fold) to 23.93 nM. This points out that the
downstream signaling efficiency of the human serotonin;s receptor is reduced under

sphingolipid depleted condition.

The overall membrane order remains largely invariant upon metabolic depletion of
sphingolipids

In order to monitor any possible change in overall membrane order upon FB;
treatment, we measured the fluorescence anisotropy of the fluorescent probe DPH. Figure
4.5 shows the effect of increasing concentrations of FB; on the fluorescence anisotropy of
the membrane probe DPH incorporated into CHO-5-HTsR cell membranes. The
fluorescence anisotropy of DPH appears to decrease slightly (~14%) upon treatment
with 6 uM FB;, compared to the fluorescence anisotropy value in membranes prepared
from control cells (without FB, treatment). The slight reduction in overall membrane order

could be due to disruption of ordered sphingomyelin-rich domains since sphingomyelin and
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Figure 4.4. Reduced downstream signaling of the human serotonin;, receptor upon metabolic
depletion of sphingolipids. The downstream signaling efficiency of the serotonin;, receptor was
monitored by the sensitivity of ["H]8-OH-DPAT binding to GTP-y-S and cyclic AMP levels. Panel
(a) shows the effect of increasing concentrations of GTP-y-S on specific binding of the agonist
[’H]8-OH-DPAT to serotonin;, receptors in control cells (O) and in cells treated with 6 uM FB,
(A). Values are expressed as percentages of specific binding obtained at the lowest concentration of
GTP-y-S. The curves are non-linear regression fits to the experimental data using equation 1. The
data points represent means + SE of duplicate points from at least three independent experiments.
See section 4.2 for other details. Panel (b) shows the estimation of cAMP levels in CHO-5-HT 4R
cells. The ability of the specific agonist (8-OH-DPAT) to reduce the forskolin-stimulated increase
in cAMP levels in control cells (O) and in cells treated with 6 uM FB, (A) was assessed. cAMP
levels in cells were estimated as described in section 4.2. The curves are non-linear regression fits
to the experimental data using equation 1. The data are normalized to cAMP levels present in the
lowest concentration of 8-OH-DPAT used in the experiment and represent the means * SE of
duplicate points from at least three independent experiments. See section 4.2 for other details.
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Figure 4.5. Measurement of overall membrane order upon metabolic depletion of
sphingolipids. The overall (average) membrane order was estimated in control cell
membranes and in membranes of cells treated with varying concentrations of FBy, uéing
fluorescence anisotropy of the membrane probe DPH.  Fluorescence anisotropy
measurements were carried out with membranes containing 50 nmol phospholipid at a
probe to phospholipid ratio of 1:100 (mol/mol) at room temperature (~23 °C). The data

represent means + SE of duplicate points from at least three independent experiments. See
section 4.2 for other details.

ceramide have previously been reported to partition into ordered domains (Ramstedt and
Slotte, 2006). These results therefore suggest that the overall (global) membrane order does

not change by a considerable extent upon metabolic depletion of sphingolipids.

Replenishment of sphingolipids using sphingosine restores the membrane sphingomyelin
content and ligand binding function of the human serotonin, 4 receptor

In order to monitor the reversibility of the effect of sphingolipids on the function of
the human serotonin, s receptor, CHO-5-HT 4R cells were treated with sphingosine and the
sphingomyelin content and ligand binding function of the receptor were measured. Figure
4.6 shows that pre-treatment of CHO-5-HT 4R cells with FB; followed by treatment with

sphingosine, results in restoration of sphingomyelin levels to normal and the corresponding
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Figure 4.6. Replenishment of sphingolipids using sphingosine. After treatment with 6 uM FB,,
CHO-5-HT,4R cells were grown for 24 hs with 1 pM sphingosine in D-MEM/F-12 (1:1) medium
(supplemented with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum, 60 pg/ml penicillin, 50
pg/ml streptomycin, 50 pg/ml gentamycin sulfate, and 200 pg/ml geneticin) in a humidified
atmosphere with 5% CO;at 37 °C. Total lipids were extracted from cells and were separated by thin
layer chromatography as shown in (a). The lanes represent lipids extracted from membranes from
control cells (lane 2), and membranes isolated from cells treated with 6 uM of FB,; (lane 3),
membranes isolated from control cells incubated with 1 uM sphingosine (lane 4) and membranes
isolated from cells after treatment with 6 uM of FB; and incubated with 1 pM sphingosine (lane 5).
The arrow represents position of sphingomyelin on the thin layer chromatogram identified using a
standard in lane 1. Sphingomyelin contents were quantified by estimation of phosphate content and
are shown in (b). Values are expressed as percentages of the sphingomyelin content of membranes
of control cells (without any treatment). Data represent means = SE of at least three independent
experiments. See section 4.2 for other details.
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changes in the ligand binding function are shown in Figure 4.7. Total lipids were extracted
from membranes prepared from control, FB, treated and sphingosine treated cells, which
were pre-treated with FB,. Total lipids were separated on TLC plates and are shown in
Figure 4.6a. Sphingomyelin bands were scraped from chromatographic plates and
their phosphate contents were estimated as described in section 4.2 and shown in Figure
4.6b.  This Figure shows that ~70% of sphingomyelin is metabolically depleted in
membranes of CHO-5-HT AR cells following treatment with 6 pM FB;. The membrane
sphingomyelin content was increased to ~115% in control and to ~160% in FB; treated
cells upon treatment with sphingosine (Figure 4.6).

Figure 4.7 demonstrates the restoration in specific binding of the selective
serotonin; receptor agonist ['H]8-OH-DPAT upon sphingolipid replenishment. The
specific agonist binding is reduced to ~60% of the original value upon FB; treatment and is
restored to its normal level upon treatment with sphingosine. Figure 4.7 shows that the
ligand binding function of the receptor is increased to ~117% upon sphingolipid
replenishment. Taken together, these results show that the reduction in the ligand binding

function of the serotonin;, receptor by metabolic depletion using FB, is reversible.

The membrane expression level of the human serotonin, 4 receptor is not reduced upon FB
treatment

The impaired ligand binding activity and signaling of the human serotonin;a
receptor observed upon FB; treatment could be due to reduced expression levels of
serotonin s receptors. In order to explore this possibility, we performed Western blot
analysis of 5- HT{aR-EYFP in cell membranes prepared from control, FB; treated and
sphingolipid replenished CHO-5-HTsR-EYFP cells (see Figure 4.8). For these
experiments, we chose to use the receptor tagged to EYFP (5-HT,sAR-EYFP) since no
monoclonal antibodies for the serotonin;s receptor are available yet, and the polyclonal

antibodies have been reported to give variable results on Western blots (Zhou et al., 1999).
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Figure 4.7. The changes in the specific binding of the agonist ['H]8-OH-DPAT to
serotonin;s receptors under control, 6 pM FB, treated and sphingolipid replenished
conditions. See section 4.2 for other details.

We have earlier shown that EYFP fusion to the serotonin;s receptor does not affect the
ligand binding properties, G-protein coupling and signaling functions of the receptor
(Pucadyil ef al., 2004a). Figure 4.8b shows that the levels of the serotonin;s receptor in
membranes are not reduced upon FB, treatment. The receptor level is slightly increased
(~1.2-fold compared to control) following FB,treatment. It has been previously reported

that serotonin; 4 receptor levels in CHO cells could increase upon induction of stress (Singh

et al., 1996b).

Cellular morphology and overall fluorescence distribution of EYFP tagged serotonin,,
receptors remain unaltered upon metabolic depletion of sphingolipids

Our group has earlier shown that EYFP fusion to the serotonin;, receptor does not
affect the ligand binding properties, G-protein coupling and signaling functions of the
receptor (Pucadyil et al., 2004a). CHO-KI1 cells stably expressing the S-HTAR-EYFP

therefore represent a reliable system to explore membrane organization and dynamics of the
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Figure 4.8. The expression level of the human serotonin;s receptor is not reduced in
membranes upon FB treatment. Western blot analysis of 5-HT|AR-EYFP in membranes
prepared from CHO-5-HT;sR-EYFP (control) cells, CHO-5-HT;sR-EYFP cells treated
with 6 uM FB; and after incubating with sphingosine to achieve replenishment of
sphingolipids. Panel (a) shows the human serotonin;s receptor tagged to EYFP with
corresponding [-actin probed with antibodies directed against GFP and B-actin. Panel (b)
shows the quantitation of 5-HTaR-EYFP and B-actin levels using densitometry. 5-HTaR-
EYFP levels were normalized to B-actin of the corresponding sample. Data are shown as
fold increase of 5-HTAR-EYFP over control and represent means + SE of at least four
independent experiments. See section 4.2 for other details.
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(@)

Figure 4.9. Cellular morphology and the overall distribution of 5-HT;sR-EYFP remain unaltered in
control and cells treated with 6 uM FB;. Panels (a) and (b) show typical fluorescence distribution
of 5-HT;sR-EYFP in CHO-5-HTsR-EYFP cells under control (a) and 6 uM FB, treated (b)
conditions. Fluorescence images of cells grown on coverslips and placed in the Bioptechs FCS2
closed chamber system were acquired at 37 °C in the presence of HEPES-Hanks buffer. The images
represent mid-plane confocal sections of the cells under conditions as described in section 4.2. The
scale bar represents 20 um. See section 4.2 for other details.

serotonin; s receptor. The fluorescence distribution of 5-HT1aR-EYFP in CHO-5-HTaR-
EYFP cells was observed in control cells and cells treated with 6 uM FB (shown in Figure

4.9). Analyses of several independent images acquired with control and 6 uM FB; treated
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CHO-5-HTAR-EYFP cells do not indicate a significant redistribution of fluorescence of the
5-HT;sR-EYFP. These results set up the background for the experiments described below
to assess diffusion characteristics of the receptor by FRAP as they indicate that the analysis
of fluorescence recovery is not complicated by any significant alteration in the distribution

of receptors due to FB, treatment during these experiments.

Fluorescence recovery after photobleaching analysis of 5-HT|4R-EYFP

Fluorescence recovery after photobleaching involves generating a concentration
gradient of fluorescent molecules by irreversibly photobleaching a fraction of fluorophores
in the sample region. The dissipation of this gradient with time owing to diffusion of
fluorophores into the bleached region from the unbleached regions in the membrane is an
indicator of the mobility of the fluorophores in the membrane. A representative panel of
images showing the recovery of fluorescence intensity after photobleaching is shown in
Figure 4.10 (panels (a-d). A representative fluorescence recovery plot with regression fits
to the data is shown in Figure 4.10 (lower panel). A large data set was collected keeping in
mind the inherent statistical variation in biological membranes. The frequency distribution
histograms of diffusion coefficients and mobile fractions of 5-HT;4R-EYFP in control cells
and cells treated with 6 uM FB,; are shown in Figure 4.11 (panels a-d). The diffusion
coefficient of 5-HT|sR-EYFP did not exhibit any significant change upon FB; treatment
(Figure 4.11, panels a and b). The distribution of diffusion coefficients remain essentially
unimodal with comparable standard deviations indicating the presence of a predominantly
single mobile population (at least in the time scale of FRAP measurement), which does not
display any significant change upon FB, treatment. Interestingly, the mobile fraction of 5-
HTsAR-EYFP shows a significant (~7%, p<0.001) increase in its mean value upon FB;

treatment (see panels ¢ and d), although the distribution remains essentially unimodal.

98




Chapter 4. Metabolic depletion fg/‘Avphirzgqupic{Q gr1d_ﬁtrgc'ti()rz of the serotonin;,receptor

w

®) 1
Z

w

(@]

0

x> 08
SE

ow?m

el

-

=} 15
T 0.6
N

a=ak

<

g 04
(@)

.4

| 1 | | 1 1

0 5 10 15 20 25
TIME (seconds)

Figure 4.10. Representative images of recovery of fluorescence intensity after photobleaching of 5-
HT,,R-EYFP in CHO-5-HT,,R-EYFP cells.  Fluorescence images of cells represent confocal
sections of the cell periphery and were acquired at room temperature (~23 °C). Panels A-D show
fluorescence intensity monitored at various time points corresponding to prebleach, bleach,
immediate postbleach and complete recovery, respectively. The scale bar represents 10 um. The
fluorescence recovery plot (see lower panel) shows a single set of normalized data, fitted to equation
5. The recovery of 5-HT,R-EYFP (O), and background (®) fluorescence intensities are shown.
Note that the background fluorescence intensity (®) monitored for the same time period indicates no
significant photobleaching of the field due to repeated imaging. The prebleach intensities are shown
at time t < 0. See section 4.2 for other details.
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Figure 4.11. Frequency distribution histograms of the diffusion coefficient and mobile
fraction of 5-HT|AR-EYFP determined by FRAP. The frequency distribution histograms
are obtained by fitting the normalized recovery data of individual experiments to equation 5.
Panels (a) and (b) show the diffusion coefficient histograms for control (untreated) cells,
and 6 pM FB, treated cells, respectively. Panels (c) and (d) show the mobile fraction
histograms for control (untreated) cells, and 6 pM FB, treated cells, respectively. The
means + SE are shown in all cases. N represents the number of independent experiments
performed in each case. See section 4.2 for other details.
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4.4. Discussion

Sphingomyelin typically amounts to 2-15% of the total phospholipids of mammalian
cells (Koval and Pagano, 1991) and even higher levels of sphingomyelin are found in the
peripheral nerve and brain tissue (Soriano et al., 2005). Its subcellular localization is
mainly in the plasma membrane. Metabolic turnover of sphingomyelin produces
derivatives such as ceramide, sphingosine, sphingosine 1-phosphate which have crucial role
in signal transduction events (Futerman and Hannun, 2004). The metabolic turnover of
sphingomyelin therefore is involved in the regulation of signal transduction (Koval and
Pagano, 1991). In view of the importance of sphingolipids in relation to membrane
domains (Ramstedt and Slotte, 2006), the interaction of sphingolipids with membrane
receptors represents an important determinant in functional studies of such receptors.

Sphingolipids are being increasingly implicated in the pathogenesis of several
disorders such as cancer, metabolic and neurological disorders (Zeidan and Hannun, 2007).
In this work, we have modulated sphingolipid levels in CHO-5-HT;sR cells by
metabolically inhibiting the biosynthesis of sphingolipids using FB;. FB; acts as a
competitive inhibitor to ceramide synthase, which acylates sphinganine to ceramide. Since
FB; has been reported to induce neurodegeneration (Osuchowski et al., 2005), thereby
leading to changes in neurotransmission, exploring the function of an important
neurotransmitter receptor under these conditions assumes relevance. We explored the
function of the human serotonin;a receptor under these conditions by monitoring ligand
binding, G-protein coupling and downstream signaling of the receptor.  Our results show
that the function of the serotonin;s receptor is impaired upon metabolic depletion of
sphingolipids.  Importantly, our results show that the receptor level is not reduced under
this condition. This implies that the fraction of functional receptors is reduced upon FB,
treatment resulting in a higher fraction of non-functional receptors. Sphingolipids were

replenished using sphingosine in cells pre-treated with FB; and it was found that the
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sphingomyelin content and ligand binding activity of the human serotonin; s receptor could
be recovered (Figures 4.6 and 4.7). In addition, we observe a small but significant increase
in mobile fraction of the receptor upon sphingolipid depletion although the overall
membrane order does not get altered significantly. It is important to mention here that the
possibility that FB; may exert effects other than inhibition of sphingolipid metabolism must
always be considered, and an earlier report has described the inhibition of protein
phosphatases by FB; (Fukuda et al., 1996). However, such effects are observed at much
higher concentrations, several orders of magnitude higher than the concentrations used by
us.

The implication of membrane organization on the signaling functions of G-protein
coupled receptors represents an interesting aspect. The role of membrane domains in the
organization and function of the serotonin;x receptor assumes relevance against this
backdrop. This issue was previously addressed in our laboratory by employing the
biochemical criterion of detergent insolubility. Utilizing a novel green fluorescent protein-
based assay, we reported that a small yet significant fraction (~26%) of the serotoninja
receptor exhibits detergent (Triton X-100) insolubility (Kalipatnépu and Chattopadhyay,
2004a, 2005b). These results are further supported by previous findings from our laboratory
using a detergent-free approach (Kalipatnapu and Chattopadhyay, 2007b). Importantly, the
detergent (Triton X-100) insoluble fraction of the serotonin;s receptor has recently been
estimated to be ~30% using density gradient centrifugation (Renner et al., 2007). The close
agreement in the estimate of fraction of receptors in such membrane domains, using very
different approaches, points out the existence of a significant population of the receptor in
such domains. It is interesting to postulate the nature and composition of such putative
domains. Our laboratory has previously shown that membrane cholesterol is required for
ligand binding and G-protein coupling of the serotonin;s receptor (Pucadyil and
Chattopadhyay, 2006; Pucadyil and Chattopadhyay, 2004a). OQur present results

demonstrate that sphingolipids are necessary for maintaining the function of the serotonin;
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receptor. Interestingly, we observe no significant alteration in membrane cholesterol levels
upon metabolic depletion of sphingolipids using FB;. However, it is difficult to correlate
functional characteristics with membrane organization of the receptor in a direct fashion.

The effect of sphingolipids on the conformation and function of membrane proteins
could be due to specific interaction (Fantini, 2003). For example, the nerve growth factor
receptor tyrosine kinase has been shown to interact directly with gangliosides (Mutoh et al.,
1995). Alternatively, it could be due to modulations in the membrane physical properties
induced by sphingolipids or, due to a combination of both factors. Although our results
show a slight reduction in overall membrane order upon sphingolipid depletion, specific
interaction of sphingolipids with the serotonin; 4 receptor cannot be ruled out. Interestingly,
our results show that the diffusion coefficient of the receptor exhibits no significant change
with sphingolipid depletion, while the mobile fraction of the receptor increases by a small
yet significant extent. Such a change in the mobile fraction could be attributed to the
perturbation of receptor-sphingolipid assembly that preexisted in the membrane prior to
sphingolipid depletion. This proposition is supported by the recently reported copatching of
a fraction (~30%) of the serotonin;, receptor with GM1 (Renner et al., 2007). The
population of receptor in such an assembly could appear immobile in the time scale of
FRAP measurements, perhaps limited by the rate of diffusion of the entire assembly. Upon
sphingolipid depletion, some of these receptors may be freed resulting in an increase in
mobile fraction.

Taken together, these results show that sphingolipids have an important role in
maintaining the function of the serotonin; s receptor, and could be relevant in understanding
the role of the membrane lipid environment on the activity and signal transduction of other

G-protein coupled receptors.
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5.1. Introduction

A number of studies have demonstrated the capability of a variety of G-protein
coupled receptors (GPCRs) to interact and form functional homo-dimers or oligomers
(Shanti and Chattopadhyay, 2000; Milligan, 2006). Such oligomerization has been assumed
to be involved in the proper folding of receptors, thereby providing the framework for
efficient and controlled signal transduction. Importantly, recent structural data available for
GPCRs suggest that the surface area of a GPCR monomer facing the cytosol is too small to
support simultaneous 'mteractio‘n of o and B/y subunits of G-proteins (Maggio et al., 2007).
Based on this consideration, it was suggested that one molecule of the G-protein trimer
could be interfaced with a homo-dimer in case of rhodopsin (Maggio et al., 2007). In
addition, it was reported that one G-protein trimer binds the homo-dimer in case of the
leukotriene B4 receptor (Baneres and Parello, 2003). Yet, there is another school of thought
which envisages that the functional unit of GPCR could be a monomer. For example, it has
been argued that only one receptor molecule is capable of activating its cognate G-protein in
case of rhodopsin (Chabre and La Maire, 2005) and the (,-adrenergic receptor(Whorton et
al., 2007). In spite of the wealth of information accumulated for GPCR signaling and
function, there appears to be no consensus on their oligomeric status. In addition, it appears
that it is not clear whether the minimum signaling unit of GPCRs is a monomer or oligomer.
Preformed oligomers of certain GPCRs could serve as signaling platforms and may retain
its multimeric status throughout signaling. Other GPCRs could cycle through monomeric
and multimeric states in a ligand-regulated process (Park ef al., 2004).

The serotoninjs receptor is an important G-protein coupled neurotransmitter
receptor which is a central player in a multitude of physiological processes, and serves as an
important target in the development of therapeutic agents for neuropsychiatric disorders
(Pucadyil et al., 2005a; Kalipatnapu and Chattopadhyay, 2007a). Previous results from our

laboratory comprehensively demonstrated the requirement of membrane cholesterol in the
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function of the serotoninya receptor (Pucadyil and Chattopadhyay, 2004a; and reviewed in
Pucadyil and Chattopadhyay, 2006). Importantly, we have recently generated a cellular
model of the Smith-Lemli-Opitz syndrome (SLOS), using a metabolic inhibotor of
cholesterol biosynthesis (AY 9944) and showed that the function of serotonin; 4 receptors is
impaired in SLOS-like condition (Paila ef al., 2008; see chapter 3). In addition, we have
observed that the modulation of sphingomyelin levels using fumonisin B (FB;) results in
the inhibition of the function of serotonin;a receptors (see chapter 4). Interestingly, the
oligomerization status of this receptor is beginning to be addressed (Salim ef al., 2002;
Lukasiewicz et al., 2007; Kobe et al., 2008). FRET (Fluorescence Resonance Energy
Transfer) is a widely used approach to address the oligomerization status of GPCRs in cells
(Lohse et al., 2008). HomoFRET (i.e., FRET between identical fluorophores) represents a
useful approach to monitor aggregation of membrane-bound molecules in general (Sharma
et al., 2004) and eliminates some of the limitations of heteroFRET measurements (such as
the bleed-through problem). As in the case of heteroFRET, the fluorophores must be within
a critical distance of each other in homoFRET and the emission spectrum of the donor
should overlap with the excitation spectrum of the acceptor. In homoFRET, donor and
acceptor would correspond to identical fluorophores. Fluorophores with relatively small
Stokes’ shift will therefore have a greater probability of homoFRET than fluorophores with
larger Stokes’ shift. A unique advantage of homoFRET is that it has the potential to resolve
oligomers composed of more than two monomers (Runnels and Scarlata, 1995; Yeow and
Clayton, 2007). HomoFRET is usually accompanied by no change in fluorescence lifetime
or intensity and is monitored by a decrease in fluorescence anisotropy (Tramier et al.,
2003). In this chapter, the oligomerization status of the serotonin; receptor tagged to
Enhanced Yellow Fluorescent Protein (EYFP) in live cells under various conditions such as
ligand stimulation and membrane lipid modulation is described, utilizing time-resolved

fluorescence anisotropy measurements on cells under a fluorescence microscope.
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Oligomerization of the serotonin;s receptor upon acute and metabolic deprivation of

cholesterol and modulation of sphingolipid levels was monitored.

5.2. Materials and methods

Materials

AY 9944, fumonisin B;, MBCD, 8-OH-DPAT, penicillin, streptomycin, gentamycin
sulfate, Tris, serotonin and sodium bicarbonate were obtained from Sigma Chemical Co.
(St. Louis, MO). D-MEM/F-12 [Dulbecco’s modified Eagle medium:nutrient mixture F-12
(Ham) (1:1)], fetal calf serum, and geneticin (G 418) were from Invitrogen Life
Technologies (Carlsbad, CA).  All other chemicals used were of the highest available

quality. Water was purified through a Millipore (Bedford, MA) Milli-Q system and used

throughout.

Experimental setup

The time-resolved fluorescence microscope was a combination of a picoseconds
time-resolved fluorescence spectrometer and an inverted epifluorescence microscope
(Srivastava and Krishnamoorthy, 1997). The time-resolved fluorescence measurements
described here were carried out with a Time Correlated Single Photon Counting (TCSPC)
setup coupled with a picosecond laser. A titanium-sapphire picosecond laser beam
(Tsunami, Spectra Physics, USA) pumped by a diode pumped CW Nd-Vanadate laser (532
nm) (Millenia X, Spectra Physics, USA) was used to excite EYFP at 460 nm. The pulse
width of the excitation laser beam was typically 1-4 ps. A pulse repetition rate of 82 MHz
was reduced to a repetition rate of 4 MHz by a pulse picker. The ps pulses obtained after
frequency doubling were guided to the objective lens by a dichroic mirror and focused onto

the cells. Time-resolved fluorescence measurements were carried out on a Nikon Diaphot
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Figure 5.1. Schematic diagram of the time-resolved fluorescence microscope setup used for acquiring time-resolved fluorescence data
on live cells. The main components of the setup are (i) a pico-second laser (ii) an inverted fluorescence microscope (iii) a time-
resolved single photon counting (TCSPC) spectrometer.
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300 microscope fitted with a 20x objective with 0.75 numerical aperture maintained at
room temperature (~23 °C). The fluorescence emission collected by the same objective
lens was passed through a cut-off filter (475 nm), a polarizer and a pinhole placed in the
image plane. Time-resolution of the fluorescence signal was obtained by coupling the
microscope to a TCSPC setup. The temporal resolution of the setup is ~50 ps and the
spatial resolution is ~1 pm in the x-y plane. The measurements typically require ~100
fluorophore molecules in the observation volume. The instrument response function was
estimated by the use of oxonol VI whose fluorescence lifetime is <50 ps. The full width at
half maximum height of the instrument response funétion estimated in this way was ~160
ps. All fluorescent probes were excited using the frequency doubled (460 nm) output of the
Tsunami laser. Fluorescence emission was collected using the 475 nm bandpass filter. The
schematic of the setup used for time-resolved fluorescence anisotropy measurements is
shown in Figure 5.1.

In fluorescence lifetime measurements, the emission was monitored at the magic angle
(54.7°) to eliminate the contribution from the decay of anisotropy. In time-resolved
anisotropy measurements, the emission was collected at directions parallel (I;) and
perpendicular (1,) to the polarization of the excitation beam. The anisotropy was calculated

as
L (©-1.(OGQ)
r(t) = (8)
I ()+21()G(R)

where G(A) is the geometry factor at the wavelength A of emission. The G factor of the
emission collection optics was determined in separate experiments using a standard sample
(fluorescein). The fluorescence decay curves at magic angle were analyzed by
deconvoluting the observed decay with the IRF to obtain the intensity decay function

represented as a sum of discrete exponentials -
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I(t) = 2o exp(-t/T:) )

i

where I(t) is the fluorescence intensity at time t and o; is the amplitude of the i lifetime t;
such that Z;o;=1. The time-resolved anisotropy decay was analyzed based on the model

Li(t) = IO[1+2r(t))/3 (10)

L) = 1(O[1-r(t)]/3 (11)
where I;(t) and I.(t) are the decays of the parallel (|| ) and perpendicular (L) components
of the emission ‘

r(t) = ro{ Brexp(-t/$1) + Paexp(-t/¢2)} (12)

where r, is the initial anisotropy (in case of EGFP, r,=0.35) and ; is the amplitude of the i"
rotational correlation time ¢; such that Xi3;=1. The shorter component ¢; representing the

internal motion of the fluorophore could be modeled as a hindered rotation.

Cells and cell culture

CHO-K1 cells stably expressing the serotonin;, receptor, tagged to enhanced
yellow fluorescent protein (referred to as CHO-5-HT;sR-EYFP), were used for all
measurements. CHO-5-HTAR-EYFP cells were grown in DMEM/F-12 (1:1) supplemented
with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum, 60 pg/ml penicillin, 50 pg/ml
streptomycin and 50 pg/ml gentamycin sulfate in a humidified atmosphere with 5% CO, at
37 °C. CHO-5-HT{AR-EYFP cells were maintained in the above-mentioned conditions with
300 pg/ml geneticin. Cells for fluorescence microscopy and time-resolved anisotropy

measurements were grown in Lab-Tek chambered coverglass (Nunc, Denmark).

Stimulation of serotonin; 4 receptor in CHO-5-HT4R-EYFP cells
CHO-5-HT aAR-EYFP cells were treated with 10 uM 8-OH-DPAT for 30 min at room

temperature (~23 °C) to stimulate the serotonin; s receptor.
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Acute cholesterol depletion of cells in culture

Cells plated in Lab-Tek chambered coverglass were grown for 3 days followed by
incubation in serum-free D-MEM/F-12 (1:1) medium for 3 h. Cholesterol depletion was
carried out by treating cells with increasing concentrations of MPCD in serum-free D-
MEM/F-12 (1:1) medium for 30 min at 37 °C followed by a wash with serum-free D-
MEM/F-12 (1:1) medium.

Metabolic cholesterol and sphingomyelin deprivation of cells in culture

In order to achieve metabolic deprivation of cholesterol and sphingomyelin, 5 uM AY
9944 and 6 uM FB, were used, respectively. Stock solutions of AY 9944 and FB; were
prepared in water and added to cells grown for 24 h to a final concentration of 5 uM AY
9944 and 6 uM FB,, and incubated in 5% serum for 63—66 h. Control cells were grown

under similar conditions without any treatment.

Statistical analysis of data

Apparent initial anisotropy (r;,"*") values were obtained by averaging the first few
(typically 4-5) early anisotropy values after stabilization. The limiting (or fundamental)
anisotropy is defined as ry and was estimated as the value of r,*" obtained for EGFP in
80% glycerol. Amplitude of the unresolved fast correlation time (B;) attributed to
homoFRET was obtained using the calculation shown in Appendix. Frequency distribution
analysis and plotting were performed using Microcal Origin software version 6.0
(OriginLab Corp., Northampton, MA, USA). Significance levels were estimated using
student's two-tailed unpaired t-test using the Microcal Origin software version 6.0

(OriginLab Corp., Northampton, MA, USA).
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5.3. Results and Discussion

In general, the observed fluorescence anisotropy decay (see Figure 5.2) could be
attributed to two factors. (i) homo energy transfer (homoFRET) between identical
fluorophores, and (ii) rotational dynamics of fluorophores in the time scale of measurements.
The rotation of EYFP is slow due to its relatively large size, and therefore does not result in
depolarization of fluorescence (Piston and Kremers, 2007), in case of 5-HT;sR-EYFP.
Under these conditions, the initial fast reduction in anisotropy could be attributed to
homoFRET between EYFP tagged to the serotonin;, receptor, implying that the two

serotonin; 5 receptors are in close proximity.

A

=

viscous medium

non-viscous medium

r(t) = roe'tle ’&:

8 = rotational correlation time

Anisotropy

RET component, ® « [?]6

i

Figure 5.2. Schematic diagram showing the expected time-resolved fluorescence anisotropy
decay profiles for dilute GFP-fluorophores (top) immobilized in a viscous solution (black
line) or freely rotating in a non-viscous solution (blue line). From this decay profile in non-
viscous medium, rotational correlation time (6) of the fluorophore could be calculated by
fitting the decay profile to a model. Interestingly, fluorophores undergoing homoFRET
(green line, bottom) have an additional fast fluorescence anisotropy decay rate,
(highlighted in the bottom panel). Careful analysis of homoFRET data could provide
information on oligomerization of GFP tagged receptors. Adapted and modified from
Sharma et al. (2004).
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(a) (b)

Figure 5.3. Representative images of CHO cells stably expressing the human serotonin, ,
receptor tagged with EYFP (CHO-5-HT, ,R-EYFP) under (a) transmitted light, (b) laser
light showing fluorescence image of CHO-5-HT, ,R-EYFP cells upon excitation at 460 nm.
Panel (¢) shows CHO-5-HT, ,R-EYFP cells under both laser and transmitted light. Cells
that are fluorescent upon exposure to laser are highlighted. Fluorescence images of cells
grown in Lab-Tek chambers were acquired in the presence of HEPES-Hanks buffer. See
section 5.2 for other details.

Previous results from our laboratory have demonstrated that heterologously

expressed serotonin,, receptor, tagged to EYFP on its cytoplasmic end, in CHO cells is
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functionally similar to the native receptor (Pucadyil et al., 2004a). Figure 5.3 shows
representative images of CHO-5-HT,,R-EYFP cells under transmitted and laser light

sources. Polarization of emitted light could be reduced by the optical setup with high
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Figure 5.4. Representative time-resolved fluorescence anisotropy decays of (a) EGFP in
80% glycerol and (b) EYFP tagged to the serotonin,, receptor. EGFP and EYFP was

excited at 460 nm and emission was collected using a cut-off filter of 475 nm and measured
with TCSPC setup.
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Figure 5.5. Representative fluorescence anisotropy decays of the serotonin,, receptor
tagged to EYFP under control condition (blue) and upon stimulation with specific agonist,
8-OH-DPAT at 10 uM concentration (red). EYFP was excited at 460 nm and emission was
collected using a cut-off filter of 475 nm and measured with TCSPC setup. Experiments
were carried out on CHO-5-HT, ,R-EYFP cells in HEPES-Hanks buffer (pH 7.4) at room
temperature (~23 °C).

numerical aperture lenses. It has therefore been suggested that polarized FRET exeriments
should be limited to imaging with lenses with a numerical aperture »of < 1.0 (Piston and
Kremers, 2007). Keeping this in mind, all experiments were carried out using 20x objective
with 0.75 NA. Preservation of polarization in the microscope set-up was confirmed by the

recovery of anisotropy decay kinetics of fluorescein and EGFP wherein the observed initial

anisotropy was 0.35-0.36 (Figure 5.4a).

Constitutive oligomerization of the serotonin, 4 receptor
Enhanced Green Fluorescent Protein (EGFP) in 80% glycerol shows a limiting or
fundamental anisotropy (ro) of ~0.35 (see Figure 5.4), in agreement with the value reported

earlier (Saxena ef al., 2005). Limiting anisotropy is a fundamental property of a
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fluorophore and depends only on the angle between the absorption and emission dipoles
(transition moments) and is measured in the absence of any rotational diffusion. We have
provided apparent initial anisotropy (ri.""") values (see section 5.2) in a given condition and
control condition in each figure for comparison. Table 5.2 shows representative values of
ri.? under these conditions. These values in the table 5.2 should not be used for
comparison of r;,""” between a given condition and control due to unavoidable day-to-day
variations in ;. Our results show an apparent initial anisotropy (r;,""") of ~0.30 in cells
under control conditions (Figure 5.4). This value is significantly lower compared to the
corresponding value of EYFP in glycerol (~0.38, Borst ef al., 2005). This reduction in rj,*"
could be attributed to rapid and unresolved homoFRET. A possible interpretation for this
could be homoFRET in pre-existing oligomers of the receptor. Interestingly, such
constitutive oligomerization, a relatively new paradigm in GPCRs, has been demonstrated
in case of the neueotensin receptor 1 (Harding et al., 2009) and angiotensin II type 2 (AT)
receptors (Miura et al., 2005). For example, in case of AT, receptors, constitutively active
homo-oligomers have been reported to be translocated to the cell membrane and induce cell
signaling, independent of receptor conformation and ligand stimulation (Miura et al., 2005).
There could be another possibility where the oligomerization could be constitutive, yet
ligand-dependent, such as in case of the thyrotropin-releasing hormone receptor (Kroeger et
al., 2001). Interestingly, the [.-adrenergic receptor, a closely related GPCR to the
serotonin;a receptor, exhibits constitutive activity (Rasmussen et al., 2007). Sequence
analysis of the serotonin; receptor gene shows considerable (~43%) amino acid similarity
with the [3;-adrenergic receptor in the transmembrane domain (Kalipatnapu and
Chattopadhyay, 2007a). Rasmussen and coworkers attributed the constitutive activity of the
Bo-adrenergic receptor to its structurally flexible conformation. Interestingly, when
coexpressed with G, in Sf9 cells, the serotonin;s receptor exhibits agonist-independent
activation (Barr and Manning, 1997). Whether constitutive oligomerization could be related

to constitutive activity of the receptor represents an intriguing possibility.
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Oligomerization of the serotonin; 4 receptor upon stimulation with agonist
Ligand-dependent homo- and hetero-oligomerization of dopamine (D;) and
adenosine (A;a) receptors in living neuronal cells was recently reported using Bimolecular
Fluorescence Complementation (Vidi ef al., 2008). In order to explore the oligomerization
status of the human serotonin;s receptor upon ligand stimulation, CHO-5-HT;sR-EYFP
cells were treated with 8-OH-DPAT (10 puM). Figure 5.5 shows representative fluorescence
anisotropy decay profiles of control and ligand-stimulated CHO-5-HT|sR-EYFP cells. 8-
OH-DPAT acts as a specific agonist of the serotonin;, receptor and displays high affinity //
(K4 ~1 nM) for the receptor (Pucadyil et al., 2004a). The apparent initial anisotropy (ri,""")
in CHO-5-HTsR-EYFP cells under control conditions was ~0.29 and the corresponding
value upon ligand stimulation is ~0.27. Our results show that there is no significant change
in r;n ™ upon stimulation of serotonin; 4 receptors with its specific agonist 8-OH-DPAT (see
Figure 5.6). This indicates that there is no significant change in oligomerization status of

the receptor upon ligand stimulation.

Acute but not metabolic deprivation of cholesterol affects the oligomerization of the
serotoniny receptor

The modulatory role of membrane cholesterol on ligand binding activity and G-
protein coupling of the hippocampal serotonin;s receptor was previously shown by
depleting cholesterol from native membranes using methyl-B-cyclodextrin (MBCD)
(Pucadyil and Chattopadhyay, 2004a). We have recently proposed that membrane
cholesterol requirement for receptor function could be specific and cholesterol may occupy
nonannular binding sites on the receptor (Paila et al., 2009; see chapter 1). We treated
CHO-5-HT|aR-EYFP cells with 10 mM MBCD to achieve acute depletion of cholesterol
and with 5 pM AY 9944 for metabolic deprivation of cholesterol. AY 9944 is a specific
- metabolic inhibitor of 7-dehydrocholesterol reductase (7-DHCR) in the biosynthetic

pathway of cholesterol (Dvornik et al., 1963). Therefore, treatment of CHO-5-HT;R-
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EYFP cells with AY 9944 results in reduction of cholesterol with a concomitant

accumulation of 7-DHC (and its isomer, 8-DHC), giving rise to conditions mimicking

SLOS (see chapter 3). SLOS serves as an appropriate condition to delineate the specific

and global effects of cholesterol in the function of the serotonin;a receptor, since the two

aberrant sterols that get accumulated in SLOS, i.e., 7- and 8-DHC, differ with cholesterol

only in a double bond.
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Figure 5.6. Frequency distribution histograms of the fluorescence anisotropy of 5-HT AR~
EYFP. Panels a and b show the fluorescence anisotropy histograms for control (untreated)
cells, and upon ligand stimulation with 8§-OH-DPAT, respectively. The means + SE are
shown in all cases. N represents the number of independent measurements performed in
each case. See section 5.2 for other details.

118



Chapter 5. Time-resolved fluorescence anisotropy measurements in live cells

(a)

=

(O8]

\]
——

[\ (3]
SN o0
= 7  r T A‘T" — '4‘7_ - A

\
Control r | \
MBCD L

FLUORESCENCE ANISOTROPY

0 2 ~ 6 8

TIME (ns)
(b)

FLUORESCENCE ANISOTROPY
o
o
o0
\

0.24 T Control |
AY 9944

|
\
4 6 8

TIME (ns)

(B

Figure 5.7. Representative fluorescence anisotropy decays of the serotonin; receptor
tagged to EYFP upon acute and metabolic cholesterol deprivation. Panel (a) shows
anisotropy decays of CHO-5-HT o-EYFP cells under control (blue) and acute cholesterol
depleted (red) conditions. Acute depletion of cholesterol was achieved using 10 mM
MBCD. Panel (b) shows anisotropy decays of CHO-5-HT;o-EYFP cells under control
(blue) and metabolic cholesterol deprived (red) conditions. Metabolic deprivation of
cholesterol was achieved using 5 uM AY 9944. EYFP was excited at 460 nm and emission
was collected using a cut-off filter of 475 nm and measured with TCSPC setup.
Experiments were carried out on cells in HEPES-Hanks buffer (pH 7.4) at room
temperature (~23 °C).
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Figure 5.8. Frequency distribution histograms of the fluorescence anisotropy of S-HT;sR-
EYFP. Panels a and b show the fluorescence anisotropy histograms for control (untreated)
cells, and acute cholesterol depleted cells, respectively. Acute cholesterol depletion was
achieved using 10 mM MBCD. The means + SE are shown in all cases. N represents the
number of independent measurements performed in each case. See section 5.2 for other
details.
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Table 5.1

Representative fluorescence anisotropy decay parameters of the serotonin,;, receptor
tagged to EYFP under control and acute cholesterol-depleted conditions using MBCD*

@1(ns) B1 @2 (ns) B2 Io Iss
Control 0.21 0.24 155 0.76 0.388 0.298
Acute cholesterol 0.14 0.35 105 0.65 0.390 0.254

depletion (using MBCD)

* EYFP was excited at 460 nm and emission was collected using a cut-off filter of 475 nm
and measured with TCSPC setup.
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Figure 5.10. Representative time resolved fluorescence anisotropy decays (experimental
and calculated) of serotonin; receptor tagged to EYFP under (a) control and (c) acute
cholesterol-depleted conditions. Acute cholesterol depletion was achieved using MBCD.
Fits to biexponential anisotropy decay model are shown. Panels (b) and (d) show the
autocorrelation function of the weighted residuals. EYFP was excited at 460 nm and
emission was collected using a cut-off filter of 475 nm and measured with the TCSPC
setup. Experiments were carried out on CHO-5-HTsR-EYFP cells in HEPES-Hanks buffer
(pH 7.4) at room temperature (~23 °C). See section 5.2 for other details.
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Figure 5.10. Frequency distribution histograms of the fluorescence anisotropy of 5-HT;sR-
EYFP. Panels a and b show the fluorescence anisotropy histograms for control (untreated)
cells, and metabolic cholesterol depleted cells, respectively. Metabolic cholesterol
depletion was achieved using 5 uM AY 9944, which is a biosynthetic inhibitor of 7-DHCR.
The means + SE are shown in all cases. N represents the number of independent
measurements performed in each case. See section 5.2 for other details.

Representative anisotropy decays of control and cholesterol depleted CHO-5-

HTAR-EYFP cells are depicted in Figure 5.7. The apparent initial anisotropy (ri,"*") is
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decreased upon treatment with MPCD to ~0.25 (Figure 5.8). This reduction is significant
(p<0.001), implying that serotonin;, receptors reorganize into higher oligomers upon acute
cholesterol depletion. These results assume relevance in the light of previous results from
our laboratory (Kalipatnapu and Chattopadhyay, 2005; Pucadyil and Chattopadhyay,
2007b). It was earlier shown using detergent insolubility using Triton X-100 that the
serotonin;s receptor expressed in CHO cells is predominantly detergent-soluble
(Kalipatnapu and Chattopadhyay, 2004a). These results showed that a small yet significant
fraction of the serotonin;s receptor exhibits detergent insolubility, which increases upon
depletion of membrane cholesterol using MBCD (Kalipatnapu and Chattopadhyay, 2005b).
An independent study employing Fluorescence Recovery After Photobleaching (FRAP)
with varying bleach spot radii showed that lateral diffusion parameters are altered in a
manner that is consistent with dynamic confinement of serotonin; receptors in the plasma
membrane upon acute cholesterol depletion (Pucadyil and Chattopadhyay, 2007b). These
results, along with the present results showing change in oligomerization status upon acute
cholesterol depletion, suggest a reorganization of serotonin;s receptors in cholesterol-
depleted cells with oligomerized receptors occupying larger domains.

On the other hand, metabolic depletion of cholesterol using AY 9944 results in a
significant (p<0.06) reduction in r;,*" to ~0.30 (see Figure 5.10). The reduction in r;,"*,
however, is considerably less than the corresponding reduction obtained in case of acute
cholesterol depletion using MBCD. The reduction in r;,**® could be attributed to the
oligomerization of the receptor. However, reduction in ri,"* due to change in membrane
lipid environment, arising due to the presence of 7- and 8-DHC cannot be ruled out.
Interestingly, we have recently shown that the immediate biosynthetic precursors of
cholesterol could not support the function of the serotonin;s receptor (Singh et al., 2007,
Paila ef al., 2008) and leads to change in membrane organization and dynamics (Shrivastava

et al., 2008).
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Modulation of sphingolipid levels of CHO-5-HT;4R-EYFP cells does not alter the
oligomerization of the serotonin, 4 receptor

Sphingolipids are essential components of eukaryotic cell membranes and are
thought to be involved in a variety of cellular functions which include cellular growth,
differentiation, and signaling. Mycotoxins such as fumonisins can disrupt sphingolipid
metabolism and treatment with fumonisins represents an efficient approach to modulate
cellular sphingolipid levels. We modulated sphingolipid levels in CHO-5-HT5sR-EYFP
cells, by metabolically inhibiting the biosynthesis of sphingolipids using FB;. It was
estimated that ~80% of sphingomyelin is metabolically depleted in CHO-5-HTsR-EYFP
cells with 6 uM FB; (see chapter 4).
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Figure 5.11. Representative fluorescence anisotropy decays of the serotonin; receptor
tagged to EYFP under control (blue) and sphigomyelin-depleted conditions (red). FB; (6

puM) was used to modulate sphingomyelin levels of CHO-5-HT;sR-EYFP cells. All other
conditions are as described in Figure 5.5.

Figure 5.11 shows representative anisotropy decays of EYFP tagged to serotonin; s receptor

under control and metabolic sphingolipid deprived conditions. Our results show that
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Figure 5.12. Frequency distribution histograms of the fluorescence anisotropy of 5-HT;aR-
EYFP. Panels a and b show the fluorescence anisotropy histograms for control (untreated)
cells, and FB; treated cells, respectively. The means + SE are shown in all cases. N
represents the number of independent measurements performed in each case. See section
5.2 for other details.

rin " value remains unaltered upon metabolic sphingolipid depletion (see Figure 5.12).
These results suugest that the oligomerization status of the serotonin; 4 receptor is unaffected

upon metabolic sphingolipid depletion.
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Fluorescence anisotropy is independent of the intensity from CHO-5-HT4R-EYFP cells

The oligomerization status of membrane receptors could be influenced by receptor
expression levels as was recently shown in the case of neurokinin-1 receptor (Meyer et al.,
2006). In order to examine any systematic change in the apparent initial anisotropy with
fluorescence intensity, anisotropy decays obtained from cells at varying fluorescence
intensities were monitored and plotted in Figure 5.13. Negative correlation between the
intensity and r;,*? could imply that higher brightness would correspond to higher levels of
constitutive clustering of receptors resulting in lower values of r;,"*. Figure 5.13 shows that
rin " values do not exhibit any dependence (trend) on fluorescence intensity of CHO-5-
HTAR-EYFP cells, reinforcing that the present results on oligomerization of the serotonina

receptor are independent of receptor expression levels.
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Figure 5.13. Apparent initial anisotropy values of the serotonin; 4 receptor tagged to EYFP
are independent of the fluorescence intensity from CHO-5-HT 4sR-EYFP cells. Excitation
wavelength was 460 nm. These measurements are done by moving the focused laser beam
to different locations within a cell or different cells showing different brightness. All other
conditions are as in Figure 5.5.
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Several studies showed that oligomerization occurs early after biosynthesis of
GPCRs, suggesting that it has a primary role in receptor maturation (Terrillon and Bouvier,
2004) and oligomerization might be a prerequisite for transport of GPCRs to the cell

surface.

Table 5.2

Apparent initial time-resolved fluorescence anisotropy of
CHO-5-HT4R-EYFP cells under various conditions

CHO-5-HTsR-EYFP cells Apparent initial B.°

fluorescence anisotropy (ri,*")

Control® 0.29+£0.011 0.24 +0.030
Ligand (8-OH-DPAT) treated 0.27 £0.010 0.29 £ 0.026
Control® 0.30 £0.005 0.21+0.014
M@BCD treated (acute depletion) 0.25 £ 0.006 0.34 £0.016
Control® 0.32 +0.005 0.16 £ 0.013
AY 9944 treated (metabolic depletion) 0.30 +£0.007 021+0.018
Control® 0.31 £0.006 0.19 £0.012
Sphingolipid-depleted (using FB;) 0.31 £0.004 0.18 £0.011

*For each condition, corresponding control experiment was performed due to unavoidable
day-to-day variations in r;,"®. In our data analysis, we compared r;,;*® under a specific
condition and the same value from the corresponding control.

bAmplitude of the unresolved fast correlation time (B;) attributed to homoFRET (see
Appendix).

For example, it has been reported using mutants of the B,-adrenergic receptor (Salahpour ef
al., 2004), V2 vasopressin receptor (Zhu and Wess, 1998) and the D, dopamine receptor
(Lee et al., 2000) that these mutants could inhibit the transport of respective wild-type
receptors to the cell surface. This is due to the ability of the mutants to disrupt the

homodimerization process, necessary for transport.  For example, disruption of
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oligomerization by mutating the residues in the f3,-adrenergic receptor resulted in reduction
in the cell surface expression of this receptor (Salahpour ef al., 2004). Our present results,
however, do not provide any information on the biogenesis of constitutive oligomers of the
serotonin; o receptor. However, it is not clear whether oligomerization during biosynthesis
is a generally followed pathway in all GPCRs (Park et al., 2004).

There are a few reports in the literature on the oligomerization of other serotpnin
receptors.  Serototonin,c receptors are previously shown to function as homo-dimers
expressed on plasma membranes of live cells (Herrick-Davis et al., 2004). In order to
explore the ligand/receptor/G-protein stoichiometry, Herrick-Davis and coworkers
coexpressed mutated/inactive  serototonin,c receptors with  wild-type/functional
serototoninyc  receptors. Interestingly, the results showed that inactive serototonin;c
receptors inhibit wild-type serototonin,c receptor function by forming nonfunctional
heterodimers expressed on the plasma membrane. These results are consistent with the
model in which a GPCR dimer binds two molecules of ligand and a G-protein, and indicate
that dimerization is essential for the serotonin,c receptor function (Herrick-Davis et al.,
2005). One of the earlier observations that serotonin receptors could from oligomers was
provided from the studies of Xie et al (1999) where the authors demonstrated that
serototonin;g and serototonin;p receptors exist as monomers and homo-dimers when
expressed alone and as monomers and heterodimers when coexpressed.

These results have potential implications in future drug design and development in
pathophysiological conditions in which serotonin;s receptors are implicated. Homo- and
heterooligomerization of GPCRs assumes greater significance in the pharmacology of
GPCRs since oligomerization gives rise to pharmacological diversity (Terrillon and
Bouvier, 2004), opening new avenues for therapeutics (Shanti and Chattopadhyay, 2000).
This would also offer an attractive mechanism for increasing the diversity of cellular

responses to extracellular signals or stimuli.
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Chapter 6. Serotonin; receptors in neuronal cells

6.1. Introduction L

Mammalian cells in culture heterologously expressing membrane receptors represent
convenient systems to address problems in receptor biology due to higher expression levels
of the receptors (Tate and Grisshammer, 1996). An important consideration in such
expression systems is selecting a cell type which is derived from the tissue of naturala .“.
occurrence of the receptor. This is particularly true for receptors of neural orig}/n,,s/'iﬁce the
membrane lipid composition of cells in the nervous system is unique. This unique
membrane lipid composition has been correlated with increased complexity in the
organization of the nervous system during evolution (Sastry, 1985). Organization and
dynamics of cellular membranes in the nervous system therefore play a crucial role in the
function of neuronal membrane receptors. Lipids found in neuronal membranes are often
necessary for maintaining the structure and function of neuronal receptors. For example, it
has previously been shown that gangliosides specifically interact with proteins localized in
the exoplasmic leaflet of neuronal plasma membranes (Prioni ef al., 2004). Moreover,
spatiotemporal signaling in neuronal membranes is believed to be stringently controlled by
membrane domains (such as ‘lipid rafts’) formed by specific lipids and through lipid-protein
interactions (Tsui-Pierchala et al., 2002; Fivaz and Meyer, 2003; Golub et al., 2004; Gielen
et al., 2006). Keeping this in mind, the pharmacological and functional characterization of
the human serotonin; 4 receptor stably expressed in HN2 cells, which are a hybrid cell line
between hippocampal cells and mouse neuroblastoma (Lee et al., 1990), are described in
this chapter. Further, it is demonstrated that agonist and antagonist binding to the receptor
exhibit differential sensitivity to the non-hydrolyzable GTP analogue, GTP-y-S, as was
observed earlier with the native receptor from bovine hippocampus. In addition, the
serotonin; s receptor expressed in these cells displays typical downstream signaling of the
receptor as monitored by ligand-dependent changes in cAMP levels. These results show

that the human serotonin;a receptor expressed in HN2 cells displays characteristic features
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found in the native receptor isolated from bovine hippocampus and represents a realistic

model system for the receptor.

6.2. Materials and methods

Materials

EDTA, fetal calf serum, MgCl,, MnCl,, 8-OH-DPAT, p-MPPI, penicillin,
streptomycin, gentamycin sulfate, polyethylenimine, PMSF, serotonin, sodium bicarbonate,
and Tris were obtained from Sigma Chemical Co. (St. Louis, MO). DMEM and G-418
were from Life Technologies (Grand Island, NY). GTP-y-S was from Roche Applied
Science (Mannheim, Germany). BCA reagent for protein estimation was from Pierce
(Rockford, IL). [’H]8-OH-DPAT (sp. activity = 135.0 Ci/mmol) and PH]p-MPPF (sp.
activity = 70.5 Ci/mmol) were purchased from DuPont New England Nuclear (Boston,
MA). The cyclic [3H]AMP (TRK 432) assay kit was purchased from Amersham
Biosciences (Buckinghamshire, U.K.). GF/B glass microfiber filters were from Whatman
International (Kent, U.K.). All other chemicals used were of the highest purity available.
Water was purified through a Millipore (Bedford, MA) Milli-Q system and used

throughout.

Cells and cell culture

The intronless human genomic clone G-21 (Fargin et al., 1988) which encodes the
human serot(;ninl A feceptor was used to generate stable transfectants in HN2 cells which is
a hybrid cell line between hippocampal cells and mouse neuroblastoma (Lee et al., 1990).
These cells expressing the human serotonin;, receptor, originally referred to as HN2-5
(Banerjee et al., 1993), were a generous gift from Dr. Probal Banerjee (College of Staten

[sland, City University of New York, U.S.A). These cells are referred to as HN2-5-HT;sR
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in this chapter. Cells were grown in DMEM supplemented with 3.7 g/l of sodium
bicarbonate, 10% fetal calf serum, 60 pg/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml

gentamycin sulfate, and 200 pg/ml geneticin in a humidified atmosphere with 5% CO, at 37
°C.

Preparation of cell membranes

Cell membranes were prepared as described earlier (Chattopadhyay et al., 2004;
Kalipatnapu ef al., 2004a; Paila and Chattopadhyay, 2006) and in section 3.2. and total
protein concentration in membranes thus isolated was determined using the BCA assay

(Smith et al., 1985).

Radioligand binding assays

Receptor binding assays were carried out as described in section 2.2 with ~60 pg

total protein.

GTP-y-S sensitivity assay

GTP-y-S binding assays were carried out as described in section 2.2.

Saturation radioligand binding assays

Saturation radioligand binding assays were carried out as described in section 3.2.

Competition binding assays

Competition binding assays against the radiolabeled agonist [’H]8-OH-DPAT (0.29
nM) and antagonist [’H]p-MPPF (0.5 nM) were carried out in presence of a range of
concentrations (typically from 10" to 10° M) of the unlabeled competitor. The

concentration of the bound radiolabeled ligand was calculated from equation 1 (section 2.2).
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Data for the competition assays were analyzed using equation 1 to obtain the ICso
concentrations of the unlabeled competitor ligand. Binding parameters, namely dissociation
constant (K4) and maximum binding sites (Bmax), were calculated from the following
equations as previously described (Akera and Cheng, 1977; DeBlasi et al., 1989):

Kg=1Cso—L (13)

Bmax = B x (ICs¢/L) (14)
where L is the concentration of the radiolabeled ligand, (0.29 nM for the agonist and 0.5 nM
for the antagonist) used in the assay and B is the concentration of the bound ligand in the
absence of the competitor. The affinity of the displacing ligands is expressed as the
apparent dissociation constant (K;) for the competing ligands, where K; is calculated using
the Cheng-Prusoff equation (Cheng and Prusoff, 1973):

Ki=ICso/[1+(L/Kg] (15)
where ICs is the concentration of the competing ligand leading to 50% inhibition of specific
binding and L and K, are the concentration and dissociation constant of the labeled ligand.
K4 values are those determined from saturation binding assays for the respective

radioligand.

Estimation of cAMP levels in cells

cAMP levels in cells were estimated as described in section 3.2.

6.3. Results

Linearity of radioligand binding with increasing concentrations of total protein
The specific binding of the serotonin;s receptor agonist [*H]8-OH-DPAT and

antagonist [’H]p-MPPF to membranes prepared from HN2 cells that stably express
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Figure 6.1. Fold change in specific binding of the agonist [’H]8-OH-DPAT (—O—)and
antagonist [3H]p-MPPF (----®----) to serotonin;s receptors from HN2-5-HTsR cell
membranes with increasing amounts of total membrane protein. Values are normalized
with respect to specific binding obtained with 30 pg total protein in the assay.
Concentrations of ['H]8-OH-DPAT (0.29 nM) and [*H]p-MPPF (0.5 nM) were kept
constant in the assay. Data shown are means of duplicate points from a representative
experiment. See section 6.2 for other details.

serotonin;a receptors (termed as HN2-5-HTaR cells) was characterized.  Figure 6.1
shows that the binding of the radiolabeled ligands is linear over a broad range of protein
concentrations. Non-specific binding defined with 10 uM serotonin for agonist binding and
10 pM p-MPPI for antagonist binding was ~10% or less than the total binding. These
results suggest that under the conditions of the assay (i.e., with 0.29 nM of [*’H]8-OH-DPAT
or 0.5 nM of [°H]p-MPPF, and using 60 pg total protein), there is no significant depletion of
the radiolabel during the course of the assay. In other words, these conditions are
appropriate for analyzing binding parameters of the receptor using the radiolabled agonist
and antagonist (Hulme, 1990). In addition, these results suggest that the incubation time of

1 h for the assay is sufficient for radioligand binding to have reached equilibrium

conditions.
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Saturation binding analysis of radiolabeled agonist and antagonist
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Figure 6.2. Saturation binding analysis of specific [*’H]8-OH-DPAT binding to serotonin;,
receptors from HN2-5-HT 4R cell membranes. A representative plot is shown for specific
[’H]8-OH-DPAT binding with increasing concentrations (0.1-7.5 nM) of free [*H]8-OH-
DPAT. The curve is a non-linear regression fit to the experimental data using Graphpad
Prism software version 4.00 program. See section 6.2 and Table 6.1 for other details.

The saturation binding analyses of the specific agonist [’H]8-OH-DPAT and
antagonist [3H]p-MPPF binding to serotonin;s receptors from HN2-5-HT;aR membranes
were carried out using a range of concentration (0.1-7.5 nM) of the radiolabeled ligands
and the binding plots are shown in Figures 6.2 and 6.3. Data for saturation binding were
analyzed using Graphpad Prism software version 4.0 program and the binding parameters
are shown in Table 6.1. The estimated K4 value (~2.20 nM) for [°’H]8-OH-DPAT binding
to serotonin;, receptors in HN2-5-HT;,R membranes is in excellent agreement
with the K4 value reported earlier for the native rat (Milligan et al., 2001), and
bovine (Harikumar and Chattopadhyay, 1998, 1999) hippocampal serotonin;, receptor.
Table 6.1 also shows that the serotonin; 4 receptors expressed in HN2-5-HT 4R cells bind to
[PHlp-MPPF with a Kq4 of ~2.70 nM, in good agreement with the affinity displayed by the

native hippocampal receptor (Harikumar and Chattopadhyay, 2001).
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Figure 6.3. Saturation binding analysis of specific ["H]p-MPPF binding to serotonin;a
receptors from HN2-5-HT R cell membranes. A representative plot is shown for specific
[*H]p-MPPF binding with increasing concentrations (0.1-7.5 nM) of free [’H]p-MPPF. The
curve is a non-linear regression fit to the experimental data using Graphpad Prism software
version 4.00 program. See section 6.2 and Table 6.1 for other details.

Table 6.1

Binding parameters® of the agonist [’H]8-OH-DPAT and
antagonist [3 H]p-MPPF binding to serotonin; 4 receptors from HN2-5-HT;aR cells

Ligand K4 B max
(nM) (pmol/mg of protein)
[’H]8-OH-DPAT 2.20+£0.05 2.08 +£0.30
[*H]p-MPPF 2.70 £ 0.39 9.20 + 1.88

“Binding parameters were calculated by analyzing saturation binding isotherms with a range
(0.1-7.5 nM) of both radioligands using Graphpad Prism software version 4.00 program.
Data shown in the table represent the means t+ SE of three independent experiments. See
section 6.2 for other details.
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Competition binding analysis of radiolabeled agonist and antagonist
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Figure 6.4. Competition binding analysis of specific [3H]8-OH-DPAT binding to
serotonin;s receptors from HN2-5-HT;sR cell membranes. Values are expressed as
percentages of specific binding obtained in the absence of the competing ligand.
Radioligand binding assays were carried out with [’H]8-OH-DPAT in the presence of a
range of 8-OH-DPAT (—O—) and serotonin (----®----) concentrations. The curves are
non-linear regression fits to the experimental data using equation 1 (section 2.2). Data

points represent means + SE of duplicate points from three independent experiments. See
section 6.2 and Table 6.2 for other details.

Further pharmacological characterization of the specific agonist and antagonist
binding was carried out by performing competition binding experiments in presence of
unlabeled ligands which act as competitors. Figures 6.4 and 6.5 show the competition
displacement curves of specific agonist [3H]8-OH-DPAT by the competing ligands 8-OH-
DPAT and serotonin, and of the antagonist [3H]p-MPPF by p-MPPI for serotoninja
receptors from HN2-5-HT{aR membranes. The half maximal inhibition concentrations

(ICsp) and the inhibition constants (K;) for the competing ligands are shown in Table 6.2.
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Figure 6.5. Competition binding analysis of specific ["H]p-MPPF binding to serotonina
receptors from HN2-5-HT ;4R cell membranes. Values are expressed as percentages of
specific binding obtained in the absence of the competing ligand. Radioligand binding
assay was carried out with 0.5 nM [’H]p-MPPF in the presence of a range of p-MPPI
concentrations. The curve is a non-linear regression fit to the experimental data using
equation 1 (section 2.2). Data points represent means + SE of duplicate points from three
independent experiments. See section 6.2 and Table 6.2 for other details.

Based on the formalism developed previously (Akera and Cheng, 1977; DeBlasi et
al., 1989), binding parameters obtained from saturation binding analysis (see Table 6.1)
were compared with those obtained from competition binding analysis with similar ligands
but in their unlabeled form acting as competitors. The binding parameters, namely Ky and
Bumax, thus obtained are shown in Table 6.3. As shown in the table, these values are in good

agreement with values in Table 6.1.

Sensitivity of ligand binding to GTP-y-S

Most of the seven transmembrane domain receptors are coupled to G-proteins
(Clapham, 1996), and guanine nucleotides are known to regulate ligand binding. The 5-
HTa receptor agonists such as 5-HT or 8-OH-DPAT are known to specifically activate the

Gi/G, class of G-proteins (Emerit et al., 1990; Clawges et al., 1997).. In contrast,
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Table 6.2

Competition binding analysis” of [’H]8-OH-DPAT and
[3H]p-MPPF binding to serotonin;a receptors from HN2-5-HT; 4R cells

Competing ligand [’H]8-OH-DPAT [’H]p-MPPF
ICso (nM) Ki (nM) ICso (M) Ki (nM)
8-OH-DPAT 2.08 £ 0.40 1.65 + 0.35 - -
serotonin 5.10 £0.50 1.74 + 0.46 - -
p-MPPI - - 5.77 + 0.09 447 +0.63

bCompetition binding data were analyzed using equation 1 (section 2.2) to determine ICsg
values. The K; values were obtained using equation 15 for which the K4 values were
obtained from Table 6.1. Binding of [’H]8-OH-DPAT (0.29 nM) and [’H]p-MPPF (0.5 nM)
was competed out with a range of concentrations of the unlabeled ligands. Data represent
the means * SE of three independent experiments. See section 6.2 for other details.

antagonists do not catalyze the activation of G-proteins (Kung et al., 1995). Therefore,
agonist binding to such receptors displays sensitivity to agents that uncouple the normal
cycle of guanine nucleotide exchange at the G-protein alpha subunit caused by activation
ofthe receptor. Sensitivity of agonist binding to guanine nucleotides can be monitored by
performing ligand binding assays in the presence of GTP-y-S, a non-hydrolyzable analogue
of GTP. We have previously shown that the specific binding of the agonist [*H]8-OH-
DPAT to bovine hippocampal serotonin,a receptors is sensitive to guanine nucleotides and
is inhibited with increasing concentrations of GTP-y-S (Harikumar and Chattopadhyay,
1999; Javadekar-Subhedar and Chattopadhyay, 2004). Our results showed that in presence

of GTP-y-S, the serotonin 4 receptor undergoes an affinity transition, from a high affinity
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Table 6.3

Binding parameters® for [’H]8-OH-DPAT and [*H]p-MPPF
obtained from competition binding experiments

Competing [’H]8-OH-DPAT [’H]p-MPPF
ligand
Kd Bmax Kd Bmax
(nM) (pmol/mg protein) (nM)  (pmol/mg protein)
8-OH-DPAT 1.57£0.40  4.02+0.80 - -
p-MPPI - - 4.80+0.74 9.72+£0.58

“Competition binding data were analyzed with a range of concentrations of unlabeled 8-OH-
DPAT against [°H]8-OH-DPAT (0.29 nM) and with unlabeled p-MPPI against [’H]p-MPPF
(0.5 nM). Binding parameters were calculated using equations 13 and 14 from the ICs
values in Table 6.2. Data represent the means + SE of three independent experiments. See
section 6.2 for other details.

G-protein coupled to a low affinity G-protein uncoupled state (Harikumar and
Chattopadhyay, 1999). In agreement with these results, Figure 6.6 shows a characteristic
reduction in binding of the agonist [*H]8-OH-DPAT in presence of a range of concentration
of GTP-y-S with an estimated ICsg of 90.44 £ 1.80 nM which is in excellent agreement with
our earlier results with the receptor from native hippocampal source (Kalipatnapu and
Chattopadhyay, 2004b; Pucadyil and Chattopadhyay, 2004a). This indicates that the human
serotonin; s receptor is coupled to G-proteins when expressed in HN2 cells and exhibits

typical sensitivity to GTP-y-S, a characteristic feature of the native hippocampal receptor.
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Figure 6.6. Effect of increasing concentrations of GTP-y-S on the specific binding of the
agonist [’H]8-OH-DPAT (O) and antagonist [’H]p-MPPF (®) to serotonin; receptors from
HN2-5-HT R cell membranes. Values are expressed as percentages of the specific binding
obtained in the absence of GTP-y-S. The curve associated with [’H]8-OH-DPAT binding is
a non-linear regression fit to the experimental data using equation 1 (section 2.2). Data
points represent means + SE of duplicate points from three independent experiments. See
section 6.2 for other details.

In contrast to agonist binding, antagonist H]p-MPPF binding to serotonin;a
receptors from the bovine hippocampus has previously been shown to be insensitive to
GTP-y-S (Harikumar and Chattopadhyay, 1999; Javadekar-Subhedar and Chattopadhyay,
2004; Kalipatnapu et al., 2004b). Figure 6.6 shows that the specific ["H]p-MPPF binding to
serotonin;s receptors from HN2-5-HT ;4R cells remains invariant over a large range of
concentrations of GTP-y-S, in a manner analogous to what is observed with the native
receptor from bovine hippocampus. This implies that the agonist 8-OH-DPAT and the
antagonist p-MPPF binding can be used to differentially discriminate G-protein coupling of
the serotonin;a receptor in HN2-5-HT ;4R cells. Interestingly, the B.x values in Table 6.1
for serotonin,s receptors using the antagonist ["H]p-MPPF are far greater (~4 fold higher)
than that obtained using agonist [’H]8-OH-DPAT. This has been previously shown for

native systems such as rat hippocampus (Kung et al., 1995) and bovine hippocampus
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(Harikumar and Chattopadhyay, 1999). Since the binding of the antagonist [*’H]p-MPPF is
unaffected by GTP-y-S (Figure 6.6) it indicates that [’H]p-MPPF binds to all available
populations of the receptor, those coupled to G-proteins and free (not coupled to G-proteins)
receptors. The B, value for the antagonist [*H]p-MPPF therefore is greater than the
corresponding value for the agonist [’H]8-OH-DPAT, which would predominantly bind to
G-protein coupled form of the receptor. Since endogenous G-proteins could be in limiting
amounts compared to heterologously expressed receptors in such expression systems
(Kenakin, 1997), the Bnax values of the agonist and antagonist may tend to display greater
differences in such systems compared to native systems. However, the ligand binding
affinities of the serotonin;s receptor from HN2-5-HTsR cells and native systems are in
good agreement and therefore the pharmacological characteristics of the receptor appear to

be preserved in HN2-5-HT;aR cells.

Ligand-dependent downstream signaling: measurement of cAMP levels

The primary function of serotonin;s receptors is to inhibit adenylate cyclase thereby
reducing the levels of cAMP. While in some systems this reduction can be observed in the
basal level of cAMP itself, in others the effect is made more dramatic by spiking the cAMP
levels using forskolin, which independently stimulates adenylate cyclase (Pucadyil et al.,
2005a; Kalipatnapu and Chattopadhyay, 2007a). We examined the signaling function of the
serotonims receptor expressed in HN2 cells by monitoring its ability to catalyze
downstream signal transduction processes upon stimulation with serotonin;a receptor
ligands. The serotonin;, receptor agonists such as serotonin and 8-OH-DPAT are known to

specifically activate the Gi/G, class of G-proteins (Raymond ef al., 1993) which
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Figure 6.7. Effect of increasing concentrations of §-OH-DPAT on downstream signaling
of serotonin;s receptors in HN2-5-HTsR cells. The ability of the specific serotonin;,
receptor agonist 8-OH-DPAT to inhibit the forskolin-stimulated cAMP levels was assayed
in HN2-5-HT AR cells. Data points are expressed as percentages of the cAMP levels in
cells in the absence of forskolin and 8-OH-DPAT. Data for the increase in cAMP levels in
the presence of forskolin in untreated (A) cells is shown for comparison. Inhibition curves
were analyzed by the 4 parameter logistic function (equation 1; section 2.2). Data points

represent means + SE of at least three independent experiments. See section 6.2 for other
details.

subsequently reduce the cAMP levels. As shown in Figure 6.7, the forskolin-stimulated
increase in CcAMP levels is efficiently inhibited by 8-OH-DPAT in a characteristic
concentration-dependent manner with an ICsy value of 1.35 + 0.07 nM in good agreement
with earlier reported value (Kellett ez al., 1999). This indicates that the normal function of
these receptors to transduce signals via G-proteins which inhibit adenylate cyclase is
maintained in HN2-5-HT 4R cells. Interestingly, cAMP is known to regulate immune
responses, and modifications in cAMP signaling are involved in the pathophysiology and
treatment of depression. For example, patients suffering from depression have been

reported to show lower adenylate cyclase activity due to altered serotonergic signaling

(Mizrahi ef al., 2004).
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6.4. Discussion

A useful approach for performing pharmacological studies on GPCRs is to use a
functional receptor system that converts receptor-ligand interaction into a cellular signal
which allows to monitor the relationship between concentration and response (Kenakin,
1997). With the advent of molecular biology, there have been an increasing number of
genetically engineered recombinant receptor systems for the study of drug-receptor
interactions. This has led to a corresponding increase in the testing of new drugs in
recombinant receptor systems. However, differences in host membrane lipid composition
often complicate interpretation of drug testing results in such systems, and can lead to
receptors with characteristics different from native receptors. For example, it has earlier
been reported that although the rat cortical serotoninia recéptor exists only in the high
affinity state in its native environment, it displays both high and low affinity when
expressed in HEK293 cells (Watson et al., 2000). It is therefore judicious to develop
recombinant expression systems in which the membrane lipid composition closely mimics
the native lipid environment.  Although serotonin;s receptors have previously been
expressed in non-neuronal cell lines such as CHO (Newman-Tancredi et al., 1997) and
HEK293 (Kellett et al., 1999), there have been very few attempts to express and
characterize the receptor in neuronal cells. Our choice of HN2 cells as an expression
system for characterizing serotonin; 4 receptors is based on the observation that cell lines of
neural origin represent realistic models for understanding signal transduction in neuronal
cells (Lee et al., 1990).

In this chapter, the pharmacological and functional characterization of the human
serotonin;s receptor stably expressed in HN2 cells is described. Our results show that
serotonin; 4 receptors expressed in HN2 cells display ligand binding properties that are in
good agreement to what is observed with native receptors such as rat and bovine

hippocampal serotonin;s receptors. In addition, it is demonstrated that the differential
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discrimination of G-protein coupling by the agonist 8-OH-DPAT and the antagonist p-
MPPF, a hallmark of the native receptor, is preserved for the receptor expressed in HN2
cells. More importantly, serotonin;a receptors in HN2-5-HT aR cells can efficiently
catalyze downstream signal transduction by reducing cAMP levels.

Cholesterol organization, traffic, and dynamics in the brain are stringently
controlled since the input of cholesterol into the central nervous system is almost
exclusively from in situ synthesis as there is no evidence for the transfer of cholesterol from
blood plasma to brain (Dietschy and Turley, 2001). As a result, a number of neurological
diseases share a common etiology of defective cholesterol metabolism in the brain (Porter,
2002). In the Smith-Lemli-Opitz syndrome, for example, the marked abnormalities in brain
development and function leading to serious neurological and mental dysfunctions have‘
their origin in the fact that the major input of brain cholesterol comes from in situ synthesis
and such synthesis is defective in this syndrome (Waterham and Wanders, 2000).
Interestingly, it was previously shown using a variety of approaches that the function of
hippocampal serotonin;s receptor displays a great degree of sensitivity to membrane
cholesterol (Pucadyil and Chattopadhyay, 2004a, 2005; Pucadyil et al., 2004a; Pucadyil et
al., 2005b; Paila et al., 2005). Expression of this receptor in a cell line of neuronal origin
therefore assumes greater relevance in this context, and provides a convenient cellular
system to address these issues.

Since native tissues (of neuronal origin in particular) often have very low quantities
of a specific type of receptor, solubilization and purification of neuronal receptors from
native sources continue to be challenging issues in contemporary membrane biology
(Kalipatnapu and Chattopadhyay, 2005a). It is in this context that membrane receptors
expressed in a cell line with native-like membrane lipid environment gains significance.
The levels of receptors expressed this way are often much higher than found in native
tissues making these systems amenable to solubilization and purification of the given

receptor. Effective solubilization and purification of membrane receptors with optimum
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ligand binding activity and intact signal transduction components represent important steps
in understanding structure-function relationship and pharmacological characterization of a
specific receptor, and may constitute the first step in the detailed molecular characterization

of GPCRs.
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7.1. Conclusion

The serotonin;s receptor: a representative member of the GPCR superfamily in the
context of membrane cholesterol dependence of receptor function

The modulatory role of cholesterol on the ligand binding activity and G-protein
coupling of the hippocampal serotonin;s receptor has been shown in our laboratory using
various approaches which include treatment with (i) MBCD, which physically depletes
cholesterol from membranes (Pucadyil and Chattopadhyay, 2004a, 2005) (ii) the sterol-
complexing agent digitonin (chapter 2; Paila ef al., 2005), and (iii) the sterol-binding
antifungal polyene antibiotic nystatin (Pucadyil et al., 2004b). While treatment with MBCD
physically depletes cholesterol from membranes, treatment with other agents modulates the
availability of membrane cholesterol without physical depletion. In addition, metabolic
depletion of cholesterol using cholesterol lowering agents such as statins resulted in the
reduction of the ligand binding of serotonin;s receptors (Shrivastava, S., Pucadyil, T.J.,
Chattopadhyay, A., unpublished observations). The underlying tenet brought out by these
data implies that it is the non-availability of cholesterol, rather than the manner in which its
availability is modulated, is crucial- for ligand binding of the serotonin;s receptor.
Importantly, replenishment of membranes with cholesterol using MPBCD-cholesterol
complex led to recovery of ligand binding activity to a considerable extent. In order to test
the stringency of the requirement of cholesterol for the function of the serotonin;, receptor,
membranes were treated with cholesterol oxidase which catalyzes the oxidation of
cholesterol to cholestenone. The results showed that oxidation of membrane cholesterol led
to inhibition of the ligand binding activity of the serotoninjs receptor without altering
overall membrane order (Pucadyil et al., 2005b). To further explore the specificity of
cholesterol requirement, a cellular model of the Smith-Lemli-Opitz Syndrome (SLOS) was
recently generated, using cells stably expressing the human serotonin; 4 receptor (chapter 3;
Paila et al., 2008). The cellular model of SLOS was generated‘ by metabolically inhibiting

the biosynthesis of cholesterol, utilizing a specific inhibitor (AY 9944) of the enzyme

148



Chapter 7. Conclusion and Future Perspectives

required in the final step of cholesterol biosynthesis. SLOS serves as an appropriate
condition to delineate the specific and global effects of cholesterol in the function of the
serotonin;a receptor, since the two aberrant sterols that get accumulated in SLOS, ie., 7-
and 8-DHC, differ with cholesterol only in a double bond. Importantly, metabolic
replenishment of cholesterol using serum partially restored the ligand binding activity of the
serotonin;a receptor (see chapter 3). Interestingly, we have recently shown that 7-DHC
does not support the function of the serotonin;s receptor without any change in overall
membrane order (Singh er al., 2007; Chattopadhyay et al., 2007). Cholesterol depletion
from native hippocampal membranes followed by replenishment with 7-DHC, did not result
in restoration of the ligand binding to the serotonin;a receptor, in spite of recovery of
membrane order (Singh er al.,, 2007). In addition, solubilization of the hippocampal
serotoninia receptor is accompanied by loss of membrane cholesterol, which results in a
reduction in specific ligand binding activity and overall membrane order (Chattopadhyay e?
al., 2007). Replenishment of cholesterol to solubilized membranes restores the cholesterol
content of the membrane and significantly enhances specific ligand binding activity and
overall membrane order. Importantly, replenishment of solubilized hippocampal
membranes with 7-DHC does not restore ligand binding activity of the serotonin;, receptor,
in spite of recovery of membrane order. Interestingly, it has been recently shown that the
effects of 7-DHC and cholesterol on membrane organization and dynamics are considerably
different (Shrivastava es al., 2008). We therefore conclude that the requirement for
maintaining ligand binding activity is more stringent than the requirement for maintaining
membrane order. Taken together, these results indicate that the molecular basis for the
requirement of membrane cholesterol in maintaining the ligand binding activity of
serotonin; o receptors could be specific interaction, although global bilayer effects may not

be ruled out (Prasad et al., 2009).
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Cholesterol binding motif(s) in serotonin,, receptors ?

In the overall context of the presence of CCM in the recently reported crystal
structure of the f3;-adrenergic receptor (Hanson et al., 2008), it is an appropriate time now to
consider whether there is similar CCM(s) present in the serotonin;, receptor and if present,
whether it is conserved during the evolution of the receptor. This is particularly relevant in
view of the similarity between the serotonin;s and [,-adrenergic receptors (~43% amino
acid similarity in the transmembrane domain) (Kalipatnapu and Chattopadhyay, 2007), and
the reported cholesterol dependence of serotonin;s receptor function (Pucadyil and
Chattopadhyay, 2006). In order to examine the evolution of specific cholesterol binding
site(s) of the serotonin;, receptor over various phyla, we analyzed amino acid sequences of
the serotonin;, receptor from available databases (see Figure 7.1). Partial, duplicate and
other non-specific sequences were removed from the set of sequences obtained. The amino
acid sequences used for the analysis belong to diverse taxons that include insects, fish and
other marine species, amphibians and extending up to mammals. Initial alignment was
carried out using ClustalW. It is apparent from this alignment that the cholesterol binding
motif, which includes Tyr73 in the putative transmembrane helix Il and Argl51, Ile157 and
Trpl61 in the putative transmembrane helix IV (see Figure 1.3, chapter 1), is conserved in
most species. Realignment with ClustalW (after eliminating the relatively divergent parts of
the receptor) resulted in conservation of the motif across all phyla analyzed, except in
organisms such as 7. adhaerens and S. purpuratus. Interestingly, pairwise alignment of the
human serotonin;a receptor with the human B;-adrenergic receptor and rhodopsin exhibited
conservation of the motif in all sequences (data not shown). It therefore appears that
cholesterol binding sites represent an inherent characteristic feature of serotonin;, receptors
which is conserved during the course of evolution. It is interesting to note here that
cholesterol binding sites appear to be present even in organisms which are not capable of

biosynthesis of cholesterol. Organisms which lack cholesterol biosynthesis could, however,
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Figure 7.1. Multiple alignment of the serotonin,, receptor around the CCM of interest with the
conserved residues highlighted. As evident from the panel (a), Trpl61 is the most conserved
residue, except in S. purpuratus. The sequences of 7. adhaerens, M. sexta and A. gambiae are
putative serotonin,, receptors whereas those of S. pupuratus, B. taurus, O. anatinus, D. rerio, M.
domestica and M. mulatta are predicted by homology. Panel (b) is a graphical representation
displaying the quality of alignment, with lighter shades representing higher quality. Amino acid
sequences of serotonin, , receptors are from NCBI and Expasy databases.
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acquire cholesterol through diet (Bloch, 1983). Organisms such as insects possess sterols
that are different from cholesterol which have diverged from cholesterol during the sterol
evolution pathway (Clark and Bloch, 1959). The presence of CCM in these organisms

could be due to binding of closely related sterols or dietary cholesterol to CCM.

Future Perspectives
Mutations in CCM motif: functional consequences

Previous work from our laboratory has demonstrated that membrane cholesterol is
required for the function of the serotonin;s receptor, which could be due to specific
interaction of the receptor with cholesterol. Based on these results, we envisage that there
could be specific/nonannular cholesterol binding site(s) (see chapter 1) in the serotoninja
receptor. Our future work will focus on mutating some of the putative amino acid residues
(Tyr73, Argl51, lle157 and Trp161) that could be involved in the cholesterol binding site of
the serotonin; 4 receptor followed by stable expression in cells of interest. We plan to carry
out functional and organizational (in the context of membrane localization and domains)
analyses of the mutated receptor, in order to gain further insight into membrane cholesterol

dependence of receptor function.

Effects of different sterols on properties of membrane with varying phases

Cholesterol is the most representative sterol present in vertebrate membranes and is
the end product of the long and multistep sterol biosynthetic pathway. 7-Dehydrocholesterol
(7-DHC), and lathosterol are the immediate biosynthetic precursors of cholesterol in the
Kandutsch-Russell pathway. Desmosterol is the immediate biosynthetic precursor in the
Bloch pathway.  Konrad Bloch speculated that the sterol biosynthetic pathway parallels

sterol evolution (the 'Bloch hypothesis’). According to this hypothesis, cholesterol has been
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selected over a very long time scale of natural evolution for its ability to optimize certain
physical properties of eukaryotic cell membranes with regard to biological functions (Bloch,
1983). Cholesterol precursors should therefore have properties that gradually support the
cellular function of higher organisms as they progress along the pathway toward cholesterol.
Defects in the cholesterol biosynthetic pathway have been identified with several inherited
metabolic disorders (Waterham, 2006). Comparative studies of the effects of cholesterol
and its evolutionary precursors on membranes therefore assume significance. Desmosterol
and 7-DHC differ with cholesterol only in a double bond at 24™ and 7™ positions,
respectively. Lathosterol, unlike 7-DHC and desmosterol, has only a double bond in its
chemical structure, which differs with cholesterol in its position. We have previously
shown that although both 7-DHC and desmosterol differ with cholesterol in one double
bond, they exhibit differential effects on membrane organization and dynamics (Shrivastava
et al., 2008). Importantly, we showed earlier that the effect of cholesterol and desmosterol
on membrane organization and dynamics is similar in most cases, while 7-DHC has a
considerably different effect. This demonstrates that the position of the double bond in
sterols is an important determinant in maintaining membrane order and dynamics
(Shrivastava et al., 2008).

Our future plan includes monitoring the effect of cholesterol and its immediate
biosynthetic precursors on biophysical and dynamic properties of fluid (disordered) and gel
(ordered) phase membranes. Toward this goal, we plan to utilize fluorescence, Differential
Scanning Calorimetry (DSC), Electron Spin Resonance (ESR) approaches. These
measurements assume relevance since the accumulation of cholesterol precursors have been

reported to result in severe pathological conditions ( Waterham, 2006).

153



Chapter 7. Conclusion and Future Perspectives

Desmosterol
Cholesterol
/C@\/Y HOO‘:%E\/\(
HO

7-Dehvdrocholesterol Lathosterol

Figure 7.2. Chemical structures of immediate biosynthetic precursors of cholesterol. 7-
Dehydrocholesterol and lathosterol are biosynthetic precursors of cholesterol in the
Kandutsch-Russell (Kandutsch and Russell, 1960) and desmosterol is the precursor of
cholesterol in Bloch (Bloch, 1983) pathway. 7-Dehydrocholesterol differs with cholesterol
only in a double bond at the 7" position in the sterol ring, and desmosterol differs with
cholesterol only in a double bond at the 24" position in the flexible alkyl side chain. Both
lathosterol and cholesterol have one double bond which differs in its position in these
sterols (highlighted in their chemical structures).

Exploring the physical properties of membranes from SLOS patient fibroblasts and
their matched controls

SLOS is clinically diagnosed by reduced plasma levels of cholesterol along with
elevated levels of 7-dehydrocholesterol (and its positional isomer 8-dehydrocholesterol) and
the ratio of their concentrations to that of cholesterol. Considering the importance of
cholesterol in maintaining the membrane physical properties, it would be interesting to
compare to what extent 7- and §- DHC could mimic cholesterol in this regard. It has been

previously reported using a number of approaches that membrane domains formed by 7-
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DHC differ with those formed by cholesterol in protein composition (Keller et al., 2004),
packing (Berring et al., 2005) and stability (Wolf and Chachaty, 2000; Wolf et al., 2001;
Megha et al., 2006). Interestingly, model membranes mimicking SLOS membranes have
been reported to exhibit atypical membrane organization (Tulenko et al., 2006) and
curvature (Gondre-Lewis et al., 2006). It is therefore possible that mere replacement of
cholesterol with 7-DHC may significantly affect aspects of membrane organization such as
near neighbor interactions (7-DHC is more polar than cholesterol) and accessible surface
area. We plan to obtain skin fibroblasts fro;n SLOS patients and matched healthy controls,
and monitor the organization and dynamics of membranes derived from total lipids
extracted from SLOS and control fibroblasts, using fluorescence-based approaches. The
results of these experiments could potentially provide novel insight regarding the

organization of membranes in SLOS.

Functional solubilization and purification of the serotonin;, receptor

Membrane protein purification represents an area of considerable challenge in
contemporary membrane biology. Studies carried out on purified and reconstituted
membrane receptors have considerably advanced our knowledge of the molecular aspects of
receptor function (Gether 2000). It is noteworthy that none of the subtypes of G-protein
coupled serotonin receptors has yet been purified to homogeneity from natural sources. An
essential criterion for purification of an integral membrane protein is that the protein must
be carefully removed from the native membrane and individually dispersed in solution.
This process is known as solubilization and is most effectively accomplished using
amphiphilic detergents (Garavito and Ferguson-Miller 2001; Kalipatnapu and
Chattopadhyay 2005a). Solubilization of a membrane protein is a process in which the
proteins and lipids that are held together in the native membrane are suitably dissociated in

a buffered detergent solution. Effective solubilization and purification of G-protein coupled
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receptors in a functionally active form represent important steps in understanding structure-
function relationship and pharmacological characterization of a specific receptor.

As in the case of other membrane proteins, low expression levels of the serotoninia
receptor in natural membranes, and inherent difficulties in purifying membrane proteins
have posed considerable challenges in addressing various issues related to membrane
biology of the serotonin,s receptor. It is for this reason that none of the subtypes of G-
protein coupled serotonin receptors has yet been purified to homogeneity from native
sources. Nonetheless, natural membranes and cultured cells heterologously expressing the
serotonin;s receptor together have made it possible to address important aspects related to
membrane organization and function of the serotonin;s receptor. It has recently been
possible to purify the heterologously expressed serotonin;a receptor from Xenopus laevis
employing a novel strategf(Zhang et al., 2005). A comprehensive understanding of the
serotonin;, receptor function in relation to its membrane lipid environment is important in
view of the enormous implications of the serotonin;, receptor function in human health
(Julius, 1998), and the observation that several diagnosed brain diseases are attributed to
altered lipid-protein interactions (Chattopadhyay and Paila, 2007). The serotonin; 4 receptor
could be expressed in baculovirus expression system and could be solubilized and purified.
Following the purification of the receptor, the proposed nonannular lipid binding sites in the
receptor could be validated. Depending on the yield of the puriﬁed receptor, the serotonin;,
receptor could be crystallized using some of the recently developed crystallization
strategies, such as crystallizing the membrane protein from cubic phase (Caffrey, 2009).

GPCRs are involved in a multitude of physiological functions and represent
important drug targets (Schlyer and Horuk, 2006; Jacoby et al., 2006; Insel et al., 2007).
Although the pharmacological and signaling features of GPCRs have been studied widely,
aspects related to their interaction with membrane lipids have been addressed in relatively

few cases. In this context, the realization that lipids such as cholesterol could influence the
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function of GPCRs has remarkably transformed our idea regarding the function of this
important class of membrane proteins. With progress in deciphering molecular details on
the nature of this interaction, our overall understanding 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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Appendix




Appendix

We start with equation 12 (p. 109) iﬁ which the time-resolved fluorescence
anisotropy is described by a biexponential anisotropy decay model
_ r(t) = ro {Brexp(-t/p1) + Paexp(-t/d2)} (A1)
where rp is the initial anisotropy (in case of EYFP, ro= 0.38) and B; is the amplitude of the
i™ rotational correlation time ¢; such that Z;3;=1
When the correlation time ¢; (ascribed to homoFRET in the present situation) is too fast
to be resolved, we can assume that ¢;<< t (the first observable time-point), the first term in
the right-hand side becomes negligible and we obtain
r(t) = roP2 exp(-t/¢,)
Thus rof; corresponds to r;, ** estimated from the first few data points of r vs. t curves.
At t =0, r(t) = r(0) = ry, and equation (A1) under this condition can be written as
ro= ro {P1exp(-0/¢1) + P2exp(-0/¢2)} (A2)
Since exp(-0/¢1) = 1 and exp(-0/¢;) = 1, equation (A2) becomes
ro=ro {P1 + P2}
to= rof3; + rof3z (A3)
Since rof3; corresponds to ri,*F, equation (A3) can be written as
ro=roP; + rin"'", which upon rearrangement yields
B1 = (ro- ;" /10) (A4)

The values of 3; shown in Table 5.2 are obtained using this equation
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