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Abstract

“There is no greater agony than bearing an untold story inside you.”

– Maya Angelou, I Know Why the Caged Bird Sings

G-protein coupled receptors (GPCRs) represent a large, diverse family of transmembrane

proteins. Their central role in regulating several physiological functions makes them a

crucial target for pharmaceutical research. All GPCRs show high degree of structural similarity

in their transmembrane segment, which consists of seven α-helices linked alternatively by loops

in extracellular and intracellular region. Recent studies suggest that membrane lipids influence

the structure, function and higher order organization in GPCRs. However, the molecular basis

of the lipid-mediated modulation of GPCR association is not well characterized.

The research carried out in this thesis aims towards examining the molecular details of

protein-lipid interaction, and its consequent effect on GPCR association. We have used coarse-

grained molecular dynamics simulation as an approach for our investigation. Our work pri-

marily focuses on the role of cholesterol in conjunction with other membrane lipid species in

influencing GPCR organization. Two well known GPCR members: β2-adrenergic receptor and

serotonin1A receptor were chosen for our studies, as cholesterol has been shown to influence

their structure, function and organization. Our results highlight the combined contribution of

specific and non-specific lipid-mediated effects in modulating organizational conformation of

the GPCR associated states. Cholesterol appears to influence the distribution and interaction

of other membrane lipids around the receptor. Our results find importance in the context that

GPCR oligomerization has implications in functional regulation and a molecular-level under-

standing of these conformers would be essential for development of effective and target-specific

drugs.
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1

Introduction

“Begin at the beginning,” the King said, gravely, “and go on till you come to an end;

then stop.”

– Lewis Carroll, Alice in Wonderland

G-protein coupled receptors (GPCRs) are a special class of transmembrane proteins in-

volved in signal transduction1. This superfamily consists of several members which

respond to an equally diverse group of ligands that serve as primary signals for physiologi-

cal functions2–4. Since its discovery in early 1970s, biophysical, pharmacological, biochemical,

structural and computational studies have provided valuable information about structure, func-

tion and organization of GPCRs5,6. These properties of GPCR appear to be regulated by mem-

brane lipids surrounding the receptor7–12. In order to characterize the nature of lipid-receptor

interaction(s) involved in regulating GPCR properties, it is essential to have a comprehensive

understanding of the receptor and its membrane environment. This chapter begins by provid-

ing a detailed physicochemical description of cell membrane and GPCRs, followed by a review

of studies over the past three decades characterizing higher order organization of GPCRs.

1.1 Cell membrane: Structure and composition

Cell membrane forms the frontier between the cell and its environment. It is selectively per-

meable and regulates the transport of molecules in and out of the cell through active and

passive processes. It also serves as a site for several metabolic and bioenergetic activities13.
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1. Introduction 1.1. Cell membrane: Structure and composition

In its simplest form, cell membrane is a lipid bilayer measuring ∼ 3.0-5.0 nm in thickness13.

Although the discovery of cell membrane was made in 1855 by Carl Nageli and C Cramer, it

was not until the early 20th century that the first prediction of its structure was made. The

plasma membrane was suggested to be a two-layered lipid sheet surrounding the cell14. A ma-

jor breakthrough occured with the proposal of “fluid mosaic” model based on thermodynamic

organization of lipids and proteins, and evidence of asymmetry and lateral mobility within the

membrane matrix15. This model stated that:

• biological membranes are composed of a mosaic structure of alternating globular proteins

and phospholipid bilayer.

• phospholipids are “fluid or dynamic” in nature, although a small fraction of it may

specifically interact with the membrane protein.

• proteins integral to the membrane have an amphipathic structure with the ionic and

highly polar groups protruding into the aqueous phase and the nonpolar groups buried

in the hydrophobic interior of the membrane. They usually span the length of the phos-

pholipid bilayer and are randomly distributed.

• other proteins, called extrinsic or peripheral proteins are transiently associated with the

membrane through weak non-covalent interactions.

• carbohydrates are linked to proteins or lipids to form glycoproteins or glycolipids.

Since its prediction, there have been significant improvements made to the “fluid mosaic”

membrane model. Wealth of new information on membrane protein structure and function

have redefined our understanding of membrane architecture (Fig. 1.1). The classical concept

that cell membrane is a “sea of lipids” with integral proteins embedded and freely floating in it

has been replaced by idea of ordered lipid patches surrounded by a generally disordered state

of lipids16,17. Lipid and/or protein composition of these membrane “microdomains” appear to

be distinct than that of the bulk membrane (Fig. 1.1). The ordered “microdomains”, often

also termed as “lipid rafts” are rich in saturated phospholipids, sphingolipids and cholesterol18.

Formation of these “microdomains” and their properties (structure, size, composition etc) are

suggested to be regulated by a combination of lipid-lipid and lipid-protein interactions19–22.
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Figure 1.1: A schematic representation highlighting protein and lipid diversity in an eukaryotic cell
membrane. Phospholipids are depicted with their head groups in orange and acyl chains in yellow.
Glycolipids are shown in deep blue. Cholesterol is shown with its sterol ring, hydrocarbon tail in
cyan and hydroxyl head group in red. Single-pass transmembrane proteins, as representative of ErbB
family of receptors, are shown in magenta, Multi-pass GPCRs are shown in purple. Peripheral
proteins, such as G-protein and caveolin are shown in pink and light blue respectively. Another
complex peripheral protein, actin cytoskeleton, is shown as green lattice beneath the lipid bilayer.

Biophysical properties of these microdomains have been extensively investigated using

model systems. Membranes with binary or ternary lipid composition show phase separation of

lipids into ordered and disordered domains driven by the differences in miscibility arising from

the chemical nature of the lipid species23,24. The planar sterol ring of cholesterol stabilizes

the elongated trans-conformation of the saturated acyl chain. This results in ordered pack-

ing of the lipids along with cholesterol25. The packing order introduced by cholesterol in the

ordered domain is intermediate between a solid ordered (gel, So) phase and liquid disordered

(Ld) phase. Hence it is referred to as liquid ordered (Lo) domain19. Presence of a double bond

stabilizes the cis-conformation in the unsaturated acyl chain resulting in a kink that prevents

ordered packing of lipids in the Ld domain. The diffusion rates of lipids in the Lo domain

is lower than that of bulk lipids constituting the Ld domain19. Higher order in Lo domain

also corresponds to increased bilayer thickness. However the ordered microdomains are yet to

be directly visualised in vivo and recent reports suggest an important role of cytoskeleton in

modulating domain properties26–28.

Cell membrane constitutes a wide range of chemically diverse lipid species. About 5%

of the mammalian genome is dedicated towards lipid synthesis29 which clearly highlights the

importance of lipid specificity in biological processes. The lipid composition of membrane varies

with cell types, physiological conditions and age30–33. Phospholipids form the largest fraction

(∼ 65%) of these lipids, followed by cholesterol (∼ 25 %), and other lipids such as sphingolipids

(∼ 10%), glycolipids (∼ 2%) and so on34.
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Figure 1.2: A chemical description of the most commonly encountered lipid population in cell
membrane: (a) 1-Palmitoyl-2-Oleoyl-3-sn-glycero-3-phosphocholine [POPC] (as a representative of
phospholipid species) (b) Cholesterol and (c) Sphingomyelin (as a representative of sphingolipid
species). The phosphocholine head group is shown in red. The Sphingosine backbone of sphin-
gomyelin is highlighted within dotted lines and the acyl chain attached to the backbone is shown in
blue.
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The general structure of a phospholipid consists of two fatty acyl chains ester-linked to

the hydroxyl groups at the sn-1 and sn-2 position, and a phosphate group esterified to the

remaining hydroxyl group on the glycerol backbone (Fig. 1.2). Variation in the acyl chains

linked to the sn-1 and sn-2 position and the chemical species ester-lined to the phosphate,

gives rise to a large variety of phospholipids35. The major class of phospholipids in mammalian

cell membrane include phosphocholine, phosphoethanolamine, phosphoserine, phosphoglycerol,

phosphoinositol and phosphatidic acid36. Cholesterol consists of a near planar tetracyclic fused

steroid ring and a flexible isooctyl hydrocarbon tail (Fig. 1.2). The presence of 3β-hydroxyl

group at C3 position gives cholesterol an amphiphilic character. The sterol ring packs well

with phospholipids and membrane proteins. The polar hydroxyl group lies in proximity to the

ester bonds of phospholipids37. Sphingolipids contain a long chain amino-alcohol, sphingosine

which forms the lipid backbone (Fig. 1.2). A long chain fatty acid is usually attached to the

amine through an amide bond. Phosphate group or carbohydrates are linked to the hydroxyl

group through an ester linkage and forms the lipid head group. By varying the fatty acid and

the head group substituent, a number of sphingolipids are synthesized in mammalian cells.

Sphingomyelin form the largest fraction (∼ 80-85%) of sphingolipids in cell membrane while

the remaining population consists mainly of a variety of glycosphingolipids38.

Lipids show asymmetric distribution in the cell membrane. In mammalian cells, the

outer monolayer of the membrane is enriched in neutral lipids, mainly phosphatidylcholine

and sphingolipids. The inner monolayer, however, has a higher fraction of the neutral lipid

phosphatidylethanolamine and negatively charged lipids such as phospatidylserine and phos-

phatidylinositol29,39,40. As a consequence, there is unequal charge distribution across the two

leaflets, with the outer leaflet having a net neutral charge while the innear leaflet is more

negatively charged. Phospholipid composition across the two leaflets are maintained by ded-

icated class of proteins called “flippases”29,41,42. Several studies also show that cholesterol is

unequally distributed between the two leaflets, but the leaflet that hosts the larger cholesterol

population is still largely debated. Increased cholesterol concentration has been observed in the

lower leaflet of mouse synaptic plasma membrane, fibroblasts, human erythrocytes and plasma

membrane of Chinese hamster ovary cell line43. Cholesterol concentration in the outer leaflet

has been shown to vary from as little as 13% in mouse synaptic membranes44 to as much as
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67% in human erythrocytes45. Cholesterol is known to have strong interactions with sphin-

golipids which are exclusively localized to the upper leaflet46. This could possibly lead to an

underestimation of its content in the upper leaflet. Recent studies using molecular dynamics

simulation suggest preferential localization of cholesterol in the lower leaflet47 or equal distri-

bution between the two leaflets48. Cholesterol asymmetry is dynamic and altered by several

factors such as chronic ethanol consumption, statins, aging and apolipoprotein E43.

1.2 Membrane proteins

Besides lipids, the cell membrane hosts a wide range of proteins. These are broadly classi-

fied as peripheral proteins and integral proteins based on membrane association (Fig. 1.1)13.

Peripheral proteins are usually bound to surface of the membrane through weak electrostatic

interactions and can be easily extracted using salt solutions49. Most notable among these are

the ones located on the cytosolic side of the membrane where they oligomerize to form the

membrane “cytoskeleton”. They provide structural rigidity to the memrbane and also serve as

anchor for integral proteins49. Other peripheral proteins such as enzymes, signal transduction

factors etc exhibit functional roles49. Integral membrane proteins are embedded into the lipid

bilayer and have domains that protrude from the extracellular and/or intracellular side of the

membrane35. Genome-sequencing suggests that integral proteins account for ∼ 20-30% of all

encoded proteins50.

Transmembrane proteins constitute a large fraction of integral proteins. A typical eukary-

otic cell membrane mainly constitutes receptors such as receptor tyrosine kinases (RTKs),

GPCRs, channels such as ion and water channels, integrins and a host of other proteins51.

Like lipids, the composition of these proteins is dependent on cell type, age and physiologi-

cal conditions52–54. Depending upon the number of instances the protein spans the bilayer,

they can be classified as single-pass or multi-pass transmembrane proteins35. The segment of

transmembrane protein buried in the hydrophobic portion of the lipid bilayer show definite

secondary and tertiary structural conformation while the terminal domains may or may not be

structured13,55. Membrane environment is highly crowded unlike that stated in “fluid mosaic”

membrane model with lipid-to-protein ratio as high as 156. Proteins occupy around 15-35% of

total membrane surface area with concentrations of ∼ 25000 proteins/µm2 57,58
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Figure 1.3: A schematic representation showing specific and non-specific interaction between lipids
and membrane proteins.

1.3 Lipid protein interaction

Transmembrane proteins are surrounded by shells of lipid molecules. Composition of lipids in

these shells are usually different from that of the bulk membrane59–63. It is these lipids that play

an important role in influencing structural and functional properties of the membrane protein

by either specific and/or non-specific effects (Fig. 1.3)62,64–68. The shell of lipid molecules in the

immediate vicinity of the membrane proteins are termed “annular” lipids while those further

away from the protein surface are termed “bulk” lipids. The rate of exchange of lipids between

annular shell and bulk phase is an order of magnitude slower than the exchange observed in

bulk phase arising from lateral translational motion of lipids69. Certain sites on the receptor

surface, usually deep clefts formed at intrahelical or interhelical sites, serve as specific lipid

binding sites. Lipids occupying these sites are termed as “non-annular” lipids. These lipids

are not easily accessible to annular or bulk lipids and therefore have lower exchange rate69,70.

Some transmembrane proteins also exhibit conserved amino acid sequence in their hydrophobic

domain which act as binding sites for specific lipids71–74.
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When the length of the hydrophobic segment of the protein differs from the hydrophobic

bilayer thickness, it is referred as “hydrophobic mismatch”. Several mechanisms are possible

to relieve the energetic constraints resulting from the hydrophobic mismatch75. When the hy-

drophobic segment of the protein is larger than that can be accommodated by the hydrocarbon

chains of the lipid bilayer (positive mismatch), the proteins oligomerize to reduce the overall

exposed hydrophobic surface area. Alternatively, the transmembrane helices might tilt or even

lie embedded inside the bilayer to minimize hydrophobic exposure to water. In addition, the

hydrocarbon chains of annular lipids would extend out to match with the hydrophobic segment

of the protein, resulting in local membrane thickening. When the hydrophobic segment of the

protein is smaller than that of the lipid bilayer, the proteins are suggested to oligomerize to

minimize overall line tension or adopt surface localization. Hydrophobic chains of the annular

lipids, in this case, would constrict by disordering, to minimize their exposure, resulting in

local membrane thinning. Another possible mechanism involves lateral lipid reorganization to

ensure lipids with the right hydrophobic thickness are matched with the hydrophobic segment

of the transmembrane protein75.

1.4 G-protein coupled receptors: Structure, classification and

function

GPCRs are the largest and most diverse class of transmembrane proteins in eukaryotes. Around

800 GPCRs have been identified in the human genome1. Several classification systems have

been employed to categorize GPCRs. One of the popular systems categorizes GPCRs into 6

classes: class A (rhodopsin-like), class B (secretin receptor family), class C (metabotrophic

glutamate), class D (fungal mating pheromone receptors), class E (cyclic AMP receptors) and

class F (frizzled/smoothened)76,77. A more recent classification system called GRAFS uses

phylogenetic analysis to cluster GPCRs into 5 families: Glutamate (15 members), Rhodopsin

(701 members), Adhesion (24 members), Frizzled/taste (24 members) and Secretin (15 mem-

bers)78. A large number of GPCRs are yet to be classified as their physiological function

remains unknown. All GPCRs have similar structural feature: a conserved domain consist-

ing of 7 right-handed α helices embedded in the membrane and interconnected by alternating

extracellular and intracellular loops (Fig. 1.4)1. The size and structure of the loops show

8
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Figure 1.4: A cartoon representation of the crystal structure of GPCR. Each of the transmembrane
helices are labelled and shown in different colours

considerable variation among different GPCR members79. The N-terminal segment is directed

extracellularly while the C-terminus lies intracellularly. GPCRs are primarily involved in signal

transduction across the membrane and respond to a wide variety of ligands80. They play a

central role in regulating several physiological processes81.

Even in the absence of ligand, there exists an equilibrium between active and inactive con-

formations of the receptor. As a result, the receptor shows basal activity. Binding of the ligand

stabilizes the active state. Based on the effect of ligand binding on the conformation of the re-

ceptor and its subsequent functional properties, ligands may be classified as agonists (complete

receptor activation), partial agonists (reduced receptor activation), inverse agonists (inhibit

basal activity) and antagonists (block binding of other ligands, basal activity unaffected). In

its active state, the receptor brings about conformational changes in the G-protein coupled to

it at its cytoplasmic domain. G-protein is heterotrimeric and composed of Gα, Gβ and Gγ

subunits. Gα subunit dissociates from the activated G-protein by exchanging its bound GDP

for GTP and initiates downstream signaling (Fig. 1.5).

Depending on the type of Gα subunit involved, it can (a) activate adenylate cyclase (Gαs)

and increase levels of cyclic AMP (cAMP) (b) inhibit adenylate cyclase activity (Gαi) and

decrease cAMP levels (c) activate phospholipase C (Gαq) which cleaves phosphatidylinositol to

9
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Figure 1.5: A schematic representation showing GPCR signaling mechanism. When GPCR is
activated, following ligand binding, it undergoes conformational change which is relayed to the
G-protein bound at the cytoplasmic end of the receptor. The heterotrimeric G-protein undergoes
conformational change, exchanges GDP for GTP, and dissociates to give Gα and Gβγ subunits.
The Gα subunit initiates primary downstream signaling which culminates as physiological response.

diacylglycerol and inositol triphosphate (d) initiate other downstream signaling molecules along

with Gβγ subunit (Gα12, Gα13 etc)82,83. GPCR internalization mediated by arrestin binding

regulates signaling84. The pivotal role of GPCRs in regulating several physiological processes

makes them a central focus in drug research. In fact ∼ 50% of all clinically marketed drugs

invariably target GPCRs85,86.

1.5 Rhodopsin-like GPCRs: β2-adrenergic and serotonin1A re-

ceptors

Rhodopsin is the first GPCR whose three-dimensional structure was resolved87,88. Remarkable

advancements in our understanding of GPCR field, particularly structure, activation and orga-

nization have been achieved from studying rhodopsin with molecular insights provided from its

crystal structure89–92. It has often been used as structural template in molecular modeling and

drug designing for diseases related to GPCR signaling pathways93–95. Rhodospin represents a

special case among GPCRs in that it has a covalently bound chromophore ligand, 11-cis-retinal

which undergoes photoisomerization to an all-trans state, upon absorbing photons accompanied
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by conformational change in the receptor from its inactive to its active conformation (Meta

II). In this state, rhodopsin recruits and binds G-protein resulting in a downstream signaling

cascade that ultimately culminates in an electrical impulse to the visual cortex of the brain.

Soon after activation, chromophore reverts back to its cis-conformation to regenerate fresh

rhodopsin90. Another feature that sets apart this GPCR from other members of its family is

its expression at very high density in the rod outer segment of retinal rod cells. A large fraction

of the disk membrane area is occupied by rhodopsin, while the remaining space is occupied by

phospholipids and cholesterol96,97. These features discourage rhodopsin to be considered as an

ideal candidate to study properties of the general GPCR species.

Several rhodopsin-like GPCRs play a central role in regulating essential physiological pro-

cesses79. Of these, two members are well known for their interaction with membrane lipids,

particularly cholesterol, and its influence on receptor structure, function and organization.

1.5.1 β2-adrenergic receptor

In the last decade, with advancements in membrane receptor crystallization techniques, struc-

tures of several GPCRs have been resolved at high resolution79. One such receptor that has

gained particular interest in GPCR community is β2-adrenergic receptor. This receptor is

mainly expressed in smooth muscle tissues and serve as important targets for diseases such as

asthma, hypertension and cardiac failure98,99. It was the first GPCR to be cloned for invitro

expression100 and, following rhodopsin, was the second GPCR whose structure had been eluci-

dated101. Another interesting feature of the β2-adrenergic crystal structure is the resolution of

bound cholesterol102. Binding sites for these cholesterol molecules around the receptor appears

to be physiologically relevant and not experimental artifacts arising during crystallization74.

Furthermore, specific interaction between receptor and cholesterol finds significance in the con-

text that cholesterol is reported to be essential for structural stability and regulates function of

β2-adrenergic receptor74,103–105. In vitro studies have shown that β2-adrenergic receptor pref-

erentially sequesters to cholesterol-rich domains and partitions out upon stimulation106–108.

These domains are also enriched in G-proteins, the first downstream signaling molecule that

makes direct contact with the receptor109. Till date, it is the only GPCR for which a crystal

structure of its agonist-occupied monomeric active state in complex with nucleotide-free Gs

heterotrimer is available110. Structural insights from this complex has been instrumental in
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identifying molecular signatures in GPCRs associated with receptor activation and G-protein

coupling111. Although the receptor is known to retain its function when receonstituted invitro

in its monomeric form112, it does not rule out the possibility of forming higher order clusters

which could have regulatory influence on receptor function113. β2-adrenergic receptor is re-

ported to exist as dimers and possibly higher order oligomers in cell membranes under normal

physiological conditions114–116.

1.5.2 Serotonin1A receptor

Serotonin1A receptor is an important member of the serotonergic receptor family. It is expressed

mainly in the central nervous system and has been well characterized due to the availability of

a selective ligand 8-OH-DPAT (8-hydroxy-2-(di-N-propylamino)tetralin)117. It plays a central

role in neuronal development and is involved in regulation and modulation of various cogni-

tive and behavioural responses117. The plasma membrane of brain cells are highly enriched in

cholesterol118. Cholesterol has been reported to be essential for structural stability and func-

tion of the receptor119–121. Serotonin1A receptor is the first member of GPCR superfamily for

which a definitive role of cholesterol in modulating higher order oligomerization has been well

established122,123. Although there are no high resolution structure available for serotonin1A

receptor yet, sequence alignment indicates ∼ 48% homology with a related member of adrener-

gic family, β2 adrenergic receptor124. Homology model of serotonin1A receptor built from the

β2 adrenergic receptor crystal structure as template has been instrumental in understanding

membrane lipid-receptor interaction and its role in modulating higher order receptor organi-

zation124–126. Interaction of cholesterol with serotonin1A receptor is suggested to be highly

specific127.

1.6 Higher order organization of GPCRs

Association of membrane proteins to confer functional role appears to be a common feature

among transmembrane proteins128. The idea that GPCRs function and exist only as monomers,

however, has been prevalent for several decades although there are no concrete evidence to

support this claim. This understanding possibly arose from the observation that GPCRs are

expressed by a single gene and the polypeptide generated has the necessary pharmacology and
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capacity to carry out function129. The presence of higher order species is well known among

class C GPCRs. Furthermore, heterodimerization between closely related members of class C

GPCRs is shown to be necessary for receptor function (Fig. 1.6)130–133.

  

GABA
B
R1
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Intracellular
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Figure 1.6: Heterodimeric association between GABAB receptors. Endoplasmic retention sequence
in GABABR1 (shown as red bar) prevents its trafficking to cell surface. Binding of GABABR2 to
GABABR1 masks the retention sequence resulting in translocation of the heteromeric complex to
cell surface.

These findings further foster the notion that such oligomeric species could exist even among

GPCR members of other class with possible functional significance134. However, class A

GPCRs reconstituted as monomers in membrane nanodiscs were reported to remain func-

tional112,135,136. This evidence does not refute the idea that they may exist as higher order

oligomers. Indeed, over the last two decades, numerous evidences have provided evidence-

beyond-doubt for the existence of higher order oligomers among class A GPCRs (Fig. 1.7)116,137–149.

13



1. Introduction 1.6. Higher order organization of GPCRs

1.6.1 Evidences for GPCR oligomerization

Pharmacological methods

The first evidence for existence of GPCRs as dimers emerged from pharmacological meth-

ods. Binding of radiolabeled agonist to β-adrenergic receptors exhibited Hill plots with slope

less than 1. In addition, the dissociation rate of bound radiolabeled agonist was significantly

higher in presence of excess concentration of unlabeled agonist suggesting negative cooperativ-

ity among receptors150.
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Pharmacological            
         

Biochemical Structural Biophysical

Figure 1.7: A schematic representation highlighting the various experimental techniques employed
in studying GPCR oligomerization.

Radiolabeled studies also identified positive cooperativity in binding of ligand to GPCRs

such as muscarinic receptors, vasopressin and oxytocin receptors151–154. Such co-operative

process can be easily explained on the basis of receptor oligomerization which can modulate
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ligand-binding to receptors through cross-talk between the protomers, thereby suggesting that

GPCRs probably exist as oligomers at cell surface.

Biochemical techniques

An interesting study involving antibody mediated indirect clustering of Gonadotropin-releasing

hormone (GnRH) receptor also provided an indirect indication of GPCR dimerization and

function. A peptide antagonist of GnRH when dimerized and bound by a divalent antibody

raised against it, surprisingly demonstrated agoinst-like activity. This cross-linking experiment

suggested that the antibody-bound peptide dimer serves to bring the receptor molecules within

physical interacting distance resulting in formation of receptor microaggregate which by itself

is functional155. Another indirect approach predicting higher association was provided by

target size analysis of several GPCRs using radiation inactivation technique. This method

predicted the molecular weight of β2-adrenergic receptor, α1 adrenergic and gonadotropin-

releasing hormone receptors to be much larger than that of a monomer suggesting that the

receptors indeed exist and function as multimers156,157.

Additional experimental support for the existence of GPCR dimers was provided by the

observation that, even under denaturing conditions, dopamine D3 receptors isolated from brain

tissues as well as transfected cells showed immunoreactive bands with molecular weight cor-

responding to that of dimers or tetramers158. Co-immunoprecipitation of differential epitope-

tagged β2-adrenergic receptors by Hebert et al.159 further strengthened the notion of higher-

order GPCRs. This approach was subsequently employed to provide evidence for dimers in

other GPCRs160–163.

Transcomplementation studies provided a direct function-based evidence for existence of

GPCR dimers. Mutant/chimeric muscarinic, adrenergic, angiotensin and calcium sensing re-

ceptors, which by themselves were non-functional, exhibited restored activity following co-

expression164–166. Functional restoration of these inactive receptors can be explained based

on direct interaction or by domain-swapping mechanism, both of which necessiates that the

receptors remain associated with each other167. Although this technique was employed to pre-

dict association among other GPCR subtypes, its implication for assessing receptor interaction

in case of V2 Vasopressin receptor has been questioned168. Further mutational studies for

analyzing dimer formation was provided by engineering endoplasmic reticulum (ER) retention
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sequences within receptors169–171. These modified receptors were shown to form complex with

the co-expressed wild type receptor and prevent their trafficking to cell membrane surface. The

interaction between GPCR subtypes appears to be specific169.

Biophysical approach

The ability to monitor receptor clustering in living cells has been possible by energy transfer

approaches such as fluorescent resonance energy transfer (FRET) and bioluminescence res-

onance energy transfer (BRET)172. The principle underlying both these techniques involves

energy transfer from a donor molecule (fluorescent molecule/luciferase enzyme) whose emission

spectra overlaps with the excitation spectrum of the acceptor molecule (fluorescent molecule).

The two molecules are required to be in very close proximity to each other as the effeciency of

energy transfer is inversely proportional to the sixth power of distance between them173.

FRET employs fluorescent proteins such as green fluorescent protein (GFP) and its vari-

ants such as yellow fluorescent protein (YFP), red fluorescent protein (RFP), cyan fluorescent

protein (CFP) etc. which are tagged with GPCRs to produce fusion-proteins. The fluorescent

protein combinations are carefully chosen to ensure overlap of emission spectrum174. FRET

was employed to predict GPCR oligomerization for the first time in yeast α-factor receptor.

Coexpression of CFP or YFP tagged receptors exhibited energy transfer which was shown

to be due to stable association rather than random collision175. This method was also em-

ployed to predict homomeric interactions in gonadotropin releasing hormone receptor, C5a

receptor176–178 and many other GPCR subtypes154,179. Using fluorophore-conjugated ligands

as an alternative to fluorescent protein tags, FRET revealed dimerization of oxytocin receptors

in mammary glands of lactating rats180. Variants of FRET technique such as photobleaching

FRET181,182 and homogenous time-resolved FRET183,184 have also been used to study GPCR

homodimerization.

BRET is similar to FRET except that it uses enzyme catalyzing bioluminescent light emis-

sion (luciferase enzyme from Renilla reniformis or aequorin enzyme from Aequorea victoria)

as the energy donor and a fluorophore (small molecule or fluorescent protein) as the energy

acceptor. This method has been used to investigate homodimerization of β2-adrenergic recep-

tors114, melatonin receptors185, δ and κ opioid receptors184,186, adenosine A2A receptors187

and calcium-sensing receptors188 in living cells.
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Single molecule fluorescent imaging technique has emerged as a reliable method for direct

estimation of GPCR dimerization and characterization of the monomer-dimer equilibrium144.

This method was first employed to study M1 muscarinic receptor189 and later successfully

applied to class A GPCRs. At physiologically expressed levels in transfected cells, N-formyl

peptide receptor revealed dynamic equilibrium between monomers and dimers with rapid disso-

ciation of dimers at a comparably fast rate than monomers associating to form dimer. Binding

of ligand to the receptor did not appear to affect monomer-dimer equilibrium190. The propen-

sity to exist as monomers or dimers differs between different GPCRs. β2-adrenergic receptor

shows greater tendency to form dimers compared to β1-adrenergic receptor116. GABAB recep-

tor appear to be organized as tetramers and higher order oligomers, are largely immobile and

organized in rows owing to its interaction with actin cytoskeleton116.

Spatial intenstiy distribution analysis uses fluorescence intensity histogram obtained from

scanning microscopy of cells expressing fluorescent-tagged proteins191. Using this biophys-

ical method, presence of higher-order oligomers has been reported in serotonin2C receptor.

Treatment with antagonists/inverse agonists results in dissociation of oligomeric species into

monomers predominantly192. Fluorescence correlation spectroscopy with post acquisition pho-

ton counting histogram analysis has also shown presence of preformed dimers in 5-hydroxytryptamine

2C receptor148, homodimers and heterodimers of luteinizing hormone receptor (LHR) and

the follicle stimulating hormone receptor193. Super resolution microscopic techniques such as

photoactivation localization microscopy (PALM), stimulated emission depletion (STED) and

stochastic optical reconstruction microscopy (STORM) have been successful in providing spa-

tial resolutions as small as 10 nm and could be useful in examining GPCR organization in

cells194–196.

Structural evidence

Crystal structure of GPCRs also provide substantial evidence suggesting GPCR association.

Structural data from bovine rhodopsin shows the molecules to be arranged as dimer in each

asymmetric unit197,198. β2-adrenergic receptor crystals adopt type I packing with a multilay-

ered arrangement. In each layer, protein molecules form parallel arrays of symmetry-related

dimers102. A parallel, two-fold symmetric arrangement of receptors with significantly large

buried surface area at the region of contact is observed in the crystal structures of CXCR4199
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and µ opioid receptor146. Crystal structure of the dimer of β1-adrenergic receptor147 and

metabotropic glutamate receptor 1200 further provides strong evidence to support GPCR as-

sociation. These structural results suggests that GPCRs exist as dimers.

Direct visual evidence for existence of higher order GPCR oligomers comes from the visual

observation of rhodopsin clusters using atomic force microscopy in native retinae tissue201,202.

The rhodopsin moleucles predominantly appear to be arranged in rows of dimers with a rel-

atively large packing density. However projecting this evidence for suggesting higher order

association in GPCRs is questionable since rhodopsin represents a special case where receptors

are physiologically overexpressed in native tissue.

1.6.2 Interaction pattern observed in GPCR association

With the concept of dimer formation in GPCR gaining more acceptance, a parallel emphasis

is laid on understanding the association pattern between the receptors. Several experimental

techniques as well as computational methods have provided critical predictions on the molecular

nature of interaction between receptors.

Experimental findings

Peptide inhibition technique

Hebert et al.159 provided an indirect approach towards predicting helices involved in inter-

action between GPCRs. A peptide corresponding to transmembrane helix VI of β2-adrenergic

receptor reduced the relative dimer population as determined by immunoprecipitation. Similar

studies in Dopamine D2 receptor employing transmembrane helix VI and VII also inhibited

dimer formation162. Interestingly in Dopamine D1 receptor, a synthetic peptide mimicking

transmembrane helix VI had no effect on oligomerization but inhibited ligand binding and G-

protein activation. This could possibly be mediated by disrupting certain critical intermolecular

interactions within the receptor which are necessary to maintain the three-dimensional confor-

mation required for agonist interaction and signal transduction203.

Another interface which has been shown to be essential for organization and function of

several GPCRs is transmembrane helix IV. Homodimerization of CXCR4 receptors, reported

both in normal as well as malignant blood lymphocytes, was significantly reduced by a synthetic

peptide targeting helix IV204. Residues on the lipid-exposed surface of transmembrane helix
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IV was shown to be essential for receptor association and G-protein activation in secretin and

calcitonin receptors205,206.

Apart from transmembrane helices, peptide mimicking the loop regions were also shown

to disrupt dimer structural organization suggesting their involvement in mediating receptor

association207.

Resonance energy transfer methods

Time resolved FRET in combination with co-immunoprecipitation studies using helix frag-

ments in α1B adrenoceptor demonstrated symmetric interaction between transmembrane helices

I and IV suggesting that such interactions may support formation of large clusters208.

Förster resonance energy transfer, in combination with other experimental techniques,

showed that transmembrane helix V peptide analogues of adenosine A2A receptor have the

ability to self-associate and form oligomeric structures in SDS micelles and lipid vesicles. Mu-

tation at M193 position disrupted dimer formation209. Site-directed mutagenesis of residues

in transmembrane helix IV of serotonin1A receptor decreased its ability to dimerize in vitro

as assessed by photobleaching-Förster resonance energy transfer. These results were further

validated by docking studies and molecular dynamic simulations210.

Microscopy

Models based on observation of rhodopsin clusters by atomic force microscopy predicted

involvement of transmembrane helices IV and V for dimerization. Transmembrane helices I, II

and cytoplasmic loop connecting helix V with VI are suggested to be involved in formation of

dimer rows.91,201,202.

Cysteine cross-linking method

Cross-linking studies, using either endogenous cysteine residues or cysteine mutants engi-

neered into receptor, have been useful in studying the interaction pattern of several GPCR

homomers. In Dopamine D2 receptor, mutation of an endogenous cysteine residue at the ex-

tracellular end of transmembrane helix IV completely prevented cross-linking suggesting that

this residue is involved in forming symmetrical homodimer interface211. Cross linking studies

also identified that transmembrane helix I and cytoplasmic helix VIII are involved in forming

symmetric dimer contacts in rhodopsin in native membranes212. Cysteine substituted at ex-

tracellular ends of transmembrane helix IV and V in δ opioid receptor resulted in cross-linking
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between the receptors when treated with oxidizing agents, confirming involvement of these he-

lices in dimer formation213. Single cysteine residue mutations engineered into α-factor receptor

(Ste2p) showed that a portion of N-terminal that exhibits β-stranded structure also forms the

dimer interface214. Single cysteine mutation along with modeling studies characterized the

dimer interfaces as transmembrane helix IV, V, intracellular loop 2 and transmembrane helix

I - cytoplasmic helix VIII in M3 muscarinic receptors215

Crystal structure data interpretation

A direct structural visualization of possible dimer interfaces and conformational packing

of GPCRs has been possible due to recent reports on crystallization of few GPCRs. Crystal

structure of the oligomeric turkey β1-adrenergic receptor in a ligand-free state shows two dimer

interfaces: one interface involves transmembrane helix I, II, C-terminal helix VIII and extra-

cellular loop 1 while the other interface engages residues from transmembrane helices IV, V,

intracellular loop 2 and extracellular loop 2147. Transmembrane helix I - cytoplasmic helix VIII

interaction interface between two symmetry-related molecules is observed in crystal structure

of β2-adrenergic receptor102. Although these helices are not proposed to be involved in dimer-

ization for this receptor from previous studies159, interaction between these helices have been

reported in rhodopsin216. In CXCR4, the crystal structure reveals a parallel, symmetric recep-

tor dimer with transmembrane helices V and VI at the interface when bound to small molecule

antagonist IT1t and transmembrane helices III and IV on binding cyclic peptide CVX15199.

This corelates partially with experimental studies that suggest transmembrane helix IV to be

essential for homodimerization and function204. The crystal structure of µ-opioid receptor

reveals it to be associated in pairs along the crystallographic two-fold axis. The association

reveals two different contact regions between receptors: a prominent transmembrane helix V,

VI interface and a relatively limited parallel association between transmembrane helix I, II

and cytoplasmic helix VIII. A significantly large buried surface area for a single protomer is

observed for at the region of contact for both associations suggesting that µ-opioid receptors

may exist as dimers or higher-order oligomers146. Although class C GPCRs are know to form

homo- or heterodimers mediated by a large N-terminal extracellular domain, crystal structure

of metabotropic glutamate receptor 1 shows close packing of helix I at the dimer interface

mediated by cholesterol200.
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Computational modeling and simulations

Bioinformatic studies

Evolutionary trace method, a data mining approach to determine significant level of amino

acid conservation, predicted functionally important residue clusters on transmembrane helices

V and VI for over 700 GPCRs. Similar clusters were also reported on transmembrane helices

II and III. These helices are predicted to be involved in dimerization, though it does not

distinguish between contact based and domain-swapped dimer. Identification of two different

interfaces with probable involvement in dimerization suggests possibility for heterodimerization

or higher order oligomerization217.

Involvement of transmembrane helices IV, V and VI, with helix IV playing a prominent role,

in mediating inter-monomer interactions was deduced from docking model of lutropin homology

model218. Support vector machine-based method by Nemoto et al. predicts interaction pattern

for GPCR oligomerization by integrating the structure and sequence information of GPCRs219.

This method has proved successful in predicting the dimer interface as observed in Glutamate

receptor type 1219

Molecular dynamics simulations

Analytical methods investigating GPCR structure, function and organization are largely

limited by their ability to provide accurate information at lower spatial and temporal res-

olutions. For example, crystallography and related methods provide only static structural

information about the receptors at atomic resolution, with very little insight into the underly-

ing conformational dynamics220. On the other hand, spectroscopic techniques provide indirect

and time-averaged information about the conformational changes sampled by the receptor. In

this context, molecular modeling and simulations have emerged as an promising approach to

provide a dynamic insight into the key molecular changes associated with the receptor func-

tion, especially when paralleled with experiments221–223. With improvements in computational

resources and sampling algorithms, it has been possible to examine biophysical processes at

longer length and time-scales224–228.

Atomistic simulations
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Atomistic molecular dynamics simulation of a semi-empirical rhodopsin dimer model con-

strained to exhibit transmembrane helices IV and V at interface, were carried out in a di-

palmitoyl phosphatidylcholeine (DPPC) lipid bilayer for 0.1 µs. This study showed that trans-

membrane helix IV remains in close contact with helix V as well as intracellular loop 2 and

extracellular loop 2 suggesting that the interface is relatively stable. Although it was a biased

simulation, it provided interesting details such as (i) structural changes encountered by the re-

ceptor during dimerization, (ii) hydrophobic interactions as main stabilization force in dimers

and (iii) role of the second intracellular and extracellular loops in driving dimer formation and

stabilization with subtle differences in side chain interactions between subunits resulting in

tilts and kink angles229. Similar interface-biased simulation was also carried out for modeled

vasopression V2 receptor tetramer (1 active and 3 inactive receptors) in POPC lipid membrane

for 5 ns. Stability of the active monomer and structural changes in the inactive receptor in

close contact with active receptor at transmembrane helix IV/III - transmembrane helix VI/VII

interface suggested a possibility of dimerization as a necessity for transactivation of ligand-free

receptor in the dimer unit230.

Brownian dynamics simulation of TSH receptor in a membrane environment exhibited two

potential dimer interfaces with two pairs of residues interacting between transmembrane helices

II and V, and one pair of residues between transmembrane helices I and IV. Cysteine mutants of

these residues showed cross-linking of the receptors indicating close proximity of the predicted

helices231. Truncation of helices harbouring the interacting residues but not their point muta-

tion abolished receptor association. This indicates that formation of contact interfaces in TSH

receptor is not controlled by single residue but involves cumulative effects of the interfacing

residues231.

Coarse-grained simulations

Coarse-grained molecular dynamics simulations offers an advantage over atomistic simula-

tions in that relatively longer timescales can be sampled as it maps groups of atoms into beads

thus reducing degrees of freedom232. This allows sampling of several microseconds which is

sufficient to study self assembly of GPCRs as has been recently demonstrated for rhodopsin233.

Simulation of multiple rhodopsin monomers in a model lipid bilayer resulted in an organizational

pattern primarily involving tail-to-tail conformation with interaction between transmembrane

helices I, II at extracellular surface and cytoplasmic helix VIII234. An additional interaction
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interface involving transmembrane helices IV, V and VI facilitated higher order organization

which was relatively less stable since their association exhibited a free energy barrier for delipi-

dation of helix surfaces234. Coarse-grained self assembly simulations of opioid receptors (µ-OR,

δ-OR and κ-OR) showed a filiform arrangement for both homodimers and heterodimers235. The

dimer conformations sampled by the associated species involved a symmetric interface involv-

ing transmembrane helices I, II, cytoplasmic helix VIII and asymmetric interfaces involving

transmembrane helices I, II of one receptor and transmembrane helices IV, V/helices V, VI

of the other receptor. Certain dimer interfaces showed kinetic preference over others during

receptor oligomerizaiton depending on the type of the receptor involved235.

Free energy simulations of β1 and β2-adrenergic receptor homodimers were carried out in

an explicit POPC/cholesterol bilayer to assess the relative stability of two putative contact

interfaces (involving transmembrane helix I/cytoplasmic helix VIII and transmembrane helix

IV/helix III) designed based on high-resolution inactive crystal structures236. The simulations

were biased to allow sampling of only two interfaces out of the 49 different dimer conformations

that can be possibly arise during interaction between the monomers. Enhanced sampling of the

two dimer conformations was achieved by applying harmonic umbrella restraint applied to sepa-

ration between center-of-mass of each protomer and history-dependent Gaussian bias applied to

pre-defined rotational angle range. Results showed that transmembrane helix I/cytoplasmic he-

lix VIII interface was more stable and long-lived (minutes) while transmembrane helix IV/helix

III was sognificantly transient (hundreds of µs to ms) in nature236.

Coarse-grained well-tempered metadynamics simulations of two different dimeric arrange-

ments of δ opioid receptor (predicted from cysteine cross-linking experiments) involving trans-

membrane helix IV alone or with helix V confirmed the presence of two structurally and energet-

ically similar configurations of transmembrane helix IV dimer. Umbrella sampling simulations

of the transmembrane helix IV symmetric interface dimer revealed this arrangement to be more

stable than transmembrane helix IV-helix V dimer.213.

Based on evidences from experimental and modeling data, there appears to be a complete

absence of a “consensus” interaction interface among GPCR subtypes. Indeed, even for the

same GPCR subtypes, different analytical approaches have predicted variation in interaction

interface. This probably suggests that interaction between GPCRs is not strictly sequence based

and that there is greater plasticity among the different accessible interfaces during higher order
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organization.

1.7 Factors regulating GPCR organization

Diffusion of transmembrane proteins in the lipid bilayer brings them in close contact with

each other. Most of these associations are relatively unstable and possibly have no functional

relevance234,236. Fewer interactions gives rise to conformations that could be physiologically

significant. Although contacts between the membrane proteins appear to be stochastic in na-

ture, several factors regulate their associations. In case of GPCRs, a large fraction of the

receptor remains embedded within the membrane and therefore it is not surprising that mem-

brane environment largely affects its organization. Lipid-protein interactions are known to play

a significant role in modulating GPCR oligomerization237. These effects are mediated either

(i) by direct interaction of lipids at specific sites on the receptor, (ii) by localized alteration of

bilayer physical properties around the protein, or (iii) by a combination of both70,233,238–240.

However role of lipid-protein interactions in regulating GPCR association and the underlying

molecular details have are not yet well established.

It is known that lipids and proteins are not homogenously distributed in the cell mem-

brane241. The “mosaic” nature of the cell membrane is not entirely dynamic owing to the lateral

segregation. Cytoskeleton underlying the membrane appears to contribute towards maintaining

spatial and temporal heterogeneity by aiding the formation of “microdomains”242–244. Desta-

bilizing cytoskeleton in serotonin1A receptor expressing transfected cells allows receptor reorga-

nization leading to formation of larger oligomers122. Intrinsic factors such as post-translational

modification245–247 as well as extrinsic factors such as ligand248 have been show to affect GPCR

organization.

1.8 Functional significance of GPCR oligomerization

Although there are several reports supporting functional significance of heterodimerization

between different GPCR subtypes249–253, there are relatively few evidences that focus on the

relation between homodimerization and function (Fig. 1.8). An essential requirement of dimer-

ization for function has been suggested in Leukotriene BLT1 receptor. Binding of heterotrimeric

G-protein to Leukotriene BLT1 receptor occured only in the presence of the agoinst LBT4 which
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was also shown to increase the dimer population. Treatment with peptide mimicking helix VI

resulted not only in dissociation of dimers but also detachment of the G-protein coupled to

the receptor. Substituting one of the monomers in the dimer with helix VI peptide prevented

association between the receptor and G-protein, although the monomer was capable of binding

to the ligand and retained features associated with active state254.

  

Gα Gβ Gγ

      G-protein            
     heteromer

Dimer/Oligomer organization 
essential for function

● Leukotriene BLT1 receptor
● Rhodopsin
● Metabotropic glutamate receptor
● CXCR4
● β

2
-adrenergic receptor

Monomer active in 
reconstituted bilayer
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2
-adrenergic receptor
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● Leukotriene BLT2 receptor
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Figure 1.8: Functional role of higher order organization of GPCRs. There are contradicting
evidences for functional form of GPCRs with G-protein coupling and downstream signaling being
reported for both monomer and dimer/oligomers.

There are also reports for functional significance of receptor dimer-G-protein complex

among other GPCRs. Based on data obtained from imaging native disk membrane using

atomic force microscopy, rhodopsin appears to arrange as higher order clusters including dimers

which complex with G-protein to form homodimer-G-protein heteropentamer complex91. Al-

though there are evidences suggesting that monomeric rhodopsin serves as a minimal functional
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unit112,136,255,256, it has been demonstrated that rhodopsin activity increases with higher or-

der oligomerization, thus suggesting that increased association of rhodopsin is essential for its

function92.

Dimerization also appears to be essential for function in case of class C GPCRs. Monomeric

metabotropic glutamate receptor, when purified and reconstituted into nanodiscs, effectively

coupled with G-protein upon activation by positive allosteric modulator. However only a full-

length reconstituted dimer was able to activate the coupled G-protein upon glutamate binding,

suggesting that dimerization is required for ligand induced activation257.

Indirect evidence for functional role of dimerization has been provided by peptide inhibition

studies. A peptide derived from transmembrane helix VI of β2-adrenergic receptor disrupted

dimerization and agonist-induced cAMP production159. Similarly, disruption of CXCR4 dimer-

ization using synthetic peptide targeting transmembrane helix IV was shown to reduce cell

migration in malignant as well as normal blood leukocytes204.

Recent studies in 5-HT7 and 5-HT2A serotonin receptors carried out both invitro and in-

vivo strongly supports the functional role of homodimers. Binding of an pseudo-irreversible

antagonist (“inactivator”) to the orthosteric site one protomer in a homodimer abolished ac-

tivity completely although only 50% of the available binding-sites were occupied. Subsequent

treatment with competitive antagonist followed by “wash-out” of the drugs released both the

inactivator and competitive antagonist from their binding sites allowing the entire complex to

return to an active state. This suggests allosteric crosstalk between the protomers, thereby

providing crucial evidence that GPCRs can exist and function as homodimers138.

Functional complementation following co-expression of two inactive mutant receptors also

provides an indirect indication for homodimer function. Domain swapping and direct inter-

action between inactive mutant or chimeric receptors have been suggested as possible mecha-

nism to explain the activity observed when these non-functional receptors are co-expressed167.

Evidences for association based functional restoration has been shown in dopamine, opioid,

angiotensin II and somatostatin receptors165,182,258,259. Such associations between mutant re-

ceptors could play physiologically significant roles260,261.
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1.9 “Molecular insights” into GPCR oligomerization :

Revisiting concepts with new approach

A wealth of information about GPCR oligomerization and its regulation has been provided from

a wide variety of experimental approaches262. However, there are inconsistencies among the

results reported from these methods. One of the major limitation faced by many experimental

techniques is the inability to provide direct molecular spatio-temporal resolution of interaction

between receptors and with membrane components. Computational approaches allow model-

ing and simulation of biophysical processes at sub-molecular resolution. With recent recent

advancements in computational resources, sampling techniques and simulation algorithms, it

has been possible to study larger systems and examine processes occuring at longer timescales,

such as GPCR association63,233,234,263,264. At the start of this thesis, there were very limited

structural studies that focused on the role of lipids on GPCR oligomerization. Periole et al.

characterized the effect of varying bilayer thickness on modulating oligomer conformations in

rhodopsin. Results suggested local hydrophobic mismatch to play a central role in driving and

modulating GPCR association. Although this study provided valuable information on the bio-

physical mechanisms regulating association between the receptors, biological relevance of the

system used as representative model for understanding GPCR oligomerization is limited. This

is due to the fact that (i) rhodopsin is not an ideal candidate for studying GPCR association,

and (ii) the study considers single lipid type membranes, each with different bilayer thickness,

which does not accurately reproduce the biophysical properties of cell membrane. In addition,

contribution of specific lipid-protein interaction towards modulating oligomer conformation was

not investigated. With technical advancements, crystal structures of several new GPCR species

have been elucidated265. There has been significant improvements in MARTINI force field for

lipids and is successful in reproducing several membrane biophysical properties215,232,266–277.

In this thesis, we have investigated the role of membrane lipids, particularly cholesterol,

in modulating higher order organization of well known GPCR members: β2-adrenergic recep-

tor and serotonin1A receptor. These receptors are involved in regulating essential physiological

processes98,117. Structural details such as specific lipid interaction and G-protein coupling have

been well characterized for β2-adrenergic receptor74,102,110. On the other hand, lipid-mediated
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effects have been known to influence homo-oligomerization in serotonin1A receptor122,123 al-

though the order of the oligomers formed is not well established. Additionally there are no

high resolution structural data available for this receptor. Since cholesterol is known to in-

fluence properties of both these receptors, they serve as ideal candidates for understanding

lipid-mediated effects in GPCR oligomerization. The work carried out in this thesis is di-

rected towards bridging the gap between static molecular structural information available for

lipid-receptor interaction and the ensemble lipid-mediated effects which influence receptor as-

sociation. Using coarse-grained molecular dynamics, we have been successful in providing sub-

molecular resolution of oligomerization process in β2-adrenergic and serotonin1A receptors and

characterizing the contribution of different lipid-mediated effects in modulating receptor associ-

ation. Our results suggest that lipids, through a combination of specific and non-specific effects

regulate receptor organization in β2-adrenergic receptor and serotonin1A receptor, though these

findings, we believe, could be generalized across other GPCR members also.

This chapter (Chapter I) provides an overview of membrane and membrane proteins, partic-

ularly GPCRs, with comprehensive evidence for receptor oligomerization from previous studies

and its possible functional significance.

Chapter II discusses the theory of molecular dynamics simulation approach with detailed

description about practical aspects of simulation. It also provides a general outlook about a

popular coarse-grained force-field, MARTINI which has been extensively used to carry out all

simulations reported in this thesis.

In Chapter III, we examine the role of cholesterol in dimerization of a prototypical GPCR,

β2-adrenergic receptor. Our work provides a molecular perspective on the dynamic and specific

interaction of cholesterol at various sites on the receptor and its influence on modulating the

dimer conformation.

Chapter IV investigates further into the non-specific interaction between lipids and β2-

adrenergic receptor. It discusses the interplay between specific and non-specific protein-lipid in-

teraction along with membrane-protein energetics in modulating dimerization of β2-adrenergic

receptor.

In Chapter V, we extend our investigation of lipid-mediated effects on receptor dimerization

to serotonin1A receptor, another well studied member of GPCR family. We used a homology

model built from the crystal structure of β2-adrenergic receptor to investigate the specific and

28



1. Introduction 1.9. “Molecular insights” into GPCR oligomerization

non-specific effects of membrane lipids on serotonin1A receptor dimerization.

In Chapter VI, we scaled our system size to investigate higher order oligomerization in

serotonin1A receptor. As in our dimerization studies (Chapter III, IV and V), we investigated

specific and non-specific interaction between membrane lipids and receptor and its effect on

modulating cluster size and conformation.

Chapter VII investigates the interaction between serotonin1A receptor and the sphingolipid,

ganglioside. In this study we examine the specific binding sites for ganglioside on serotonin1A

receptor and the influence of cholesterol on regulating its spatial distribution and interaction

around the receptor.

Finally, Chapter VIII provides a consolidated report on lipid-protein interactions examined

in this thesis and its role in modulating GPCR association. It also discusses about the functional

signficance of having multiple dimer/oligomer conformations. Lipid-mediated modulation of

these conformations could have considerable implications in drug research.
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2

Methodology

“... a mind needs books as a sword needs a whetstone, if it is to keep its edge.”

– Tyrion Lannister, George R.R. Martin’s “A Game of Thrones”

Biological phenomenon that we encounter have a simple or a complex set of underlying

physical/chemical processes involving large number of molecules. Although experi-

ments allow us to study these biological activities, they sometimes fail to provide a detailed

“molecular picture” of these processes due to technical limitations in capturing smaller length

and time-scale resolutions. Investigation of such systems would be highly impossible using

quantum mechanical methods which are currently restricted to solving exact energy function

for limited number of particles. In some of these cases, it is possible to develop suitable models

that mimic the behaviour of these molecules and molecular systems. The development of such

accurate models to understand molecular details is known as “molecular modeling”. Molecular

simulations allows us to examine the interaction between these chemical models by solving a

set of underlying equations using classical Newtonian mechanics wherein the electronic motions

are ignored. This assumption is based on Born-Oppenheimer approximation which states that

the nuclear and electronic motions can be de-coupled. Since electron motion is much faster

than the nuclear motion, the energy of a molecule in its ground electronic state can be solely

considered as a function of its nuclear coordinates. Simulations serve as a link between mi-

croscopic interactions and macroscopic observations. The structure and interaction between

these chemical models can be fine-tuned as precisely as deemed necessary to accurately match

bulk properties obtained from experiments. The two main families of simulation technique
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2. Methodology 2.1. Force field

are molecular dynamics and Monte Carlo; additionally there is a whole range of techniques

that combine features of both. Molecular dynamics has the obvious advantage of providing a

time-dependent evolution of the interaction between chemical species in the system.

2.1 Force field

Force field refers to a set of functions and parameters that can be used to describe the energy

of a system from the nuclear co-ordinates of its particles. The parameters are obtained from ab

initio, semi-empirical quantum mechanical calculations or by fitting to experimental data such

as neutron, X-ray and electron diffraction, NMR, infrared, Raman and neutron spectroscopy

etc. The functional form of the force field is usually simple but closely reproduce the properties

of the system in the area of interest (Fig. 2.1). One such typical functional form is given by:

V =
∑
bonds

1

2
kb(ij)(rij − r0(ij))2 +

∑
angles

1

2
ka(ijk)(θijk − θ0(ijk))2 +

∑
torsions

1

2
Vn[1 + cos(nφijkl − γ)]

N∑
i=1

N∑
j=i+1

4εij

[(
σij
rij

)12

−
(
σij
rij

)6]
+

N∑
i=1

N∑
j=i+1

qiqj
4πε0rij

(2.1)

Here the first three terms correspond to intramolecular interactions involving particles i -

i+3 while the last two term refers to non-bonded interactions: both intramolecular (interactions

beyond i - i+3 ) and intermolecular.

• The first term of the function describes bond stretching between particles i and j=i+1.

This functional form models bond vibration as a harmonic motion given by Hooke’s

law where energy (V bond) varies parabolically with the square of displacement from the

reference bond length, r0 with kb corresponding to the stiffness of the bond.

• The second term of the function describes bond vibration between particles i and i+2.

Angle bending is also modelled by a harmonic function where energy (V angle) shows

parabolic variation with square of displacement from the reference bond angle, rθ, and

kθ corresponding to the stiffness of the angle.

• Variation of energy during rotation about chemical bonds i.e torsional potential (V torsion),

is expressed as a cosine series function, as shown by the third term in the above equation.
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2. Methodology 2.1. Force field

Figure 2.1: Schematic representation of a molecule depicting functional forms for bonded: (a)
bond stretching (b) angle bending (c) Torsional; and non-bonded (d) electrostatic (e) van der Waal’s
potential

Vn represents the “barrier” height for rotation, φ is the torsion angle, n is the multiplicity

and δ determines the phase factor.

• The fourth term of the function represents 12-6 form of Lennard-Jones potential which

accounts for short-range van der Waals interactions. ε is the well depth corresponding to

the energy minimum and σ is the diameter of the hard sphere representing the atom. The

first component of the term (given within the square brackets) corresponds to the repul-

sion part that varies as r−12 while the second component corresponds to the attraction

part that varies as r−6.

• Long-range interactions are accounted for by the Coulombic interaction represented by the

last term in the above equation. qi and qj represent pairwise charges while ε0 corresponds

to permittivity of the medium.
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2. Methodology 2.2. Statistical mechanics

2.1.1 Properties of a force field

• Unique representation: A force field is a unique combination of functional form and

parameters. Two different force fields may have same functional form but different param-

eters or vice versa. It is generally not advisable to mix individual functional terms and/or

parameters between force fields, although in some cases few functional terms (bond and

angle terms) make an exception to this rule.

• Limited applicability: A force field can be applied only to predict/reproduce those

properties against which it has been characterized and parameterized. While it may

serve to answer properties not included in parameterization, it should be considered with

caution.

• Transferability: Often force fields are parameterized for small chemical groups which

are then combined to generate force field for larger molecules. Also parameters developed

and tested on relatively smaller number of cases can be extrapolated to wider range of

problems i.e. parameters are transferable. This feature is essential to avoid reparameter-

ization of each new molecule.

• Empirical: All force fields are empirical or semi-empirical in nature i.e. there is no

“unique” or “standard” form for a force field. Functional form used in force fields are often

a compromise between accuracy and computational efficiency. The choice of functional

form to be employed in a force field depends upon the accuracy required of the simulation.

Most accurate functional forms are often computationally expensive.

2.2 Statistical mechanics

Biological molecules are usually complex organic compounds made up of large number of atoms.

It is possible to model these molecules as N-body interacting particles which can assume multi-

ple conformations to generate an ensemble1. The conformations or “states” assumed by these

molecules, at or near thermodynamic equilibrium, can be represented by a unique combination

of position and velocity for the N particles. All possible states i.e., positions and velocities, that

1An ensemble is a collection of all possible systems which have different microscopic states but an identical
macroscopic or thermodynamic state
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2. Methodology 2.2. Statistical mechanics

can be accessed by the N particles comprising the system is collectively called “phase space”.

A N-particle system has a phase space of 6N dimensions. Statistical mechanics involves a set

of rigorous mathematical expressions that can be used to express macroscopic properties of the

system in terms of positions and velocities of the N-particles constituting the system.

The property of the system, such as pressure or temperature, can therefore be defined by

the positions and momenta of the N-particles comprising the system. The value of property A,

as measured experimentally, is an ensemble average given by

〈A〉ensemble =

∫
N

∫
N
dpNdrNA(pN , rN )ρ(pN , rN ) (2.2)

where our property of interest A is expressed as a function of momenta p, and positions,

r of the N particles. The integration is over all possible values of p and r accessible by the

system. ρ(pN , rN ) is the probability density of the ensemble, i.e., the probability of finding

a configuration with momenta pN and positions rN . Under conditions of constant number of

particles, volume and temperature,

ρ(pN , rN ) =
1

Q
exp(−E(pN , rN )/kBT ) (2.3)

where E (pN , rN ) is the energy, kB is Boltzmann’s constant T is the temperature and Q is

the partition function

QNV T =
1

N !

1

h3N

∫
N

∫
N
dpNdrNexp

[
− H(pN , rN )

kBT

]
(2.4)

The instantaneous value of the property A can be written as A(pN (t), rN (t)) where pN (t)

and rN (t) represent the N momenta and positions respectively at time t. The value measured

experimentally is an average of A over the time of measurement and is known as time average.

Aavg = lim
τ→∞

1

τ

∫ τ

t=0
A(pN (t), rN (t))dt (2.5)

According to ergodic hypothesis, a fundamental axiom of statistical mechanics, ensemble

average is equal to the time average. Therefore

∫
N

∫
N
dpNdrNA(pN , rN )ρ(pN , rN ) = lim

τ→∞

1

τ

∫ τ

t=0
A(pN (t), rN (t))dt (2.6)
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2. Methodology 2.3. Molecular dynamics

2.3 Molecular dynamics

Molecular dynamics generates an ensemble of successive conformations for a system by inte-

grating Newton’s equations of motion. The phase space sampled is stored as a “trajectory” that

describes evolution of position, velocities and acceleration of the particles with time. Molecular

dynamics is a deterministic method, i.e, it is possible to predict the state of the system at any

time using the information about positions and velocities of the atoms in the system. At each

time point, forces acting on the particles are derived and combined with their current positions

and velocities to generate new coordinates and velocities for the particles at the next time

point. Thermodynamic properties can be calculated from the sampled conformations using

Eqn.2.5 (Fig. 2.2).

Figure 2.2: A general overiew of molecular dynamics simulation. Newton’s equation of motion
are used to solve for evolution of co-ordinates and velocities as a function of time. This generates
an ensemble from which thermodynamic properties can be extracted using statistical mechanics.
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2. Methodology 2.3. Molecular dynamics

2.3.1 Practical aspects of simulation

This subsection discusses the different aspects commonly employed in molecular dynamics

simulation. For a detailed description of these factors, please refer278,279

Initial conditions

It is necessary to have a suitable configuration of the system before simulation can be performed.

For simulating systems at equilibrium, it would be ideal to choose a configuration close to the

local minima state at which simulation needs to be performed. This is achieved by performing

energy minimisation on the initial configuration to ensure that the initial configuration is free

of any high-energy interactions. To commence simulation, initial coordinates and velocities for

all particles in the system are required. Velocities for the particles at time t=0 are assigned

from Maxwell distribution centered about the desired temperature. Updated velocities are used

thereafter at later time points.

Boundary condition

During simulation, a definite boundary must be considered for the system as it enables to cal-

culate “macroscopic” properties using limited number of particles. Rigid boundary conditions

are suitable for simulating condensed liquid/gas phases. However, for systems where “bulk”

properties needs to be calculated, it is unfeasible to set rigid boundaries. This is because the

fraction of atoms within the influence of the boundary wall is usually proportional to N−1/3

(N denotes the number of particles in the system). It means that even for a system with 1000

particles, 10 would be at the boundary. This drawback is overcome by using periodic boundary

conditions where the simulation box is surrounded by an infinite number of replicas so that the

particles experience forces as if they were in bulk fluid. During simulation, only the N particles

within the original simulation box are considered explicitly. If a particle leaves the box during

simulation, it is replaced by the image of the particle from the replica which enters the system

form the opposite side. The total number of particles in the original simulation box remains

constant. Thus the originial simulation box with its replicas resemble the “real” system. The

main drawback of using periodic boundary condition is that it results in an artificial periodicity

at intervals of box length. It is not possible to simulate fluctuations that have a wavelength
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2. Methodology 2.3. Molecular dynamics

greater than the length of the cell. Therefore, the box should be sufficiently large to account

for long-range correlations.

Speeding up simulations

• Minimum image convention: The most time-consuming part of molecular dynamic

simulations is calculation of non-bonded interactions since it increases as the square of

the number of atoms (for pairwise interaction) with an order N2. A simple approach to

overcome this limitation is by using minimum image convention. In this method, each

atom interacts with only one image of every other atom in the system for which the

energy and/or force is calculated. This is done by using a non-bonded cutoff such that

all pairwise interactions beyond the cutoff value are set to zero, taking into account the

closest image. The cutoff should be no more than half the length of the cell to prevent a

particle from seeing its own image and also interacting with the same molecule twice. The

use of non-bonded cutoff is justified by the observation that van der Waal’s interaction

modelled using Lennard-Jones potential is short ranged and falls off very rapidly with

distance (r−6).

• Ewald summation method: Long-range electrostatic interactions diminish as r−1 and

thus would result in interaction with its own image beyond the box dimension and also

with multiple images of same molecules. Interaction between charges in the central box

and images of all particles in the replicas is given by:

V =
1

2

′∑
|n|=0

N∑
i=1

N∑
j=i+1

qiqj
4πε|rij + n|

(2.7)

where n (LnxLnyLnz; L is the length of unit cell) represents a cubic lattice point at which

the central box is positioned. A straight forward way to overcome this anomaly is to

use the box dimensions that are sufficiently large to diminish these interactions, but this

is usually impractical. However, long-range interactions are commonly dealt with using
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2. Methodology 2.3. Molecular dynamics

specialized methods such as Ewald summation.

V =
1

2

N∑
i=1

N∑
j=i+1

{ ∞∑
|n|=0

qiqj
4πε0

2√
π

∫∞
r exp(−t2)dt(α|rij + n|)

|rij + n|

+
∑
k 6=0

1

πL3

qiqj
4πε0

4π2

k2
exp(− k2

4α2
)cos(k.rij)

− α√
π

N∑
k=1

q2k
4πε0

+
2π

3L3

∣∣∣∣ N∑
k=1

qk
4πε0

rk

∣∣∣∣2
}

(2.8)

In Eqn. 2.8, the first term represents the modified form of Eqn 2.7 in which each charge is

considered to be surrounded by a neutralising charge distribution of equal magnitude but

opposite sign represented in a Gaussian functional form. This summation is performed

in real space. The second term represents charge distribution which counteracts neutral-

ising distribution in the first term. This summation is performed in reciprocal space.

The third term removes all instances corresponding to interaction of Gaussian charge

distribution with itself. The fourth term represents an energy correction term which is

included if the medium surrounding the charge distribution is vacuum. Particle-mesh

method of fast fourier transform (FFT) algorithm, where point charges with continuous

coordinates are replaced by grid-based charge distributions, is commonly employed for

solving computationally intensive Ewald summation. FFT algorithm scales as N lnN as

compared to N2 scaling for traditional Ewald summation.

• Neighbour and cell list: Although using a cutoff (Rc) reduces the number of pairwise

interaction energy calculations, it is still required to calculate distance between an atom

i with the remaining N-1 atoms to decide which ones lie within its sphere of radius Rc.

This is averted using non-bonded neighbour list method where a list of all atoms within

a distance of Rc+∆list is maintained, where ∆list << Rc. At each time step, search for

atoms within Rc of a given atom i is done only for those included in its neighbour list.

The list needs to be updated at suitable frequency (10-20 steps) to account for atoms

leaving or entering the sphere. Cell list is used when for systems where L >> Rc. In

this method, the system is divided into M3 subcells, such that average number of atoms

in each subcell is N/M3. For a given atom i, it is sufficient to consider those in the
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2. Methodology 2.3. Molecular dynamics

neighbouring subcells within Rc (27N/M3 atoms).

• Intramolecular constraints: Computational efficiency is also limited by the time-step

(∆t) used during the simulation. Ideally ∆t should be much smaller than the fastest

motion in the system. These motions usually correspond to bond vibrations where the

relative displacement of atoms is usually negligible. By constraining these high frequency

low amplitude motions, larger time-step can be used.

• Coarse-graining: Another commonly used strategy to improve sampling is to use coarse-

grained models where a group of bonded atoms are combined into a single interaction site.

Effective number of particles in the system are reduced which decreases the total number

of degrees of freedom as well as permitting the use of larger time-steps. United atom

representation is one such commonly used model where CH2 and CH3 are represented as

single interaction sites.

Integration algorithm

There are many algorithms that can be used to integrate Newton’s equation. The common

requirements of a good integrator algorithm are:

• Should conserve energy and momentum.

• Should be computationally efficient i.e. minimal number of numerical calculations to

evaluate force per time step.

• Should be stable when using longer time step for integration.

• Should be time reversible.

• Should be accurate.

In general, Taylor series expansion can be used to determine positions, velocities and accel-

erations.

r(t+ δt) = r(t) +
1

1!

dr

dt
δt+

1

2!

d2r

dt2
δt2 +

1

3!

d3r

dt3
δt3 +

1

4!

d4r

dt4
δt4 + ....... (2.9)

Here the first term on the RHS of the equation corresponds to position, the second term

corresponds to velocity (first derivative of position with respect to time), the third term corre-

sponds to acceleration (second derivative of position with respect to time) and so on. Molecular
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2. Methodology 2.3. Molecular dynamics

dynamics procedure can be given as follows:

1. System of N particles with initial positions (ri,i+1,....N
t=0 ), velocities (vi,i+1,....N

t=0 , obtained from

Maxwell distribution at given temperature) and a defined time step δt.

2. Calcuate forces from bonded and non-bonded potential terms F = -
δ

δr
V (r). Calculate

acceleration from force a = -
1

m

δ

δr
V (r)

3. Increment time: t1 = t0+δt

4. Integrate positions: ri,i+1,....N
t=1 = ri,i+1,....N

t=0 + vi,i+1,....N
t=0 δt +

1

2
ai,i+1,....Nδt2. Calculate veloc-

ities at t+δt.

5. Repeat steps 2 to 4.

The most commonly used integration algorithms are:

1. Verlet algorithm: This algoritm uses positions and accelerations at time t, and positions

from previous time step to calculate new positions and velocities.

r(t+ δt) = r(t) + v(t)δt+
1

2
a(t)δt2 + .... (2.10)

r(t− δt) = r(t)− v(t)δt+
1

2
a(t)δt2 − .... (2.11)

Adding these two equations, we get:

r(t+ δt) = 2r(t)− r(t− δt) + a(t)δt2 (2.12)

Velocities do not explicitly appear in Verlet algorithm but can be calculated by:

v(t) = [r(t+ δt)− r(t− δt)]/2δt (2.13)

Features:

* Minimal calculation steps and storage requirement.

* Loss in precision due to addition of a small term (a(t)δt2) to larger terms (2r(t) and

r(t-δt)).
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* Calculation of velocities at time t requires positions (r) at time t+δt.

* At time t=0, r(t-δt) is undetermined and must be obtained by other means such as

Taylor series truncated after the first term i.e. r(-δt) = r(0) - v(0)δt

2. Leap-frog algorithm: In this algorithm, velocity calculation advances that of position

by a time step of
1

2
δt.

v(t+
1

2
δt) = v(t− 1

2
δt) + a(t)δt (2.14)

r(t+ δt) = r(t) + v(t+
1

2
δt)δt (2.15)

Velocities at time t can be calculated from:

v(t) =
1

2

[
v(t+

1

2
δt) + v(t− 1

2
δt)

]
(2.16)

Thus velocities ‘leap’ over positions to give values at t+
1

2
δt and then positions ‘leap’ over

velocities to give values at t+δt.

Features:

* Velocities calculated explicitly. More precise since it does not involve calculation of

differences of large numbers.

* Calculations of positions and velocities not synchronised. Therefore it is not possible

to calculate kinetic energy contribution to the total energy at the same time when

positions are defined which are used to determine potential energy.

3. Velocity-Verlet algorithm:

r(t+ δt) = r(t) + v(t)δt+
1

2
a(t)δt2 (2.17)

v(t+
1

2
δt) = v(t) +

1

2
a(t)δt (2.18)

v(t+ δt) = v(t) +
1

2
δt

[
a(t) + a(t+ δt)

]
(2.19)

Features:

* Positions, velocities and accelerations are calculated at the same time
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* No loss of precision.

4. Beeman’s algorithm:

r(t+ δt) = r(t) + v(t)δt+
2

3
a(t)δt2 − 1

6
a(t− δt)δt2 (2.20)

v(t+ δt) = v(t) +
1

3
a(t+ δt)δt+

5

6
a(t)δt− 1

6
a(t− δt)δt (2.21)

Features:

* Accurate expression for velocity resulting in better energy conservation.

* Computationally more expensive.

Thermodyanmic ensembles

Integrating Newton’s equation of motion for particles in the system maintains constant the

number of particles (N), volume (V) and total energy (E) of the system. Thus simulations

sample phase space in a microcanonical or NVE ensemble. Although total energy of the system

remains constant, there would be fluctuations in kinetic and potential energy contributions.

As a result, the temperature of the system would vary during simulation until equilibrium is

attained. It is generally preferred to maintain constant temperature and pressure during the

simulation in order to compare simulation results with experiment i.e. convert NVE ensemble

to NVT or canonical ensemble. This is generally done by coupling the system to thermostats

and barostats maintained at a given temperature and pressure respectively.

• Constant temperature simulations: Temperature is related to time average of kinetic

energy and is given by

〈K 〉NVT =
3

2
NkBT (2.22)

* Velocity rescaling : Velocities at each time step are multiplied by a factor λ to control
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system temperature

∆T =
1

2

N∑
i=1

2

3

mi(λvi)
2

NkB
− 1

2

N∑
i=1

2

3

miv
2
i

NkB
(2.23)

∆T = (λ2 − 1)T (t) (2.24)

λ =
√
Tnew/T (t) (2.25)

λ =
√
Treq/Tcurr (2.26)

* Berendsen thermostat : System is coupled to an external heat bath maintained at

desired temperature. Velocities are scaled at each step such that rate of change of

temperature is proportional to difference in temperature between bath and system:

dT (t)

dt
=

1

τ
(Tbath − T (t)) (2.27)

∆T =
δt

τ
(Tbath − T (t)) (2.28)

λ2 = 1 +
δt

τ

(
Tbath
T (t)

− 1

)
(2.29)

where τ is the coupling parameter between heat bath and system.

* Anderson thermostat : Temperature is controlled using stochastic collision induced

by reassigning velocity selected randomly from Maxwell-Boltzmann distribution at

the desired temperature to a particle randomly chosen at definite intervals. The

mean rate of stochastic collision is given by:

ν = νc/N
2/3 (2.30)

* Nosé Hoover thermostat : Thermal reservoir is represented by an additional degree

of freedom, s. Potential energy of the reservoir is given by (f +1)kBT ln(s), where

f is the number of degrees of freedom. Kinetic energy of the reservoir is given

by Q/2(ds/dt)2, where Q represents the “fictitious” mass of the extra degree of

freedom. The magnitude of Q determines coupling between reservoir and system

which controls the temperature. The velocities of atoms in system is given by:

vi = s
dri
dt

(2.31)
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where ri is the position of the particle i and vi is the real velocity of the particle.

• Constant pressure simulations: Constant pressure during the simulations is main-

tained by scaling the volume of the simulation box or by coupling the system to a pressure

bath maintained at desired pressure. The rate of change of pressure is given by:

dP (t)

dt
=

1

τp
(Pbath − P (t)) (2.32)

λ = 1− κδt
τp

(P − Pbath) (2.33)

where κ is the isothermal compressibility of the substance and is given by:

κ = − 1

V

(
∂V

∂P

)
T

=
1

kBT

〈V 2〉 − 〈V 〉2

〈V 2〉
(2.34)

The volume of the simulation box is scaled by a factor of λ, which is the same as scaling

the particle coordinates by a factor of λ1/3. The new coordinates are given by:

r′i = λ1/3ri (2.35)

2.3.2 Steps involved in molecular dynamics simulation

1. System setup: This step involves generating the initial conformation of the system using

pre-existing models of the molecules constituting the system. The initial conformation

of the constituent molecules could be completely random (as in self assembly simulation)

or ordered (as in crystal lattice simulation). Appropriate force fields for the constituent

molecules, cut-off values for non-bonded interactions and method to treat long-range

interactions are defined.

2. Equilibration: The starting conformation is subjected to energy minimisation to relieve

steric stress arising from atoms that are too close to each other than that permitted by the

force field parameters. The starting conformation may be far from the thermodynamic

conditions under which simulation needs to be carried out. A relatively short NPT

simulation (at the desired temperature and pressure) is carried out by coupling the system

to a thermostat and barostat, so that it achieves the equilibrium density corresponding to
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the desired pressure and temperature. An adequate time-step, boundary conditions, cut-

off values for non-bonded interactions, methods to treat long-range interaction, update

frequency for neighbour list and intramolecular constraints if any are selected for the

simulation. Sometimes restraints may be imposed on the solute to allow the solvent

molecules to orient themselves around the solute molecule at the desired thermodynamic

condition.

3. Production: Once the system has been well equilibrated, it is subjected to production

run. Basically, production run is similar to equilibration in the absence of restraints

applied in the previous step. Occasionally, a more stringent thermostat and/or barostat

than that used during equilibration may be employed during production run since the

system is now equilibrated to the desired temperature and pressure and needs only be

maintained at those conditions. The length of the simulation run depends upon the

process under investigation. Ideally the simulation must be sufficiently long to ensure

adequate sampling of the events of interest. A trajectory of the simulation (i.e positions,

velocities and forces) is saved at a regular frequency which should be smaller than the

fastest event in the simulation to be investigated.

4. Analysis: The simulation provides us with the positions, velocities and forces sampled

by the system as a function of time which can be used to determine thermodynamic

properties using statistical mechanics. Structural changes such as root mean square

deviation, radial and spatial distribution, and kinetic properties such as rates of diffusion,

association-dissociaiton etc can also be extracted from the simulation.

2.4 Coarse-graining : The MARTINI model

Physiological processes occur on a wide range of length and timescales with structural changes

ranging from pm to mm and dynamics occuring at ps to s. It would be beneficial to examine

these processes at finer spatiotemporal resolutions to gain a “molecular-level” understanding.

Experimental techiques are, however, limited in providing direct temporal resolution better

than ms to µs and in resolving structural changes at macromolecular level (µm to nm). Com-

putational approaches, such as molecular modeling, can be used to model biological structures
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at “atomic” resolution based on experimental data. However, it is computationally expensive

to examine biophysical processes that occur at µs to ms timescale due to numerical integration

for the large number of atoms that constitute the system to be simulated.

A possible solution to enhance sampling and simulate longer and reach timescales com-

parable with those resolved using conventional experimental approaches is by coarse-graining.

In a coarse-grained model, a group of atoms (preferably those belonging to similar chemical

specificity) are substituted by a “pseudo” particle. The resultant model is parameterized by

matching it to specific distribution from atomic simulation using various methods such as it-

erative Boltzmann distribution, force matching, relative entropy optimization etc. Due to the

reduction in the degrees of freedom and absence of fine interaction details, simulations can be

extended to longer length and timescales than that accessible using all-atom representation.

MARTINI is a popular coarse-grained model280 that has been extensively used to study

a wide range of bio-molecular processes. Initially developed for phospholipids232,281,282, this

model has been extended to peptides and proteins283, sterols232,284, polarizable water285, nu-

cleic acids286, glycolipids287, bolalipids288 and other small molecules289–292. Unlike conven-

tional coarse-grained models that aim to reproduce the structural distribution pattern of the

mapped atomic representation293,294, the focus of MARTINI coarse-graining is to develop a

simple, easy to use model with a force field that can be used for a broad range of appli-

cations without the need for frequent re-parameterization. This is achieved by calibrating

non-bonded interactions of its chemical building blocks to match experimental data, especially

thermodynamic data such as oil/water partitioning coefficients. The approach is particularly

useful in studying membrane-based studies such as lipid self assembly, protein-lipid interaction,

protein-protein association in membrane which depends critically on the degree to which the

constituents partition between polar and non-polar environments.

This following subsections discuss the different aspects of MARTINI coarse-graining. For a

detailed description, please refer232,280.

2.4.1 Mapping scheme

A four-to-one mapping scheme is generally used to represent MARTINI coarse-grained particles

i.e. on average, four non hydrogen atoms are represented by a single reaction center (Fig. 2.3,

Table 2.1). Four main types of interaction centers are considered: polar (P), apolar (C), non
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polar (N) and charged (Q). Each particle has a number of subtypes to accurately represent

the chemical nature of the underlying atomic structure. These are distinguished by a letter

denoting hydrogen-bonding capabilities (d = donor, a = acceptor, da = both, 0 = none) or

by number indicating the degree of polarity (from 1, low polarity to 5, high polarity). In case

of ring structures, such as those seen in benzene/cyclohexane-like molecules, a relatively fine

mapping scheme (2-to-1 or 3-to-1) is used to preserve the local geometry and is represented by

a particle S.

Figure 2.3: MARTINI coarse-grained 4:1 mapping for (a) phospholipids (b) cholesterol (c) amino
acid phenylalanine and (d) water. Chemical nature of the coarse-grained bead: tan = charged, pink
= non polar, cyan = apolar, blue = polar. Adapted and modified from232,280

2.4.2 Non-bonded interactions

A 12-6 form of Lennard-Jones potential is used to model dispersion pairwise interactions be-

tween interaction sites i and j.

VLJ(r) =

N∑
i=1

N∑
j=i+1

4εij

[(
σij
rij

)12

−
(
σij
rij

)6]
(2.36)

σij represents the closest distance of approach between the two hard-spheres. εij , which
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Table 2.1: Chemical building blocks for coarse-grained particles232

Type Building Block Examples

Qda H3N
+-C2-OH ethanolamine (protonated)

Qd H3N
+-C3 1-propylamine (protonated)

NA+OH sodium (hydrated)
Qa PO−4 phosphate

Cl−HO chlorine (hydrated)
Q0 C3N

+ choline
P5 H2N-C2=O acetamide
P4 HOH (x 4) water

HO-C2-OH ethanediol
P3 HO-C2=O acetic acid

C-NH-C=O methylformamide
P2 C2-OH ethanol
P1 C3-OH 1-propanol

2-propanol
Nda C4-OH 1-butanol
Nd H2-N-C3 1-propylamine
Na C3=O 2-propanone

C-NO2 nitromethane
C3=N proprionitrile

C-O-C=O methylformate
C2HC=O propanal

N0 C-O-C2 methoxyethane
C5 C3-SH 1-propanethiol

C-S-C2 methyl ethyl sulfide
C4 C2=C2 2-butyne

C=C-C=C 1,3-butadiene
C-X4 cholorform

C3 C2=C2 2-butene
C3-X 1-chloropropane

2-bromopropane
C2 C3 propane
C1 C4 butane

isopropane
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denotes the value of LJ well depth, indicates the strength of their interaction. The value of

σij is set to 0.47 nm for all interaction pairs. Exceptions are made for interaction between (i)

particles in molecules with ring geometry where σij is set to 0.43 nm and the corresponding

εij scaled to 75% of the original value; (ii) antifreeze particles where interaction, σij , is scaled

to 0.57 nm to prevent lattice packing of solvent molecules. The strength of the interaction, εij

remains the same; (iii) charged (Q-type) and most apolar type (C1 and C2) where σij is set to

0.62nm to account for the range of repulsion between the two particles. There are 10 levels of

interaction between the particle types which allows for fine-tuning the differences in solublities

(see Table 2.2). The interaction strength ε of each of the interaction levels is as follows: O, ε

= 5.6 kJ/mol; I, ε = 5.0 kJ/mol; II, ε = 4.5 kJ/mol; III, ε = 4.0 kJ/mol; IV, ε = 3.5 kJ/mol;

V, ε = 3.1 kJ/mol; VI, ε = 2.7 kJ/mol; VII, ε = 2.3 kJ/mol; VIII, ε = 2.0 kJ/mol; and IX, ε =

2.0 kJ/mol (with σ = 0.62 nm). Interaction levels between different coarse-grained interaction

sites is summarized in Table 2.2. Level O, which represents the most polar interaction is used

to model compounds that are solid at room temperature and for strong hydration shell around

charged species. The level I interaction models strong polar interactions as in bulk water, levels

II and III model more volatile liquids such as ethanol or acetone, level IV models the nonpolar

interactions in aliphatic chains, and levels V to VIII are used to mimic various degrees of

hydrophobic repulsion between polar and nonpolar phases. Level IX describes the interaction

between charged particles and a very apolar medium.

Coulombic potential energy function is used to model interaction between charged groups

which are assigned a full charge q

Velec.(r) =
qiqj

4πε0εrr
(2.37)

Charge interactions are explicitly screened with a relative dielectric constant εr = 15 to account

for reduced set of partial charges and resulting dipoles observed in atomistic force field.

A shifted type of non-bonded interaction potential is employed during simulation to mimic

distance dependent screening and is set to 0 at cut-off distance rcut = 1.2nm. The electrostatic

potential is shifted from rshift = 0.0 nm to rcut while LJ potential is shifted from rshift = 0.9

nm to rcut. In newer versions of MARTINI force field, polarizable water models have been

introduced to account for orientational polarizability while retaining the dielectric screening of
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Table 2.2: MARTINI coarse-grained interaction matrix232

Q P N C
sub da d a 0 5 4 3 2 1 da d a 0 5 4 3 2 1
da O O O II O O O I I I I I IV V VI VII IX IX
d O I O II O O O I I I III I IV V VI VII IX IX

Q a O O I II O O O I I I I III IV V VI VII IX IX
0 II II II IV I O I II III III III III IV V VI VII IX IX
5 O O O I O O O O O I I I IV V VI VI VII VIII
4 O O O O O I I II II III III III IV V VI VI VII VIII

P 3 O O O I O I I II II II II II IV IV V V VI VII
2 I I I II O II II II II II II II III IV IV V VI VII
1 I I I III O II II II II II II II III IV IV IV V VI

da I I I III I III II II II II II II IV IV V VI VI VI
d I III I III I III II II II II III II IV IV V VI VI VI

N a I I III III I III II II II II II III IV IV V VI VI VI
0 IV IV IV IV IV IV IV III III IV IV IV IV IV IV IV V VI
5 V V V V V V IV IV IV IV IV IV IV IV IV IV V V
4 VI VI VI VI VI VI V IV IV V V V IV IV IV IV V V

C 3 VII VII VII VII VI VI V V IV VI VI VI IV IV IV IV IV IV
2 IX IX IX IX VII VII VI VI V VI VI VI V V V IV IV IV
1 IX IX IX IX VIII VIII VII VII VI VI VI VI VI V V IV IV IV

bulk water. With these models, a much lower dielectric constant is used because of increased

explicit screening.

2.4.3 Bonded interactions

Bonded interactions are modeled using a common form of potential energy function. Non-

bonded interaction involving particles i to i+ 3 are excluded.

Vbond(r) =
1

2
Kb(rij − r0(ij))2 (2.38)

Vangle(θ) =
1

2
Ka(θijk − θ0(ijk))2 (2.39)

Vdihedral(φ) = Kd[1 + cos(nφijkl − δ)] (2.40)

Vimp. dih.(θ) = Kid(θijkl − θ0(ijkl))2 (2.41)

The structural distribution pattern for the mapped groups are determined from the atom-

istic simulation which are then compared to particle distribution in the coarse-grained simu-

lation. The structural parameters for the coarse-grained particles are then fine-tuned in an

iterative way until it matches satisfactorily with the pattern observed for the atomistic sim-

ulation distribution. In case of proteins and peptides, PDB database is used as reference
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for optimizing molecular geometry. Bond lengths, bond angles and dihedral distributions are

closely matched to the pattern observed among the structures reported in PDB databank. Re-

straints and elastic networks (in newer versions of MARTINI) are imposed on the secondary

structure of proteins as the absence of directional hydrogen bonding prevents realistic folding

in MARTINI model.

2.4.4 Scaling factor for kinetic processes

Coarse-graining removes several degrees of freedom, particularly those corresponding to fast

motions such as C-H, C-C bond vibrations. The resultant potential energy surface is therefore

much smoother and the dynamics much faster than that observed in atomistic models. In most

cases the kinetic properties of most biophysical processes show good agreement with experi-

mental measurements after scaling by a factor of 4. Since dynamic rates largely depend on

the mass of the particle, a standard mass of 72 amu (corresponding to four water molecules)

is assigned to all coarse-grained particles. Exceptions are observed for those involved in ring

conformation for which a reduced mass is assigned. Ideally, realistic masses should be as-

signed to each particle to accurately model the kinetics. But this would result in the need for

multiple particle subtypes thereby increasing the complexity of the model. In case of homoge-

nous systems, kinetic properties can be scaled based on mass differences after performing the

simulations.

2.4.5 Validation for MARTINI coarse-grained model

MARTINI coarse-grained model has been carefully parameterized by validating it against ther-

modynamic values obtained from experimental procedures such as free energy of hydration,

free energy of vapourization and partitioning free energy between water and several organic

solvents. All parameterizations for coarse-grained particles have been carried out at 300K and

at 1 atm pressure. These particles have been used to construct a wide variety of biomolecules

including lipids, sterols, peptides and proteins, sugars, polymers, nanoparticles, dendrimers

and many more. The assumption involved in developing these models is that molecules can

be characterized by the properties of the coarse-grained particles used in its construction. Bi-

layer properties such as area per lipid head group, spontaneous curvature, condensation effect

of cholesterol on area per lipid show good agreement with experimental estimates while free
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energy profile for lipid “flip-flop” match closely to atomistic simulations232. Similarly, for pro-

teins, partitioning of amino acid side chain analogues as well as model peptides in lipid bilayer,

side-chain-side-chain interaction and peptide orientation in bilayer show good agreement with

the pattern observed in atomistic interactions and also match with experimental results283.

2.4.6 MARTINI based applications

The first applications of MARTINI was carried out just over a decade ago and involved model-

ing processes such as spontaneous aggregation of lipids into unilamellar vesicles281 and fusion in

small lipid vesicles282. These studies were carried out using one of the earliest prototype MAR-

TINI force field295. Since then, several improvements have been made to increase the chemical

complexity of particle types for modeling many other biophysical processes while striving to

maintain the simplicity of the coarse-grained model. A few of these notable achievements in-

volve simulating formation of membrane tethers271, membrane domains267, lipid organization

in plasma membrane269, implicit-solvent version of MARTINI for studying lipid membrane

properties272 and effect of bilayer physical properties in on higher order organization of mem-

brane proteins and model peptides233,266,296.

2.4.7 Limitations of MARTINI coarse-grained model

The purpose of any model is to understand a complex process in terms of a set of parameters

which are known to influence its properties and which can be qualitatively and quantitatively

controlled in a simplistic design built using these parameters. Although a model system helps

us to gain a detailed understanding of the underlying process, it is still only a representation

and has its limitations. MARTINI, like any other multiscale model, also has its own set of

limitations.

• Limited structural resolution due to standard 4:1 mapping: Lauryl (with 12 carbon

atoms) and myristoyl (with 14 carbon atoms) acyl chains are both represented using

3 Maritni beads295. All amino acids are represented by either 1 to 4 MARTINI beads283.

In sugars, distinction between different ring conformations and anomers is lost289.

• Cannot be used for folding peptides/proteins since there is no directionality of backbone
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interactions indicated by hydrogen bonding. Constraints are imposed to maintain ex-

tended and helical secondary structures. As a result local secondary structural changes

cannot be modeled.

• Reducing degrees of freedom smoothens the underlying energy landscape and thereby

speeds up the kinetics of the system. A common scaling factor of 4 compared to atomistic

simulations is assumed for most kinetic processes based on lateral diffusion rates of lipid

and transmembrane proteins. However, not all degrees of freedom have same kinetic

rates297.

• Loss of entropy due to coarse-graining the degrees of freedom is compensated by reduced

enthalpy term. Therefore temperature-dependance of Maritini coarse-grained model is

not correct. For example, the estimated free-energy of hydration for alkanes is more over-

estimated in coarse-grained compared to atomistic simulations at higher temperatures298.

• Unreliable outside temperature range used for parameterization (270K-330K).

• Interaction strength of polar species in nonpolar environments is underestimated owing

to implicit screeining. Therefore processes involving partition of charged/polar molecules

in apolar environment such as formation of water pore through lipid bilayer cannot be

accurately modeled232.

• MARTINI water model shows tendency to “freeze” even at temperatures between 280-

300K around ordered surfaces. This is primarily attributed to lack of explicit charges

and absence of long-range electrostatic interactions. MARTINI water model shows poor

representation for interfacial tension and isothermal compressibility299.
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3

Cholesterol Modulates the

Dimer Interface of the β2-Adrenergic

Receptor via Cholesterol Occupancy

Sites

“It’s much better to do good in a way that no one knows anything about it.”

– Leo Tolstoy, Anna Karenina

3.1 Introduction

Membrane lipids have been recently implicated in the modulation of GPCR oligomer-

ization11,122,123. Spatial organization of serotonin1A receptor, including dimerization

and higher-order oligomerization, has been reported to be influenced by membrane choles-

terol122,123,300. It has been speculated that cholesterol alters GPCR function and organization

by either direct interactions with the receptor or indirect alterations of membrane biophysical

properties9,301. An interesting feature of a number of recently solved high-resolution crystal

structures of GPCRs, such as the A2A adenosine receptor302, β1-adrenergic receptor303 and

β2-adrenergic receptor74,102, is the close association between cholesterol molecules and the re-

ceptor. Recent molecular-dynamics simulations revealed cholesterol-binding sites in GPCRs,
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although relatively weak interactions were observed125,304,305. However, despite the increasing

number of reports regarding a GPCR-cholesterol interaction, the exact role of cholesterol at

the molecular level in GPCR structure and function continues to be elusive.

The β2-adrenergic receptor is an important member of the GPCR superfamily and serves

as an excellent prototype for monitoring GPCR organization and function. This receptor

type is expressed mainly in muscle tissues. The β2-adrenergic receptor is involved in muscle

relaxation after activation306 and dysfunction of this receptor is associated with cardiac diseases

and asthma307,308. It was reported that the β2-adrenergic receptor can exist as dimers in

vivo114, and dimerization is functionally important159, although a monomeric receptor was

shown to be the minimal functional unit necessary for signaling255. A direct receptor-cholesterol

interaction was revealed by the cocrystallization of cholesterol in the crystal structure of the β2-

adrenergic receptor74. In addition, receptor function was shown to be dependent on membrane

cholesterol104,105. Yet, the molecular relevance of cholesterol’s association with the receptor is

still not clear.

In this work, we carried out coarse-grained molecular dynamics simulations to analyze the

molecular nature of the interaction between membrane cholesterol and the β2-adrenergic re-

ceptor, and explore the effect of cholesterol on the dimerization of the receptor. We simulated

the β2-adrenergic receptor in a POPC membrane bilayer in the presence of increasing concen-

trations of cholesterol, which were chosen to mimic the biological environment of the receptor.

We used the MARTINI force field in our study since it has been shown to be suitable for

applications such as membrane protein association233,234,309–311 and partitioning of membrane

proteins between membrane domains of varying compositions266,312. Our results show that

cholesterol binds to transmembrane helix IV and has an increased occupancy at that site, in

both the monomeric and dimeric regimes. Interestingly, our results show that cholesterol oc-

cupancy modulates the dimerization process of the receptor, altering the dimer structure and

the helices involved in the interface. These novel (to our knowledge) results constitute one of

the first reports to explore the correlation between cholesterol’s association with the receptor

and its oligomerization and organization at a molecular level.
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3.2 Materials and methods

3.2.1 System setup

Molecular-dynamics simulations of the β2-adrenergic receptor embedded in POPC membranes

were carried out in the presence and absence of cholesterol. The systems were represented

using the MARTINI coarse-grained force field (version 2.1)232,283. A homology model of the

β2-adrenergic receptor (amino acid residues 29–342) was generated from the crystal structure102

(PDB: 2RH1) using SWISS-MODEL software313. The PDB structure 2RH1 is a chimera of

the β2-adrenergic receptor with the protein T4 lysozyme fused for crystallization. The homol-

ogy model was built by removing the T4 lysozyme part and replacing it with the intracellular

loop 3 of β2-adrenergic receptor. The atomistic structure obtained was minimized and then

mapped to its coarse-grained representation. Bilayers containing POPC with increasing choles-

terol concentration (0%, 9%, 30%, and 50%) were generated from an initial conformation of

randomly placed POPC, cholesterol, and water beads. The bilayer formed in the simulation

was equilibrated for 5 µs, leading to uniform distribution of cholesterol in the bilayer. Details

regarding the number of lipids, cholesterol, and water used for each system are given in Table

3.1.

Table 3.1: Summary of simulations performed

System Initial minimum Simulation Number of Molecules
distance (nm) Period (µs) POPC cholesterol water

POPC 3.2 32 15 15 568 0 11280
POPC/ 3.0 33 10 10 520 24 10452

9% cholesterol
POPC/ 3.4 28 10 10 520 158 11776

30% cholesterol
POPC/ 3.4 24 16 12 520 260 11800

50% cholesterol

Two copies of the coarse-grained model of the β2-adrenergic receptor were inserted into

each of the equilibrated bilayers such that the inter-receptor distance (center of mass) was at

least 6 nm (minimum distance of at least 3 nm). A top view of the β2-adrenergic receptor,

in which the transmembrane helices are labeled, and the starting structure of a representative

simulation are shown in Fig. 3.1, a and b.
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Figure 3.1: Schematic representation of the β2-adrenergic receptor. (a) Top view of the receptor
with individual helices marked. (b) Starting structure of the two monomers of the β2-adrenergic
receptor in the POPC bilayer. The two receptors are shown in shades of blue corresponding to panel
a; lipid molecules are shown in gray, the phosphate bead of lipid is in orange, and the surrounding
water molecules are in blue. (c) Time course of dimerization of the β2-adrenergic receptor in POPC
bilayers with increasing cholesterol concentration. The minimum distance between two receptors
(defined as the distance between the closest beads from two individual receptors, as shown in the
figure) during the course of the simulation is plotted for receptor association in POPC bilayers alone
(black); and in the presence of 9% (red), 30% (green) and 50% (blue) cholesterol concentration. A
representative simulation from each of the four systems is plotted.

3.2.2 Simulation parameters

All simulations were performed using the GROMACS simulation package, version 4.5.4314. The

cutoff for nonbonded interactions was 1.2 nm, with electrostatic interactions shifted to zero in

the range of 0–1.2 nm, and Lennard-Jones interactions shifted to zero in the range of 0.9-1.2

nm. A relative electrostatic screening of 15 was used. The temperature for each group was

weakly coupled using the Berendsen thermostat algorithm315 with a coupling constant of 0.1

ps to maintain a constant temperature of 300 K during simulation. Semi-isotropic pressure was

maintained using the Berendsen barostat algorithm315 with a pressure of 1 bar independently

in the plane of the membrane and perpendicular to the membrane, a coupling constant of 0.5
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ps, and a compressibility of 3 x 10−5 bar−1. The time step used in the simulations was 20 fs.

Simulations were rendered using VMD software316.

3.2.3 Analysis

A transmembrane helix of a receptor was considered to be at the dimer interface if it was

within a cutoff of 0.5 nm of the other receptor. This value was chosen based on the minimum

distance of approach between two beads in the MARTINI coarse-grained model232,283. A lipid

or cholesterol molecule was defined to be bound to a particular transmembrane helix or amino

acid residue (site) if it was within 0.5 nm of that site. The maximum occupancy time was defined

as the longest time a given cholesterol molecule was bound at a particular site. The values were

normalized for all simulation lengths. A value of one implies that the same cholesterol molecule

was present at the site during the entire simulation, and zero implies that cholesterol was never

present at that site. The binding region for POPC/cholesterol on a given helix was determined

by calculating the distance map. The distance cutoff was 0.5 nm as described above. The

results showed no qualitative changes when a larger cutoff of 0.6 nm was used.

3.3 Results

3.3.1 The β2-adrenergic receptor dimerizes in the membrane bilayer

To analyze the effect of cholesterol on dimerization of the β2-adrenergic receptor, we car-

ried out coarse-grained molecular-dynamics simulations of the receptor in POPC bilayers and

POPC/cholesterol bilayers with increasing cholesterol concentrations (9%, 30%, and 50%).

Multiple µs-timescale simulations were performed, for a total simulation time of 200 µs cor-

responding to ∼800 µs of effective time (atomistic simulation time)232,283. Two copies of the

receptor were initially placed in a POPC bilayer (with and without cholesterol) such that the

interreceptor distance (center of mass) was at least 6 nm. Previous umbrella sampling calcula-

tions266 showed that the free energy of association between two receptors is close to zero at a

1.5 nm distance separation (minimum distance between receptors). In our study, the receptors

were initially placed at two times this distance, i.e., with a minimum distance of 3 nm. The

initial setup of the system and the top view of the receptor are shown in Fig. 3.1. During the

course of the simulation, the receptors diffused freely in the membrane and associated with each
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other on a µs timescale. The minimum distance between the two receptors during the course

of representative simulations in each case is shown in Fig. 3.1 c. Several close associations

were observed between the two receptors before the final dimerized structure was obtained.

We calculated the phase space sampled by the receptors in the monomer regime in one of the

representative systems (Fig. 3.2).

Figure 3.2: Contour plot showing the average density of a receptor around the second receptor
(centered). Only the monomer regime has been used to calculate the density. The central receptor
has been overlaid on the plot and its transmembrane helices labeled for comparison.

It is evident from the figure that all orientations around the central receptor were sampled,

except for a narrow pathway leading to the central receptor. The sampling of the receptors in

the monomer regime demonstrates that the dimer conformations were not biased according to

the starting configurations, and adequate orientational and translational sampling was achieved.

The time taken to form a stable dimer was variable and ranged from 2 to 15 µs. In most cases,

the initial contact between two receptors that led to a stable contact was made by intracellular

loops II and III. Several occurrences of the N-terminal region and the C-terminal helix VIII

were also observed at the contact interface. Once the dimer was formed, it was stable during the

course of the simulation, although small rearrangements of the two receptors relative to each

other were observed. The final inter-receptor distance (i.e., the distance between the center of

mass of the two receptors in the final dimer) was calculated to be ∼3.2 nm.
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3.3.2 Dimer interface of the β2-adrenergic receptor in the POPC bilayer

To further characterize the dimer structures, we analyzed the transmembrane helices involved

at the dimer interface. A representation of the dimer interface (top and side views of the

transmembrane helices) is shown in Fig. 3.3, a and e.

Figure 3.3: Schematic representation depicting the modulation of transmembrane helices of the
β2-adrenergic receptor involved at the dimer interface with increasing cholesterol concentration. (a
and e) POPC bilayer. (b-d and f-h) POPC bilayers containing 9% (b and f), 30% (c and g), and
50% (d and h) cholesterol. Representative top and side views of the transmembrane helices are
shown for clarity. The transmembrane helices that comprise the dimer interface are colored and
labeled. The remaining helices are colored gray.

Transmembrane helices IV and V from both receptors were present at the dimer interface

in POPC bilayers. The simulations were repeated three times with different starting velocities,

and each time transmembrane helices IV and V were observed to be present at the interface.

A contact map of all helix-helix contacts, normalized over the time of occurrence, is shown in

Fig. 3.4.

Since the most frequently observed dimer interface involved symmetric interhelical contacts,

we termed such an interface a homo-interface (i.e., the same transmembrane helices from both

receptors are involved at the dimer interface). In this conformation, an increased accessibility to

membrane lipids was observed for transmembrane helices I and VII relative to transmembrane

helices IV and V.

A visual inspection of the final dimer structures that formed in POPC bilayers revealed the

presence of a phospholipid (POPC) molecule at the dimer interface (Fig. 3.5).
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Figure 3.4: Contact maps depicting the helix-helix interactions between the two receptors. (a)
POPC bilayer. (b–d) POPC bilayers containing 9% (b), 30% (c), and 50% (d) cholesterol. The
values were calculated as an average over all simulations and normalized by the time of occurrence
and simulation length. A cutoff distance of 0.5 nm was used to determine the contact residues.

The POPC molecule was present at the interface in all three simulations. The binding

of the POPC molecule to the groove region formed by transmembrane helices IV and V of

the interacting monomers occurred simultaneously with the dimerization process. The POPC

molecule remained at the contact interface during the remaining simulation time. Energetically

favorable interactions with several aromatic amino acid residues on transmembrane helices IV

and V were seen to stabilize the POPC molecule.

3.3.3 Cholesterol modulates helices involved at the dimer interface

Interestingly, the dimer interfaces observed in our simulations with POPC bilayers were altered

in the presence of cholesterol. Fig. 3.3, b–d, f-h, show the progressive change in the dimer

interface with increasing concentrations of cholesterol in the membrane. A contact map of

the dimer interfaces with varying concentrations of cholesterol is shown in Fig. 3.4, b–d. In
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Figure 3.5: The dimer structure of β2-adrenergic receptor in POPC bilayer. Two receptor
molecules are shown in red and green; lipid molecules are shown in gray, and the surrounding
water molecules in blue. A POPC molecule that was found to be present at the dimer interface is
highlighted in orange.

general, an increased presence of transmembrane helices I and II was observed with increasing

cholesterol concentrations. We refer to an interface containing different transmembrane helices

from the two receptors as a hetero-interface. The dimer interface in membranes containing 9%

and 30% cholesterol was most often a hetero-interface, formed by transmembrane helices I and

II of one receptor and transmembrane helices IV and V of the other. An example of a homo-

interface was also observed in membranes containing 9% cholesterol involving transmembrane

helices IV and V. At 30% membrane cholesterol, the rotation of the receptors around the

contact point led to the occasional involvement of the adjacent transmembrane helices III and

VII. At 50% membrane cholesterol, the dimer interface was formed mainly by transmembrane

helices I and II from both receptors (see Fig. 3.3, d and h). A snapshot of the final dimer

structure is shown in Fig. 3.6.

The adjacent transmembrane helix VII was also observed to be occasionally involved at the

dimer interface due to rotation of the receptors around the contact point (see Fig. 3.4d). In this

conformation, the C-terminal helix VIII was also occasionally found to be present at the dimer

interface. The results obtained were consistent for the three replicate simulations performed.
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Figure 3.6: The dimer structure of β2-adrenergic receptor in POPC bilayer containing 50% choles-
terol. Two receptor molecules are shown in red and green; lipid molecules are shown in gray, choles-
terol molecules in brown, and the surrounding water molecules in blue. Cholesterol molecules bound
at the dimer interface and on transmembrane helix IV are highlighted in magenta.

Taken together, these results show that the presence of cholesterol in the membrane increases

the involvement of transmembrane helices I and II, and restricts the presence of transmembrane

helix IV at the dimer interface of the β2-adrenergic receptor. This observation could have

potential implications for designing drugs for GPCR targets (see below).

3.3.4 Cholesterol occupancy at transmembrane helix IV restricts its involve-

ment in the dimer interface

To understand whether a direct receptor-cholesterol interaction or indirect effects (such as

the alteration of membrane properties) are responsible for the modulation of the dimer in-

terface with increasing membrane cholesterol content, we analyzed cholesterol density around

the transmembrane helices. A density map of the cholesterol population around the receptor,

analyzed over several z slices, is shown in Fig. 3.7.

We identified three sites of high cholesterol density in the outer leaflet and four sites in

the lower leaflet. Importantly, we identified a site on transmembrane helix IV with the highest
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Figure 3.7: The 2-D projections of the spatial density function (SDF) of cholesterol around a
monomer of the β2-adrenergic receptor. The SDFs were calculated for Z-slices along (a) the extra-
cellular leaflet, (b) the intracellular leaflet and (c) the center of the membrane, respectively. The
cartoon representation of the helix backbone atoms (2-D projection) of the receptor is shown in blue
for comparison. The regions of highest cholesterol density are marked with e (extracellular leaflet),
i (intracellular leaflet) and m (membrane) as defined in Cang et al. (305).

density in the middle of the bilayer. Although a few hot spots of interactions could be identified,

very few unbinding events at the highest density sites were observed since the cholesterol

occupancy at these spots was of the order of µs. In the absence of sampling (i.e., in the absence

of adequate binding/unbinding events at all interaction sites), measures based on population

densities will necessarily be biased. To exclusively account for specific binding events, we

calculated the maximum occupancy time of cholesterol around each of the transmembrane

helices during the simulation. We defined the maximum occupancy time as the maximum

time a given cholesterol molecule was continuously bound to a given site, normalized to the

simulation length. A value of one implies that the cholesterol molecule was present at the

given site throughout the entire simulation time, and zero implies it was never present at that

site. The simulations were divided into two regimes: the first corresponding to monomeric

receptors and the second corresponding to the receptor dimers. The maximum occupancy time

of cholesterol around the transmembrane helices averaged over the three replicates performed

for each cholesterol concentration is shown in Fig. 3.8.

In general, we observed the longest occupancy of cholesterol at transmembrane helix IV. In

the monomeric regime (Fig. 3.8, a, c, and e), the maximum occupancy at transmembrane helix

IV increased with increasing cholesterol concentration. At the highest cholesterol concentra-

tion (50%), the maximum occupancy of cholesterol at transmembrane helix IV was considerably
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Figure 3.8: Cholesterol occupancy at the β2-adrenergic receptor (maximum occupancy time of
cholesterol, i.e., the maximum time a given cholesterol molecule was continuously bound to each
of the transmembrane helices). (a–f) The values shown are normalized and averaged for three
simulations at increasing cholesterol concentrations: 9% (a and b), 30% (c and d), and 50% (e and
f). The simulations were divided into two regimes: the monomer regime (a, c, and e) and the dimer
regime (b, d, and f). A maximum occupancy time of one implies that a given cholesterol molecule
was present at the given site throughout the entire simulation time, and a value of zero implies it
was always absent from that site. The error bars represent the Standard Deviation (SD) between
the simulations.

higher than in other transmembrane helices (Fig. 3.8, e and f). Taken together, these results

point to a cholesterol-binding site on transmembrane helix IV whose occupancy is stochastic

and dependent on the membrane cholesterol concentration. In the absence of several bind-

ing/unbinding events, the highest-occupancy sites observed in our simulations compare well

with the highest-density sites, but need not correspond to binding sites with large favorable

free energy.

Interestingly, the increased presence of a cholesterol molecule at transmembrane helix IV in
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the monomeric regime correlated well with the decreased presence of this helix at the final dimer

interface. At 50% membrane cholesterol concentration, the maximum occupancy of cholesterol

at transmembrane helix IV was much higher than at 9% cholesterol, and a lower involvement

of transmembrane helix IV was observed at the dimer interface. At 9% and 30% membrane

cholesterol concentrations, the occupancy of cholesterol at transmembrane helix IV was usu-

ally higher in one of the receptors compared with the other, and in general a hetero-interface

involving transmembrane helices I and II from one receptor and transmembrane helices IV and

V from the other was observed (see Fig. 3.4, b and c). At 9% cholesterol concentration, a

single instance of homointerface involving only transmembrane helices IV and V was observed.

Analysis of that individual trajectory showed that the cholesterol occupancy around transmem-

brane helix IV in the monomeric regime was very low in both receptors under that condition.

We therefore hypothesize that a high occupancy of cholesterol at transmembrane helix IV, i.e.,

a stable occupancy of cholesterol at that site, interferes with its subsequent participation in

dimer interface formation.

3.3.5 Cholesterol occupancy site at transmembrane helix IV

To explore the molecular details of the cholesterol occupancy site at transmembrane helix IV,

we calculated a residue-based distance map between the bound cholesterol and the amino acid

residues on transmembrane helix IV. A high dynamics was observed at the site and a few

representative snapshots are depicted in Fig. 3.9.

One of these sites (Fig. 3.9, a and b) corresponds to the CCM site reported in the crystal

structure74. This site is at amino acid residues R151, I154, and W158 (the corresponding

Ballesteros-Weinstein numbers are given in Table 3.2).

The cholesterol molecule diffuses on a µs timescale (Fig. 3.9, c-f) to sample site m1 (as

defined in Fig. 3.7) at amino acid residues W158 and I159. In the first site, the polar bead

of the cholesterol molecule (modeling the terminal hydroxyl group), interacts with the charged

residue R151. At site m1, the polar bead interacts mainly with the aromatic residue W158. The

nonpolar beads of the cholesterol molecule interact mainly with nonpolar amino acid residues,

such as I153, I154, V157, and I159. Although the most favorable interaction between the

cholesterol molecule and the receptor occurs on transmembrane helix IV, several contacts are

also observed with the adjacent transmembrane helices II and III.
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Figure 3.9: Cholesterol-binding sites on transmembrane helix IV of the β2-adrenergic receptor.
(a) The CCM site observed in the crystal structure (74). (b) The cholesterol-binding site identified
in the coarse-grained simulations that directly corresponds to the CCM site. (c–f) A high dynamics
was observed for the cholesterol and additional conformations of the cholesterol near the site. The
backbone of transmembrane helix IV is shown in blue, and the side chains of the amino acid residues
R151, I154, and W158 are shown in gray. The bound cholesterol molecule is shown in magenta
and the polar bead representing the -OH group is depicted in blue. For clarity, the surrounding
receptors, lipid, cholesterol, and water molecules are not shown.

3.3.6 POPC binding site at the dimer interface

As discussed above, the final dimer structures formed in POPC bilayers revealed the presence

of a phospholipid molecule at the dimer interface (see Fig. 3.5). The binding of the POPC

molecule at the dimer interface was also observed at 30% and 50% membrane cholesterol. Due to

the variation in the transmembrane helices present at the interface in the absence and presence

of cholesterol, we could not discern any consensus sequence. Two such POPC-binding sites are

shown in Fig. 3.10 and correspond to the bilayers of POPC and POPC/30% cholesterol.

The zwitterionic head group of the POPC interacts with either a charged residue such
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Table 3.2: Ballesteros Weinstein (B-W) numbering of transmembrane helices in β2-adrenergic
receptor

Transmembrane Sequence B-W numbering Most conserved
helix residue

I G35-I58 1.34 - 1.57 N51
II I72-L95 2.43 - 2.66 D79
III E107-D130 3.26 - 3.49 R131
IV R151-Y174 4.43 - 4.66 W158
V Q197-S220 5.36 - 5.59 P211
VI L275-I298 6.37 - 6.60 P288
VII E306-S329 7.33 - 7.56 P323

Figure 3.10: Two representative snap shots of the POPC binding sites at the dimer interface of
the β2-adrenergic receptor. The helices that directly interact with the lipid are colored in the color
scheme used previously (see Fig. 3.1); the remaining helices are shown as translucent. The amino
acid residues interacting with the lipid are labeled. The bound POPC molecule is shown in dark gray
with the head group bead represented in orange. Surrounding lipid, cholesterol and water molecules
are not shown for clarity.

as E225 or polar aromatic residues such as Y199. The fatty acyl chain of the phospholipid

molecule interacts mainly with nonpolar residues such as I205 or aromatic residues such as

F217.

3.4 Discussion

GPCR organization represents a crucial determinant in cellular signaling317. The heterogeneous

distribution of GPCRs in membrane domains characterized by different lipid compositions has

given rise to new challenges and complexities in receptor signaling. Therefore, cellular signaling
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has to be considered in the context of organization of various signaling components, including

receptors, lipids, and G-proteins. In this context, several questions remain unexplored regarding

the molecular details of receptor association and oligomerization. In this work, we analyzed

the effect of membrane cholesterol on the dimerization of the β2-adrenergic receptor. The novel

(to our knowledge) aspect of our work stems from the fact that we correlated the molecular-

level receptor-cholesterol interaction with modulation of the receptor dimerization process. We

performed multiple µs-timescale, coarse-grained simulations that allowed us to explore the

interface for receptor dimers in lipid bilayers at several cholesterol concentrations. We showed

that cholesterol modulates the dimer interface of the β2-adrenergic receptor by binding to a

cholesterol occupancy site on transmembrane helix IV.

3.4.1 Exploring the energy landscape by unbiased simulations

It is difficult to explore the complex energetics of GPCR organization due to the limited

methodologies available to probe these processes. Unbiased atomistic molecular dynamics

simulations have been used extensively to probe protein and membrane dynamics that occur

on the nanosecond timescale304,305,318–325. With increasing computational power, unbiased

atomistic simulations have been used to study phenomena on the µs timescale225,326,327. Unbi-

ased coarse-grained simulations are increasingly being used to explore µs-timescale dynamics

and organization268,328–333. In particular, coarse-grained simulations using unbiased sampling

have improved our understanding of GPCR association233,334. Although unbiased molecular-

dynamics simulations can better represent the equilibrium evolution of the system without any

external bias (potential/force) or reaction coordinate, they are limited by the phase space they

sample225,335. Biased simulations such as umbrella sampling and force pulling are often per-

formed to improve sampling, and with careful analysis can be used to estimate the underlying

unbiased true energy landscape. In two previous studies, these methods were employed to

calculate a potential of mean force (PMF) of GPCR association along a given reaction coordi-

nate (interhelical distance)234,236. In both studies, a 1D PMF was calculated for only limited

dimer interfaces (e.g., a 1/7 interface) and the sampling of the other dimer interfaces was

absent. Importantly, recent work suggested that even for the association of single transmem-

brane helices, 1D PMFs result in limited sampling and overestimate the energetics336–338. The

limited sampling arises from slow membrane dynamics, and biased simulations of membrane
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partitioning were recently shown to over- or underestimate the underlying (unbiased) energy

landscape339–341. Consequently, it still remains difficult to achieve a complete thermodynamic

understanding of GPCR association in different membrane compositions. In this work, we car-

ried out multiple unbiased coarse-grained simulations totaling ∼1 ms to analyze the association

between two GPCRs and probe the role of the membrane lipid environment. The membrane’s

effects in driving and modulating receptor association within membranes have been usually

neglected and the focus of our work is to understand these effects.

3.4.2 The dimer interface and comparison with experimental data

Most studies of the dimer interface of the β2-adrenergic receptor have employed indirect meth-

ods, and several dimer interfaces have been proposed159,342. Interfaces involving transmem-

brane helix VI159 or helix VIII342 have been proposed based on results obtained by different

techniques. The most direct evidence for dimer interfaces comes from the related β1-adrenergic

receptor147. The crystal structure of the ligand-free basal structure of the β1-adrenergic re-

ceptor shows two distinct dimer structures: one involving transmembrane helices I and II and

helix VIII, and the other involving transmembrane helices IV and V. The two dimer inter-

faces observed in the crystal structure correspond to the two homo-interfaces observed in our

simulations (see Fig. 3.11), and no crystal contacts were observed that correspond to the

hetero-interface.

However, we propose that although both dimer interfaces are energetically favorable, the

membrane environment (cholesterol) tunes the energetics to modulate the relative populations.

3.4.3 Structural plasticity of the dimeric interface

The various dimer interfaces of the β2-adrenergic receptor revealed by various experimental

methods147,159,342 suggest that the energetics of association via the different dimer interfaces

are comparable and perhaps dependent on the experimental conditions. In a recent biased

molecular dynamics simulation of the β2-adrenergic receptor, Johnston et al.236 calculated the

energetics of two interfaces and reported comparable stabilities for these two dimer interfaces.

Although the dimer interfaces they considered were distinct from those observed in this report,

their results confirmed a structural plasticity in the dimer structure. Similarly, relatively weak

binding energetics was recently reported for different rhodopsin dimer interfaces and suggested
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Figure 3.11: Comparison of the dimer interfaces of the β1-adrenergic receptor and the β2-
adrenergic receptor. (a and b) Crystal structure of the b1-adrenergic receptor (83). (c and d)
Dimer structures of the β2-adrenergic receptor obtained from coarse-grained simulations at 0% and
50% cholesterol concentration, respectively. The transmembrane helices that comprise the dimer
interface are colored and labeled.

to be relevant in the context of the supramolecular organization of GPCRs234. Our data sug-

gest a similar plasticity of the dimer interface for the β2-adrenergic receptor, further modulated

by the membrane cholesterol. A total of 49 orientations are possible, considering a simple inter-

action matrix between the seven transmembrane helices. In our set of 12 simulations, several

of these interfaces were sampled. To test the plasticity and relative stabilities of the dimer

interfaces, we performed 10 additional shorter simulations at each cholesterol concentration. A

comprehensive contact map with the increased sampling is shown in Fig. 3.12.

The highest-population interfaces correspond to the most stable interfaces observed in the

first set of simulations, i.e., a homo-interface involving transmembrane helices IV and V, a

hetero-interface with transmembrane helices IV and V, and I and II, and another homo-interface

involving transmembrane helices I and II. The plasticity in the dimer interfaces can be easily

appreciated in terms of the relative populations of interfaces observed in the contact maps.

Since the plasticity emerges from the comparable energetics of the interfaces, the modulation

of the energetics by the environment results in changes in the relative populations of these

interfaces.
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Figure 3.12: Contact maps depicting the helix-helix interactions between the two receptors. The
contact maps were calculated for a total of 52 simulations (original set and additional 10 X 4
simulations). Panel (a) corresponds to POPC bilayer; panels (b), (c) and (d) correspond to POPC
bilayers containing 9, 30, and 50% cholesterol, respectively. The values were calculated as an
average over all simulations and normalized by the time of occurrence and simulation length. A
cut-off distance of 0.5 nm was used to determine the contact residues.

3.4.4 Cholesterol occupancy sites

Lipid-receptor interactions are especially significant for GPCRs because they undergo confor-

mational changes to carry out their function, giving rise to structural plasticity343,344. These

cooperative conformational changes involve the participation of surrounding lipid molecules,

and various conformations are stabilized by the binding of different lipids. One of the first

reports of a cholesterol-binding site in GPCRs was based on the crystal structure of the β2-

adrenergic receptor74,102, in which a stably bound cholesterol was reported. It should be noted

that GPCRs are known to behave differently in cubic and lamellar lipidic mesophases345, and

the cholesterol-binding site, termed the cholesterol consensus motif (CCM), could be specific to
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the membrane lipid environment. Interestingly, one of the binding modes of cholesterol at helix

IV we observed in our coarse-grained simulation correlates well with the CCM site reported

in the crystal structure74, indicating that cholesterol occupancy at this site is independent of

the lipid packing arrangement (see Fig. 3.9). Cholesterol occupancy on helices V and VII,

which contain another putative cholesterol-binding site (the CRAC motif346), is also relatively

high, but much lower than on helix IV. These results are consistent with the dynamic nature of

cholesterol binding to GPCRs predicted from previous molecular-dynamics studies125,304,305.

High occupancy of cholesterol at this site on helix IV was observed in both monomer and

dimer states. More importantly, our results show that cholesterol occupancy at this site leads

to modulation of the final dimer structures obtained. As stated above, this implies that the

underlying energy landscape of receptor dimerization, i.e., the relative stabilities of these dimer

interfaces, can be modulated by interaction with membrane cholesterol.

3.4.5 Functional significance of cholesterol-mediated dimer interfaces

The β2-adrenergic receptor was recently cocrystallized with the stimulatory G-protein (Gs),

and the receptor-Gs protein interface was shown to be formed by transmembrane helices V

and VI110. Although monomers of the β2-adrenergic receptor were reported to be sufficient for

signaling112, the receptor was demonstrated to be present as a dimer in vivo114, and receptor

organization was shown to be important for its function159. If the receptor-Gs protein interac-

tion includes a receptor dimer, the dimer interface observed in our simulations in POPC bilayers

could lead to potential steric hindrance with the Gs protein since it involves transmembrane he-

lix V. In the presence of increasing membrane cholesterol, transmembrane helix V from either

one receptor or both receptors becomes progressively available for association with the Gαs

subunit. We speculate that in the altered dimer conformation in the presence of cholesterol,

the β2-adrenergic receptor dimer can interact more favorably with the Gαs subunit. Due to the

comparable energies of the different dimer interfaces of β2-adrenergic receptor234,236, the dimer

interfaces observed in our simulations in the presence and absence of cholesterol only represent

the most populated dimer interfaces and it is possible that other dimer conformations could be

sampled under different conditions.To the best of our knowledge, our results constitute the first

report of the modulation of the dimeric structure of a GPCR by the membrane cholesterol.

Knowledge about GPCR dimer models would allow the development of dimeric or bivalent
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drugs that could interact with both monomers in a dimer, and open up new possibilities in

drug discovery347. The modulation of GPCR dimer structure by membrane cholesterol could

have interesting and far-reaching applications in cellular physiology and drug discovery. Cellular

cholesterol is known to be developmentally regulated and its content increases with aging348,349.

This could imply that the organization of GPCR oligomers is age dependent. The efficacy of

a specific drug designed to target a GPCR dimeric interface could therefore change with the

process of aging. Interestingly, the membrane lipid environment of GPCRs has been implicated

in disease progression during aging350. In addition, there is a strong asymmetry in the manner

in which cholesterol is distributed among various organs and tissues in the human body. In

other words, the distribution of cholesterol among various tissues is not uniform. The central

nervous system, which accounts for only ∼2% of the body mass, contains ∼25% of the free

cholesterol present in the whole body351. This means that GPCR oligomerization could be

tissue specific. With the development of new technologies to detect GPCR oligomers in native

tissues154, this could represent an exciting possibility. Importantly, the fact that the same

GPCR could be present in multiple tissues may pose a considerable challenge in designing

drugs suitable for the dimer interface.

In conclusion, using multiple coarse-grained simulations of the β2-adrenergic receptor in

membranes with varying lipid composition, we have shown that the dimerization process of the

β2-adrenergic receptor is modulated by membrane cholesterol. More specifically, we showed that

cholesterol occupancy at transmembrane helix IV restricts its involvement at the dimer interface

and stabilizes a dimer interface with transmembrane helices I and II instead of transmembrane

helices IV and V. However it is unclear if conformational modulation of dimer interface in

β2-adrenergic receptor is solely mediated through specific interaction between the receptor and

cholesterol. Based on our results, it appears that dimer plasticity is relevant not just as an

organizational principle but also as a regulatory principle for GPCR function. Understanding

the cross talk between GPCRs and cholesterol represents an important step in our overall

understanding of GPCR function in health and disease.

75



3. Cholesterol Modulates Dimer Interface in β2-AR 3.4. Discussion

76



4

Role of Lipid-Mediated Effects in

β2-Adrenergic Receptor Dimerization

“It sounds plausible enough tonight, but wait until tomorrow. Wait for the common

sense of the morning.”

– H.G. Wells, The Time Machine

4.1 Introduction

The molecular details of receptor-lipid interactions are being increasingly probed at the

atomistic resolution by computational methods, such as molecular dynamics simula-

tions. With increase in computational power, longer timescale atomistic simulations of GPCR

monomers have been performed352–355. The simulations have probed detailed GPCR dynamics

and identified several important protein-lipid interactions. Specific cholesterol binding sites

have also been proposed based on µs timescale simulations125,304,305. To understand the more

complex higher-order organization of GPCRs, coarse-grained methods have been used233,334

that suggest hydrophobic mismatch as an important driving force. Additionally, we have shown

that membrane composition can directly modulate the dimer interface of the β2-adrenergic re-

ceptor238. Dimerization profiles have also been calculated by biased molecular dynamics for a

few interfaces, but focused mainly on the protein energetics234,236. It is becoming increasingly

clear that GPCR association is modulated by the membrane environment, although a more
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detailed investigation of the receptor-lipid interactions is still missing. Importantly, the signif-

icance of cholesterol in modulating receptor organization has been established, but the role of

the phospholipids in modulating organization remains largely unexplored.

In this work, we study the interaction of the β2-adrenergic receptor with the membrane

lipids and explore the direct and indirect membrane effects that could be important in recep-

tor dimerization. In a previous study, we have carried out coarse-grained molecular dynamics

simulations of the β2-adrenergic receptor in membranes of varying cholesterol composition238.

We have shown that cholesterol “hot-spots” present on the receptor surface could modulate the

receptor dimerization. Here, we examine the role of the membrane lipids in driving and mod-

ulating receptor dimerization. We first calculate the hydrophobic mismatch in the monomeric

and dimeric regimes, and compare its role in driving association. We also explore direct lipid

binding sites in the receptor monomers and dimers. We have identified a putative lipid-binding

site between transmembrane helices I and VII that shows a high occupancy by a lipid molecule.

Our results show that both direct and indirect membrane effects contribute toward the dimer-

ization of the receptor.

4.2 Methods

4.2.1 System setup

Molecular dynamics simulations of the membrane embedded β2-adrenergic receptor were carried

out in POP bilayers in the absence and presence of 50 % cholesterol. The systems were

represented using the MARTINI coarse-grained force-field (version 2.1)232,283. We have used

the MARTINI forcefield in our study since it has been shown to be suitable for applications

such as membrane protein association234,309–311 and partitioning of membrane proteins between

membrane domains of varying compositions266,312. A homology model of β2-adrenergic receptor

(amino acid residues 29–342) was generated from crystal structure (PDB: 2RH1) using the

software SWISSMODEL313. Bilayers containing POPC and with 50% cholesterol concentration

were generated from an initial conformation of randomly placed POPC, cholesterol and water

molecules. For the simulations of the monomeric receptor, a single copy of the receptor in

its coarse-grained representation was embedded at the middle of an equilibrated bilayer and

simulated for 5 µs. For the dimer simulations, two copies of the receptor, in its coarse-grained
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representation, were embedded into the equilibrated membrane, such that the inter-receptor

distance (centre of mass) was at least 6 nm (minimum distance at least 3 nm). After the

receptors associated, the dimer regime was simulated for a further 20 µs. Further details of the

simulations are described in our previous study238.

4.2.2 Simulation parameters

All simulations were performed using the GROMACS simulation package, version 4.5.4314.

The cut-off for nonbonded interactions was 1.2 nm with electrostatic interactions shifted to 0

in the range 0-1.2 nm and Lennard-Jones interactions shifted to 0 in the range 0.9-1.2 nm. A

relative electrostatic screening of 15 was used. The temperature for each group was weakly

coupled using Berendsen thermostat algorithm with a coupling constant of 0.1 ps to maintain

a constant temperature of 300 K during simulation315. Semi-isotropic pressure was maintained

using Berendsen barostat algorithm with a pressure of 1 bar independently in the plane of

the membrane and perpendicular to the membrane with a coupling constant of 0.5 ps and a

compressibility of 3 x 10−5bar−1. The time step used in the simulations was 20 fs. Simulations

were rendered using VMD software316.

4.2.3 Analysis

Local membrane thickness:

The local membrane thickness was calculated from the difference in the z -position of the PO4

bead of the POPC molecule. The values were calculated by binning the bilayer into 0.5 nm bins

and averaging over the trajectory. To compare between different membrane compositions, a

normalized membrane thickness has been defined: Xnorm = X/Xav , where X is the local bilayer

thickness and Xav the average bilayer thickness in the bulk membrane. Correspondingly, the

bilayer thickness far from the receptor is 1, and local thickening or thinning will be denoted

by a value greater than or less than 1, respectively. A snapshot of the receptor has been

superimposed on the 2D local thickness profile.
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Spatial density function (SDF):

The spatial distribution of the phospholipid molecules around the β2-adrenergic receptor was

calculated as the 3D spatial distribution function of the lipid beads. The SDF was calculated

from the last 5 µs trajectory by using the g-spatial program in the Gromacs package. The voxel

element was set to 0.1 nm in each direction. In general, the SDF reflects the average 3D density

distribution of the lipids and therefore points toward the locations where lipid molecules reside

with higher probability. The calculated 3D SDFs were averaged over the extracellular and

intracellular leafl ets by projecting onto the upper and lower membrane planes, respectively. A

snapshot of the receptor has been superimposed on the projected SDFs.

Energetics:

The protein-protein, protein-lipid, and lipid-lipid interaction energies were calculated by sum-

ming the Lennard-Jones and Coulomb terms. For POPC-cholesterol bilayers, the contributions

from POPC and cholesterol were summed. The values were binned at a bin size of 0.1 nm inter-

receptor distance.

4.3 Results

Coarse-grained molecular dynamics simulations of β2-adrenergic receptors were performed in

POPC bilayers in the absence and presence (50 %) of cholesterol. We have previously shown

that cholesterol modulates the dimer interfaces of the β2-adrenergic receptor via cholesterol

“hot-spots”238. Here, we extend our previous work to analyze the effects mediated by the

lipids, both the direct and indirect effects, and probe their relation to receptor association.

4.3.1 Indirect effects: Hydrophobic mismatch around the receptor

We analyzed the local membrane thickness around a β2-adrenergic receptor, embedded in

POPC bilayers containing 0 and 50% cholesterol (see Fig. 4.1). Since the thickness of the

POPC-cholesterol bilayer is larger than the POPC bilayer356, we compare a normalized thick-

ness between the two bilayers. The normalized thickness is defined as Xnorm = X/Xav, where X

is the local bilayer thickness and Xav the average bilayer thickness in the bulk membrane. This

measure allows us to directly compare the local variations in the thickness compared to the
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bulk membrane. In POPC bilayers, the thickness profile shows two distinct areas of increased

thickness (Fig. 4.1a).

Figure 4.1: Bilayer thickness profile around the β2-adrenergic receptor in POPC bilayers with 0%
(a and b) and 50% (c and d) cholesterol concentration. The profiles correspond to the monomer
(left) and dimer (right) regimes of the receptor. To compare the local variations in the bilayer
thickness, a normalized bilayer thickness is plotted. The top views of the receptor monomer and
dimers are superimposed on the plots and transmembrane helices labeled. The transmembrane helices
have been color coded as follows: I (red), II (yellow), III (gray), IV (purple), V (green), VI (cyan),
VII (orange). Thickness profiles were generated with previously developed tools357.

The first site is localized around helix I and VII and the second site is located at helices IV

and V. At the other faces of the receptor, membrane thinning was observed around the grooves

formed by helices I, II and helices VI, VII. The same two sites show a positive mismatch in

POPC-cholesterol bilayers (Fig. 4.1c ), but the magnitude of the mismatch is less. The decrease

in the magnitude of the mismatch is due to the increased membrane thickness in the presence

of cholesterol. It is difficult to correlate residue-based hydrophobic length of the helices to the

bilayer perturbations due to helix tilting, apolar flanking residues and asymmetric distribution
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of apolar residues on different helix faces (Table 4.1).

Table 4.1: Length of the hydrophobic segment of the transmembrane helices in β2-adrenergic
receptor

Transmembrane Helix Helix Length (nm) Helix length along
the bilayer normal (nm)

I 3.7 2.6
II 3.6 2.9
III 3.8 3.4
IV 3.1 3.1
V 3.5 3.3
VI 3.7 3.5
VII 3.8 3.7

a The hydrophobic segment of each transmembrane helix was calculated by measuring the av-
erage distance between the terminal backbone beads. To account for helix tilting, a second
measure of the length component of transmembrane helix parallel to the bilayer normal was
also calculated. The hydrophobic region of the bilayer, calculated as the average distance
between the beads representing Sn2 glycerol ester carbon of POPC, is 3.25 nm.

To analyze the membrane profile around the receptor in the dimer regime, two dimer states

corresponding to the most sampled states in our simulations were considered (see101). The

dimer structure most populated in POPC bilayers with 0% cholesterol is defined by helices IV

and V at the interface. At 50% cholesterol concentration, the most populated dimer structure

comprised of helices I and II at the interface. A distinct relationship is seen between the helices

that define the dimer interface and those that show a positive hydrophobic mismatch with

the bilayer. The differences in the membrane thickness were less pronounced in the dimer

regime, for both dimer structures. Interestingly, in the dimers observed in POPC bilayers, the

thickness changes around helix I were reduced (Fig. 4.1b), although the helix was not in the

dimer interface. In the dimer states in POPC bilayers with 50% cholesterol, an asymmetric

thickening around helix I persisted, though it was involved at the dimer interface (Fig. 4.1d).

Although there appears to be a distinct connection between hydrophobic mismatch and dimer

interfaces, the relationship between the two is not straightforward. The decreased populations

of helix I in the dimer interface in POPC bilayers, despite a high hydrophobic mismatch in the

monomer regime, coupled with a complex mismatch pattern in the dimer states, points toward

more complex dimerization behavior of the receptor.
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4.3.2 Direct effects: Specific protein-lipid interactions

The spatial distribution function (SDF) of lipid molecules around the monomer was calculated

for a representative simulation set and is plotted in Fig. 4.2. The density profiles of the

POPC molecules was calculated over several z-slices and averaged over the extracellular and

the intracellular leaflets separately. The regions of high density correspond to sites with the

highest probability of finding a POPC molecule.

The SDF profile shows one distinct site between helices I and VII in the extracellular leaflet

(Fig. 4.2a). In the inner leaflet, a more spread-out density was observed (Fig. 4.2b). The

first site was centered around helix IV, and was close to the putative cholesterol binding site

(CCM). The remaining sites were spread out over helices V, VI and VII. In the presence of

cholesterol, a competition was observed between POPC and cholesterol molecules and at most

sites POPC binding persisted. On the extracellular site, the SDF is high in the same groove,

i.e. between I and VII, although the location appears to be shifted (Fig. 4.2c). The magnitude

of the SDF in this groove is similar to that in POPC bilayers. In the intracellular site, the

main region of high lipid distribution is located around helix IV, although the magnitude is

reduced (Fig. 4.2d). The remaining regions of high density observed in POPC bilayers are

further reduced in magnitude. Upon dimerization, the sites of high lipid density persist (Fig.

4.2e-h). Taken together, these results suggest a competition between cholesterol and POPC

molecules at the putative cholesterol binding site at helix IV. In contrast, the high SDF site at

helix VII appears to be stable and we propose it to be a putative lipid binding site.

To test the robustness of the density data and to exclusively account for the specific binding

events, we calculated the maximum occupancy time of POPC around each of the transmem-

brane helices during the simulation (Fig. 4.3).

We defined the maximum occupancy time as the maximum time a given PO4 bead of the

POPC molecule was continuously bound to a given site, normalized to the simulation length.

A value of 1 implies that the lipid molecule was present at the given site throughout the entire

simulation time and 0 implies it was never present at that site. The values were averaged

over ten simulations and the error bars denote the standard deviation between the simulations.

A similar trend to the density profiles is observed in maximum occupancies. The maximum

occupancy of POPC was the highest at helix VII at the extracellular leaflet and the highest at

helix IV on the intracellular leaflet. In presence of cholesterol, the occupancy at both the sites
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Figure 4.2: The spatial distribution function (SDF) of POPC around the β2-adrenergic receptor
monomer in POPC bilayers with 0% (a,b) and 50% (c,d) cholesterol. The SDF is represented for
the extracellular (a,c) and intracellular (b,d) leaflets separately. The SDF around the receptor dimer
is shown for the extracellular (e,g) and intracellular (f,h) leaflets in POPC bilayers with 0% (e,f)
and 50% (g,h) cholesterol concentration. The top views of the receptor monomer and dimers are
superimposed on the plots.

decreases although the trend persists. Combining our data on the SDFs and occupancies, it is

clear that POPC binding to some of these sites is specific.
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Figure 4.3: Maximum occupancy of POPC molecules around the β2-adrenergic receptor monomer
in POPC bilayers with 0% (a,b) and 50% (c,d) cholesterol. The occupancy is shown for the extra-
cellular (a,c) and intracellular (b,d) leaflets separately. The occupancy around the receptor dimer
is shown for the extracellular (e,g) and intracellular (f,h) leaflets in POPC bilayers with 0% (e,f)
and 50% (g,h) cholesterol concentration.

4.3.3 Characterization of the lipid site at helix I

To explore the molecular details of the POPC occupancy site at transmembrane helix VII, we

calculated a residue-based distance map between the bound POPC molecule and the amino

acid residues on transmembrane helix I and VII. A representative snapshot is shown in Fig.

4.4.

The head group beads are observed to interact with a charged residue, Glu306. Several

aromatic and apolar residues line the lipid occupancy groove. Interestingly, the same site
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Figure 4.4: A schematic representation of (a) the high lipid occupancy site in seen in coarse-
grained simulations and (b) the putative lipid binding site in the crystal structure of A2A-adenosine
receptor. Only transmembrane helices I and VII are shown for clarity. The side chains that are
involved at the site are shown in light grey. The POPC molecule is represented in dark grey and
the head-group PO4 and NC3 beads are depicted as spheres.

has been identified as a putative lipid binding site in a recent high resolution A2A-adenosine

receptor structure302. The lipid binding groove between helices I and VII from the crystal

structure of the A2A-adenosine receptor is also depicted in Fig. 4.4.

4.3.4 Exploring the energetics of association

The membrane effects described above are a consequence of the interplay between the energetics

of the protein and the lipid. We have calculated the interaction energies as a function of inter-

receptor separation (shown in Fig. 4.5).

The values shown are averaged over ten simulations, totaling about 130 µs of total simula-

tion time and are distinct from the free energy of dimerization. In POPC and POPC-cholesterol

bilayers, the protein-protein interaction energy decreases expectedly as the receptors approach

each other (Fig. 4.5a, b). A minimum could not be discerned at low inter-receptor distances,

possibly due to the lack of sampling of unfavorable close contacts. Multiple smaller minima

could be discerned along the pathway that could correspond to meta-stable states along the

dimerization pathway. The protein-lipid interaction energy increased as the receptors approach

each other due to the de-lipidation of the protein (Fig. 4.5c, d). The lipid-lipid interaction

energy decreases correspondingly as the receptors associate and interact with each other (Fig.

4.5e, f). To fully understand the energetics of receptor association, free-energy calculations

sampling over all possible receptor interfaces is required, that still remains a challenge within
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Figure 4.5: The interaction energies as a function of inter-helical distance calculated for the
protein-protein contacts in (a) POPC and (b) POPC-cholesterol bilayers; the protein-membrane
interaction energies in (c) POPC and (d) POPC-cholesterol bilayers and the membrane-membrane
interactions in (e) POPC and (f) POPC-cholesterol bilayers. The values for each membrane were
calculated from ten simulations totaling about 130 µs of simulation time.

current computational methods.

4.4 Discussion

GPCR organization is a critical factor in cellular signaling317 and understanding these processes

within heterogeneous membrane compositions gives rise to new challenges and complexities. It

is becoming clear that cellular signaling in general and GPCR function in particular has to be

considered in the context of membrane organization and composition. In specific, the interplay

between the receptor and the constituent membrane molecules needs to be probed. In this

work, we have analyzed the membrane effects around the β2-adrenergic receptor. Both direct

and indirect effects have been probed, together with the estimation of the membrane-protein
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energetics. We have analyzed multiple µs time scale coarse-grained simulations that allows us

to explore the membrane effects in the presence and absence of cholesterol.

Hydrophobic mismatch as a driving force for GPCR association has been proposed pre-

viously for β2-adrenergic receptor334, rhodopsin233,358 and the opioid receptor359. Although

there appears to be a distinct connection between the helices with the maximum hydrophobic

mismatch and those present subsequently at the dimer interfaces, the relationship between the

two is not straightforward. The decreased populations of helix I in the dimer interface is ob-

served in POPC bilayers, despite a high hydrophobic mismatch in the monomer regime. This,

coupled with a complex mismatch pattern in the dimer states, points toward more complex

driving forces for receptor association. A more direct effect of the membrane environment

on GPCR stability and organization is suggested based on the lipid and cholesterol binding

sites that have been resolved in several GPCR crystal structures102,302. Although cholesterol

binding sites have been probed in detail125,304,305, the lipid binding sites remain less explored.

Here, using multiple µs time scale coarse-grained simulations we propose a high occupancy site

of POPC at helix VII of the β2-adrenergic receptor. A similar site has been observed in previ-

ous atomistic simulations of the β2-adrenergic receptor, but was not further characterized305.

Interestingly, the same site is also proposed to be a lipid binding site based on the recent high-

resolution crystal structure of the A2A-adenosine receptor302. We suggest that this site could

play a role in the subsequent organization of the receptor and modulate the population of the

dimer structures with helices I/VII at the interface.

Our results highlight the regulation of receptor dimerization in β2-adrenergic receptor

through specific and non-specific interaction of cholesterol and phospholipid with the recep-

tor. Cholesterol is shown to influence receptor organization in serotonin1A receptor, a closely

related member of serotonergic family122,123. Specific sites for cholesterol binding have also

been identified in serotonin1A receptor125,346. Given the role of specific cholesterol interaction

in modulating dimerization in β2-adrenergic receptor238, such lipid-mediated effects could also

be possibly involved in influencing receptor association in other GPCRs.

In conclusion, using multiple coarse-grained simulations of the β2-adrenergic receptor in

POPC bilayers in the absence and presence (50%) of cholesterol, we have characterized lipid-

protein interactions that could play an important role in the stabilization and organization

of the receptor. We show the presence of hydrophobic mismatch at helices I/VII and IV/V,
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that is reduced in the presence of cholesterol. Although there is a relation between the helices

with maximum hydrophobic mismatch and its subsequent presence in the dimer interface, the

relationship is not straightforward. We have further suggested a putative lipid binding site at

helix VII that could play an important role in modulating the dimer interfaces. Based on our

results, it appears that lipid-protein interactions play an important role in receptor dimeriza-

tion. Understanding the underlying membrane-protein interactions will help us appreciate the

complex nature of GPCR organization and its link to GPCR function in health and disease.
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5

Cholesterol-

dependent Conformational Plasticity

in GPCR Dimers

“I cannot fix on the hour, or the spot, or the look or the words, which laid the foun-

dation. It is too long ago. I was in the middle before I knew that I had begun.”

– Jane Austen, Pride and Prejudice

5.1 Introduction

Molecular details on GPCR conformational states have begun to emerge as a result

of recent success in structure determination of several GPCRs101,102,360. In addi-

tion, recent advances in computational and NMR approaches have helped uncover molecular

mechanisms of receptor activation361–366. On the other hand, the molecular organization of

GPCRs, especially in the context of their physiological role, is less explored367,368. Recent

studies have shown that the oligomerization of certain GPCRs is dynamic190,317 and con-

stitutive122,369. Membrane lipids (particularly cholesterol)122,123,238,370 and the cytoskeletal

network122,370 have been implicated in the modulation of GPCR function and oligomerization.

Receptor oligomerization has been suggested to increase the cross-talk between receptors371

and potential downstream signaling capabilities of GPCRs, thereby providing a framework for
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efficient and controlled signal transduction367. Receptor oligomerization assumes greater sig-

nificance for better therapeutic strategies and recent exploratory studies have confirmed the

increased specificity of multivalent drugs372, as well as ligand sensitivity of the various dimer

interfaces373. In this overall context, GPCR oligomerization is an emerging paradigm, and

needs to be explored in detail to improve our understanding of GPCR function in health and

disease.

In our previous studies, we characterized the molecular mechanisms of lipid mediated ef-

fects on receptor dimerization in β2-adrenergic receptor238,239. In order to examine whether

such mechanisms also modulate association among other GPCR members, we extended our

investigation to serotonin1A receptor, a member of the serotonergic family which shares ∼ 48%

sequence similarity with β2-adrenergic receptor124. The serotonin1A receptor is an important

neurotransmitter receptor that is implicated in various cognitive, behavioral, and develop-

mental functions117,374. The agonists and antagonists of the serotonin1A receptor represent

major classes of molecules with potential therapeutic applications in anxiety- or stress-related

disorders375. As a result, the serotonin1A receptor serves as an important drug target for neu-

ropsychiatric disorders such as anxiety and depression as well as in neuronal developmental

defects376. It is one of the first receptors for which cholesterol dependence of ligand binding

and signaling function was demonstrated7,9,121. Highly dynamic cholesterol interactions have

been identified on the receptor surface using coarse-grained simulations125,377. The serotonin1A

receptor has been shown to oligomerize in a constitutive manner122 which is dependent on

membrane cholesterol content122,123. However, the molecular interplay between membrane

cholesterol and receptor oligomerization is still lacking.

In this work, we have used coarse-grained molecular dynamics simulations to analyze the

dimerization of the serotonin1A receptor in membranes of varying cholesterol content. A major

finding from our results is the high conformational plasticity of the dimer with increasing

cholesterol concentration. We postulate that increased cholesterol concentration at the interface

between the two receptors, reminiscent of “nonannular” sites70, is responsible for the increased

dimer rotational flexibility and plasticity. These results help explain the molecular mechanism

governing cholesterol-dependent receptor oligomerization. We believe these results provide an

important first step toward the design of therapeutic strategies that could be exploited for

tissue-specific and age-dependent interventions.
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5.2 Methods

5.2.1 System setup

Multiple coarse-grained molecular dynamics simulations of two membrane embedded serotonin1A

receptors were performed using the MARTINI force-field232,283. Twenty simulations of 45 µs

each were carried out in POPC/cholesterol bilayers with varying cholesterol concentration,

corresponding to a total of 900µs at each cholesterol concentration. The total simulation time

equals 3.6 ms of coarse-grained simulation time, corresponding to 14.4 ms of effective simulation

time232,283. The coarse-grained representation of the homology model of serotonin1A receptor

and POPC bilayers with varying cholesterol concentration (0, 9, 30 and 50%) were obtained

from earlier studies124,125. Four orientations of the receptors, rotated about 90 degrees from

each other were considered, with a minimum distance of 3.0 nm between the receptors. The

schematic representations of the receptor and a representative initial system are shown in Fig.

5.1 (also see Table 1). Simulations of the monomeric receptor in POPC bilayers with varying

cholesterol concentrations were performed under identical conditions (see Table 1).

Figure 5.1: A schematic representation of the serotonin1A receptor: (a) Top view of the receptor
with individual helices numbered; (b) starting structure of the two monomers in POPC bilayers with
30% cholesterol. The receptors are shown in same colors as that in panel (a). Phospholipid molecules
are shown in gray, the phosphate beads of the phospholipids are shown in orange, cholesterol is shown
in pink and surrounding water molecules are shown in blue.
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Table 5.1: Summary of simulations performed

System Initial minimum Simulation Number of Molecules
distance (nm) Number Length (µs) Receptor POPC Chol.

Dimer simulations
POPC 3.2 20 45 2 568 0
POPC/ 3.5 20 45 2 520 48

9% cholesterol
POPC/ 3.6 20 45 2 520 158

30% cholesterol
POPC/ 3.1 20 45 2 520 260

50% cholesterol

Monomer simulations
POPC - 1 25 1 284 0
POPC/ - 1 25 1 260 24

9% cholesterol
POPC/ - 1 25 1 260 78

30% cholesterol
POPC/ - 1 25 1 260 130

50% cholesterol

5.2.2 Simulation parameters

All simulations and analysis were performed using GROMACS version 4.5.5314. The systems

were represented by the MARTINI coarse-grained force-field version 2.1 for the protein and

version 2.0 for the lipid parameters. Non-bonded interactions were used in their shifted form

with electrostatic interactions shifted to zero in the range of 0-1.2 nm and Lennard-Jones

interaction shifted to zero in the range of 0.9-1.2 nm. The temperature of each molecular group

in the system was weakly coupled to a thermostat at 300 K using the Berendsen thermostat

algorithm with a coupling constant of 0.1 ps315. Pressure was maintained semi-isotropically at 1

bar independently in the plane of the bilayer and perpendicular to the bilayer using Berendsen’s

barostat algorithm with a coupling constant of 0.5 ps and a compressibility of 3 x 10−5 bar−1.

Initial velocities for system were chosen randomly from a Maxwell distribution at 300 K. The

LINCS algorithm was used to constrain bond length. A time step of 20 fs was used for the

simulations with neighbor list updated every 10 steps. Periodic boundary conditions were

maintained along x, y and z direction. Simulations were rendered using the VMD software316

along with MARTINI secondary structure rendering scripts.
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5.2.3 Analysis

Characterization of the rotational angles sampled by the receptors

The relative orientation of the receptors was calculated from the angle between the planes

defined by residues from transmembrane helices I and IV (see Fig. 5.2).

Figure 5.2: A schematic representation of the relative orientations of the two receptors. θ1 refers
to the relative orientation of receptor 1 relative to receptor 2 and θ2 is the relative orientation of
receptor 2 relative to receptor 1. The relative orientation is defined as the angle between the planes
formed by the backbone beads of residues 48, 164, 167 of receptor 1 and residue 167 of receptor 2,
as shown in the figure. The helices containing these residues, i.e., transmembrane helices I and IV,
are shown.

θ1 refers to the rotational angle of receptor 1 relative to receptor 2 characterized by the

angle between the planes formed by the backbone beads of residues 48, 164 and 167 of receptor

1 and residue 167 of receptor 2 (residues numbered according to UNIPROT ID: P08908).

Similarly, θ2 refers to the rotational angle of receptor 2 relative to receptor 1 characterized by

the same residues. To account for reduced dimer interactions in POPC/cholesterol bilayers

with 50% cholesterol concentration, an equal number of random simulations were considered

for the remaining membranes.

95



5. Cholesterol-dependent Conformational Plasticity in GPCR Dimers 5.2. Methods

Quantitative estimation of involvement of transmembrane helices at dimer inter-

face

The transmembrane helices at the dimer interface were determined from the dimer regime by

using a cut-off of 0.5 nm, using the same methodology as in our earlier work125. Long-lived

dimer species were identified as those where no subsequent dissociation (larger than cut-off)

was observed. Transient dimers where characterized as those in which a dissociation event

(minimum distance of 1.5 nm) was observed subsequently in the trajectory.

Maximum cholesterol occupancy around each residue of receptor

Maximum cholesterol occupancy is defined as the maximum (normalized) time for which a

cholesterol molecule remains associated with a particular site. The definition was based on

our earlier work125,238,239. Hydrophobic mismatch around transmembrane helices. The nor-

malized bilayer thickness profile around the monomer was calculated from the phosphate bead

distances of the bilayer based on previous work239. A value >1 indicates local thickening (pos-

itive hydrophobic mismatch) and a value <1 indicates local thinning (negative hydrophobic

mismatch).

Cholesterol occupancy at dimer interfaces

To quantify the cholesterol occupancy at the dimer interface, we calculated normalized lipid

occupancy for each dimer interface which we term as ‘interface occupancy score’. The ‘interface

occupancy score’ is defined for each helix in a given dimer conformation as the product of the

normalized cholesterol occupancy and the probability of that dimer conformation. In the

interface occupancy matrix, the diagonal elements correspond to high cholesterol occupancy at

the helices at the dimer interface and the off-diagonal elements correspond to high cholesterol

occupancy at transmembrane helices not occurring at the dimer interface. To reduce noise in

the calculations, only the helices with at least 70% probability of occurrence at the interface

were considered. Similarly, only helices with a maximum cholesterol occupancy of 0.7 were

considered.
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5.3 Results

The dimerization of membrane-embedded serotonin1A receptors was analyzed from a series of

coarse-grained molecular dynamics simulations, totaling to 3.6 ms of simulation time. To in-

vestigate the dependence of receptor dimerization on membrane lipid composition, simulations

were performed in POPC bilayers and POPC/cholesterol bilayers with increasing cholesterol

concentration. A schematic representation of the receptor and a representative initial system

are shown in Fig. 5.1. Twenty independent simulations of 45 µs were performed for each

membrane composition for the receptor dimer (Table 5.1).

5.3.1 Receptor association is dependent on cholesterol concentration

During the course of simulation, the receptors diffused freely, with a µs time scale encounter

frequency. A time-distance plot showing the minimum distance between the two receptors for

each simulation is shown in Fig. 5.3.

The monomeric regime when the two receptors diffuse independently is characterized by

distances larger than 1 nm. The dimer regime corresponds to smaller distances (<0.5 nm

closest approach), depicted by the dark blue stretches in Fig. 5.3. Receptor dimerization

was observed in all membrane compositions. In most cases, several close associations between

the two receptors were observed prior to dimer formation. The time taken to form a dimer

was variable and ranged from 1 to 45 µs. The most favorable long-lived dimer species were

stable in the time scale of the simulations, although transient dimer species were observed as

well. Interestingly, the number of dimers observed in the simulations exhibited a dependence

on cholesterol concentration. At higher cholesterol concentrations (30 and 50%), the number

of dimer species observed was lower relative to what was observed in POPC bilayers and

POPC/cholesterol bilayers with 9% cholesterol. For example, only 14 long-lived stable dimers

(in a total of 20 simulations) were observed in POPC/cholesterol bilayers with 50% cholesterol.

In addition, dimerization was less frequent at higher cholesterol concentrations, as evident from

the length of the dark blue stretches in Fig. 5.3.
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Figure 5.3: Schematic representations of the minimum distance between the transmembrane
segments of the two receptors during the course of the simulation in (a) POPC bilayers and
POPC/cholesterol bilayers with (b) 9 (c) 30 and (d) 50% cholesterol concentrations. The range
of distances between the monomers is color coded and shown as a scale bar. The dimer regime is
characterized by distances less than 0.5 nm, corresponding to the dark blue stretches in the plot.
The monomer regime corresponds to the red, yellow, green and light blue regions in the plot. Each
row in every panel represents an independent simulation (numbered along the ordinate), thereby
corresponding to a total of 80 simulations of 45 µs each. (e) A schematic representation of the two
receptors in the monomer and dimer regime. See Methods for other details.

5.3.2 Cholesterol increases plasticity of dimer conformers

To analyze the dimer conformations observed in the simulations, we calculated the relative

orientations of the receptors in the dimer regime. The conformations were characterized by
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measuring the rotational angle of the two receptors relative to each other, defined by two

arbitrary angles θ1 and θ2 for the two receptors (See Methods and Fig. 5.2 for further details).

Two-dimensional plots of the population densities of the relative orientations at each membrane

composition are shown in Fig. 5.4.

Figure 5.4: Normalized population of the relative orientations of the two receptors in the dimer
regime defined by the angles θ1 and θ2 (see Methods for details). The populations were averaged
over the dimer regime for simulations in (a) POPC bilayers and POPC/cholesterol bilayers with (b)
9 (c) 30 and (d) 50% cholesterol concentrations. The relative orientations can be broadly mapped
to four conformations (A, B, C and A’) that are marked in panels (a-d). The four conformations
correspond to two sites at the receptor: site 1 comprising of transmembrane helices I and II and
site 2 comprising of transmembrane helices IV, V and VI. (e) Conformation A corresponds to
a non-flexible homo-interface with only a single helix from site 1 (transmembrane helix I). (f)
Conformation B corresponds to homo-interfaces at site 2. (g) Conformation C corresponds to
hetero-interfaces comprising of transmembrane helices from sites 1 and 2. (h) Conformation A’
corresponds to a flexible interface at site 1.

The most striking feature of the rotational orientations sampled is that only a few of the

conformations were sampled in POPC bilayers and the conformational diversity appeared to

increase with increase in cholesterol concentration. We broadly mapped the relative orientations

to four conformations (A, B, C and A’). A visual inspection of these four conformations revealed

that they correspond to mainly two sites at the receptor: site 1 comprising of transmembrane

helices I and II (and occasionally VII) and site 2 comprising of transmembrane helices IV, V

and VI. Schematic representations of the conformers (i.e., A, B, C and A’) are shown in Fig.
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5.4(e-h).

In POPC bilayers, the most favorable conformer was A (see Fig. 5.4a,e) which corresponds

to a symmetric homodimer (values of θ1 and θ2 are close to zero). The interface was observed

to have low rotational flexibility and consists of only transmembrane helix I from site 1 of the

receptor. Additional conformations (B and C) were sampled, but with reduced population. In

POPC/cholesterol bilayers with 9% cholesterol (Fig. 5.4b), several dimer conformations were

sampled. Conformer B (Fig. 5.4f) was observed to have a high population. A visual inspection

revealed that conformer B correspond to several related conformers at site 2 (transmembrane

helices IV, V and VI). These interfaces were observed to be very flexible and small rotations

around each monomer resulted in variable transmembrane helices at the dimer interface. In

addition, the population of conformer A decreased, but a related conformer A’ (Fig. 5.4h) was

found. Conformer A’ corresponds to a more flexible interface than conformer A, but at the same

site 1 of the receptor. At increased cholesterol concentrations (30 and 50%), several instances of

conformer C (Fig. 5.4g) were sampled. Conformer C corresponds to heterointerfaces of helices

from sites 1 and 2. Interestingly, at these higher concentrations, conformer A (prominently

observed in POPC bilayers) was not observed at all. In these cases, the more flexible conformer

A’ was observed.

Taken together, the results suggest that cholesterol modulates dimer conformations in a

way so as to populate the conformer space with more plastic and flexible dimers. This is

particularly evident in case of the less flexible conformer A that was not observed at higher

cholesterol concentrations (Fig. 5.4c,d). A related flexible conformer A’ was observed at higher

cholesterol concentrations, but not in the absence of cholesterol (Fig. 5.4a). In addition,

more conformers were sampled at increased cholesterol concentration, highlighting the role of

cholesterol in the increased flexibility and plasticity of the dimer conformations.

5.3.3 Cholesterol modulates the receptor dimer interface

We further analyzed the dimer conformations and estimated the relative contributions of the

individual transmembrane helices at the dimer interface. Only the long-lived stable dimer

conformations that did not exhibit any subsequent dissociation were considered. Contact maps

representing the transmembrane helix pairs at the dimer interfaces at different cholesterol

concentrations are shown in Fig. 5.5.
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Figure 5.5: Contact maps depicting the helix-helix interactions at the dimer interface in (a) POPC
bilayers and POPC bilayers containing (b) 9 (c) 30 and (d) 50% cholesterol. The dimer interfaces
were calculated from the long-lived stable dimers not exhibiting any subsequent dissociation in the
time scale of the simulation. The values were calculated as an average over all simulations and
normalized by the time of occurrence and simulation length. A cut-off distance of 0.5 nm was used
to determine the contact residues. The color scale bar indicates the normalized population. For
better clarity, the color scale bar for the dimer interfaces sampled in POPC bilayers is different
from the POPC/cholesterol bilayers. See Methods for further details.

A distinct difference was observed in the contact maps with increasing cholesterol concen-

tration in the membrane. The most striking feature that emerges is the predominant occurrence

of the transmembrane helix I-I homodimer in POPC bilayers (see Fig. 5.5a). This interface was

sampled less in POPC/cholesterol bilayers with 9% cholesterol (Fig. 5.5b) and was completely

absent at higher cholesterol concentrations (Fig. 5.5c,d). Another prominent feature of the

contact maps is the increased plasticity, i.e., presence of multiple favorable helix-helix contacts,

in presence of cholesterol. The main features of the contact maps are in agreement with the

rotational orientations sampled (Fig. 5.4), and additionally allow us to characterize the dimer

interfaces at a molecular level.
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5.3.4 Unfavorable dimer interfaces dissociate at ns to µs time scale

A detailed analysis of the minimum distance between the receptors over the simulation period

pointed to several dissociation events (Fig. 5.3). Several of the unfavorable dimers that disso-

ciate had been stably bound at µs time scale, and are distinct from the multiple close-contacts

formed prior to the formation of a long-lived dimer. One such example was observed in set 15

in POPC/cholesterol bilayers with 9% cholesterol (Fig. 5.3b). A dimer was observed for almost

3 µs between 4.8 and 7.8 µs, after which it dissociated. The two receptors freely diffused away,

moving apart by as much as 6 nm (shown as red), and consequently dimerize again at 23 µs

and remain associated until 45 µs. Another example of such a dissociation event was observed

in set 6 in POPC/cholesterol bilayers with 50% cholesterol (see Fig. 5.3d). Four dimer associ-

ation/dissociation events were observed, in which the dimer species was observed for at least

1 µs, followed by subsequent dissociation. The receptors were observed to diffuse away and

finally re-associate after several µs. Taken together, ∼ 124 dissociation events were observed,

ranging from ns to µs time scale. The unstable dimer species was observed in all membrane

compositions (see Fig. 5.3), but the number of dissociation events considerably increased with

increasing cholesterol concentration (see Table 5.2). In POPC/cholesterol bilayers with 50%

cholesterol concentration, the number of dissociation events was the largest, despite a slower

initial association (see Fig. 5.3d).

Table 5.2: Quantitative estimation of number of transient associations during serotonin1A receptor
dimerization

System Number of transient associations

POPC 8
POPC/9% cholesterol 28
POPC/30% cholesterol 40
POPC/50% cholesterol 48

We characterized the nature of these transient interactions by analyzing the dimer con-

formers sampled during these short-lived unstable associations. Contact maps of the dimer

conformers sampled during the unstable short-lived associations are shown in Fig. 5.6.

In POPC bilayers, the dissociation events are low (Fig. 5.6a), and the transient dimer

conformers consisted of transmembrane helices IV/I and V/IV. In POPC/cholesterol bilayers

with 9% cholesterol concentration (see Fig. 5.6b), the transient dimer conformers consisted of
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Figure 5.6: Contact maps depicting the helix-helix interactions at the dimer interface for tran-
siently associated dimers in (a) POPC bilayers and POPC bilayers containing (b) 9 (c) 30 and (d)
50% cholesterol. The dimer interfaces were calculated from the short-lived unstable dimers that sub-
sequently dissociate during the simulation. The values were normalized to the transient association
period and the maximum total number of transient association instances (see Table 5.2). The color
scale bar indicates the normalized population. For better clarity, the color scale bar for the dimer
interfaces sampled in POPC bilayers is different from the POPC/cholesterol bilayers. See Methods
for further details.

transmembrane helix I in most cases, in combination with transmembrane helix II, IV and VI.

In POPC/cholesterol bilayers with 30% cholesterol (Fig. 5.6c), the transient dimer conformers

mostly included transmembrane helix I. In particular, the I-I homodimer was found to dissociate

in several instances. In POPC/cholesterol bilayers with 50% cholesterol (Fig. 5.6d), the least

favorable dimer conformer was the I-I homodimer.

Interestingly, the I-I homodimer, predominantly sampled in POPC bilayers (Fig. 5.5a),

never dissociated within the µs time scales of the current simulations (Fig. 5.6a). In sharp

contrast to this, in POPC/cholesterol bilayers with increased cholesterol concentrations (Fig.

5.5c,d), the I-I homodimer was not observed in the stable dimer regime and dissociated in

case the initial contacts were formed (Fig. 5.6c,d). These results therefore indicate that the
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presence of cholesterol modulates both the initial approach between receptors and the relative

stability of the favorable dimer conformers by fine-tuning the conformational energetics.

5.3.5 Cholesterol modulates receptor dimerization through direct and indi-

rect effects

To examine the molecular basis of the modulation of the dimer conformations by cholesterol,

we analyzed the possible direct and indirect effects of cholesterol301. The direct effects arise

from an interaction between the receptor and cholesterol and have been characterized by the

occupancy of cholesterol around each residue of the receptor. Indirect effects arise from changes

in the bilayer properties such as changes in bilayer thickness due to the presence of cholesterol.

Residue-wise cholesterol occupancy

The direct interaction of cholesterol with the receptor was analyzed by calculating the

maximum occupancy of cholesterol at each residue of the receptor during the monomer regime

of the simulations (see Methods for further details). Figure 5.7a shows cholesterol occupancy

calculated around each residue, averaged over all simulations in POPC/cholesterol bilayers and

normalized to the maximum value.

The highest cholesterol occupancy was observed at transmembrane helix VI. In addition,

high cholesterol occupancy was observed at transmembrane helices I and V (>0.8). Interestingly

we observed comparably higher cholesterol occupancy at the third intracellular loop of the

receptor (between transmembrane helices V and VI), indicating interaction of the loop with

the membrane. The values calculated considering each transmembrane helix is consistent (Fig.

5.8).

These results suggest that the presence of cholesterol at transmembrane helix I in the

monomeric regime could be related to its subsequent absence at the dimer interface (see Fig.

5.5), although a direct correlation is difficult.

Hydrophobic mismatch around transmembrane helices

Membrane cholesterol is known to regulate lipid-protein interactions by increasing the thick-

ness of the membrane bilayer. It has been previously reported that the bilayer thickness of

POPC vesicles increases from ∼26 Åto ∼ 30 Åin presence of 30% cholesterol356. This could give

rise to ‘hydrophobic mismatch’, i.e., a difference in the hydrophobic lengths of transmembrane

proteins and the surrounding lipid annulus, that can lead to changes in membrane protein
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Figure 5.7: (a) Maximum cholesterol occupancy around each residue of the receptor in the
monomer regime. The values were normalized to the simulation length of the monomer regime
and averaged over two monomers from all simulations in POPC/cholesterol bilayers. The gray
bands depict the segments corresponding to the transmembrane helices. (b-e) Bilayer thickness pro-
files around the receptor in (b) POPC bilayers and POPC/cholesterol bilayers with (c) 9 (d) 30 and
(e) 50% cholesterol concentration. A top view representation of the transmembrane helices of the
receptors is superimposed on the plots.

oligomerization233,239,334,378. We analyzed the variation in the normalized bilayer thickness

around the receptor monomer to directly compare the local bilayer thickness at all membrane
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Figure 5.8: Maximum cholesterol occupancy around each transmembrane helix in the monomer
regime. The values are reported for (a) the transmembrane helix as a whole and (b) upper and (c)
lower leaflets separately. The values have been normalized to the simulation length of the monomer
regime and averaged over the two receptors from all simulations in POPC/cholesterol bilayers.

compositions and quantitate the mismatch around the receptor. The normalized bilayer thick-

ness profiles are shown in Fig. 5.7(b-e). In POPC bilayers, an increased bilayer thickness was

observed at site 1 of the receptor, corresponding to transmembrane helices I and II (Fig. 5.7b).

An increase in bilayer thickness was also observed around site 2 comprising of transmembrane

helix IV, but was lower in magnitude. In POPC/cholesterol bilayers with 9% cholesterol (Fig.

5.7c), both sites 1 and 2 exhibit increased bilayer thickness. In POPC/cholesterol bilayers with

30 and 50% cholesterol (Fig. 5.7d,e), the positive hydrophobic mismatch at site 1 was reduced,
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and the mismatch at site 2 was increased. Interestingly, the main dimer conformations observed

in our simulations (Fig. 5.4) correspond to the sites of the receptor in which the membrane per-

turbations are high. However, a direct correlation is difficult. For example, the perturbations

at site 1 persist even at high cholesterol concentrations, although a homodimer at this site,

comprising of transmembrane helix I was observed to be unfavorable. Cholesterol-dependent

receptor dimerization therefore appears to be a complex interplay between direct and indirect

effects.

5.3.6 Nonannular cholesterol contributes to dimer flexibility and plasticity

Cholesterol occupancy in the dimer regime was found to be different from that in the monomer

regime (see Fig. 5.7 and Fig. 5.9).

Figure 5.9: Maximum cholesterol occupancy around each residue of the receptor in the dimer
regime: The values have been normalized to the simulation length of the dimer regime and averaged
over the two receptors from all simulations in POPC/cholesterol bilayers. The gray bands depict
the segments corresponding to the transmembrane helices.

High cholesterol occupancy was observed in the dimer regime around transmembrane he-

lices IV, V and VI, similar to the monomer regime. However, cholesterol occupancy at trans-

membrane helix I decreased considerably in the dimer regime. To examine if the varying

cholesterol occupancies were correlated to the dimer interface, we calculated an interface oc-

cupancy score (see Methods for details). The interface occupancy for cholesterol calculated for

POPC/cholesterol membrane bilayers is shown in Fig. 5.10(a-c).

The diagonal elements in the plots correspond to high cholesterol occupancy at the trans-

membrane helices at the homodimer interface, and the off-diagonal elements correspond to the
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Figure 5.10: The normalized occupancy of cholesterol (panels a-c) and POPC (d-g) at each helix
in the receptor dimer plotted as a function of the helices at the dimer interface. The interface oc-
cupancy scores (see Methods) of cholesterol are shown for POPC/cholesterol bilayers with (a) 9 (b)
30 and (c) 50% cholesterol concentrations. The interface occupancy scores of POPC are shown for
(d) POPC bilayers and POPC/cholesterol bilayers with (e) 9 (f) 30 and (g) 50% cholesterol con-
centrations. The interface occupancy scores were normalized to the relative probability of occurrence
of the transmembrane helix at the dimer interface (obtained from Fig. 5.5) and highest maximum
cholesterol occupancy for each receptor (from Fig. 5.7). The diagonal elements correspond to high
occupancy of cholesterol (or POPC) at helices that constitute the dimer interface. The off-diagonal
elements correspond to occupancy of cholesterol (or POPC) at the helices not at the dimer inter-
face. The presence of cholesterol at the dimer interface is reminiscent of nonannular lipids70 and
is believed to act as a ‘molecular lubricant’ by modulating the energetics of helix-helix interaction
(see text). See Methods for further details.

cholesterol occupancy away from the interface. In POPC/cholesterol bilayers with 9% choles-

terol (Fig. 5.10a), the diagonal elements show high scores, suggesting that the cholesterol

occupancy at the transmembrane helices at the dimer interface is high. The score for the off-

diagonal elements, corresponding to cholesterol occupancy at receptor sites not at the dimer

interface was relatively low, suggesting lower cholesterol at sites away from the dimer interface.

Similarly, in POPC/cholesterol bilayers with 30% cholesterol (Fig. 5.10b), the scores of the

diagonal elements were high, confirming the presence of cholesterol at the dimer interface. In

POPC/cholesterol bilayers with 50% cholesterol (Fig. 5.10c), the effect was less pronounced

and high cholesterol occupancy was observed at all transmembrane helices, both at the dimer

interface and away from it. In sharp contrast, the occupancy of POPC was not related to
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the dimer interface (Fig. 5.10d-g). POPC occupancy was high at transmembrane helix I and

shifted to transmembrane helix V with increasing cholesterol concentration, consistent with the

monomer regime (Fig. 5.11).

Figure 5.11: The maximum occupancy was calculated from the phosphate bead of the phospholipid
molecule for simulations in (a) POPC bilayers and POPC/cholesterol bilayers with (b) 9 (c) 30
and (d) 50% cholesterol concentrations. The values have been normalized to the simulation length
and averaged over the two receptors in the monomer regime.

Interestingly, the site of POPC association at transmembrane helix I is identical to that

predicted by recent atomistic simulations379. The presence of high cholesterol occupancy at

the dimer interface and the lack of correlation of POPC occupancy with the dimer interface,

strongly point out the involvement of membrane cholesterol in receptor dimerization.

The high cholesterol occupancy at the dimer interface is reminiscent of nonannular sites

that have been suggested to be present at inter-receptor sites as well as intra-receptor (inter-

helical) sites70. We propose that in case of the serotonin1A receptor, the nonannular sites are

related to both dimer plasticity as well as the rotational flexibility of the dimer interface. From

this perspective, cholesterol could be thought of acting as a ‘molecular lubricant’, and could

modulate the conformational energetics of helix-helix interaction in the membrane.
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5.4 Discussion

GPCRs are important mediators of signaling networks that have been shown to be dependent

on membrane cholesterol. Cholesterol appears to function in a receptor-dependent manner

by modulating the structure and organization, but the molecular details of these mechanisms

have been difficult to probe due to this inherent complexity. In addition, GPCR organization is

important not just as an organizational principle but also as a regulatory paradigm influencing

receptor cross-talk and drug efficacy. In this work, we have analyzed the dimerization of

the serotonin1A receptor, an important GPCR, by comprehensive coarse-grained simulations,

totaling to an effective time of ∼ 15 ms (see Methods). By analyzing the dimerization behavior

of the receptor in POPC bilayers with increasing concentration of cholesterol, we are able

to delineate the subtle, yet functionally relevant, effect of cholesterol on receptor association.

The dimer states display four distinct conformers with sharply defined boundaries that are

dependent on membrane lipid composition (Fig. 5.4). We propose that the dynamics of

association of cholesterol molecules at receptor dimer interfaces, promotes receptor rotational

flexibility and conformational plasticity, much needed for their biological activity.

An interesting aspect of the current work is that although multiple dimer interfaces are

observed, they can be mapped to mainly two sites: site 1 involving transmembrane helices

I and II, and site 2 comprising of transmembrane helices IV, V and VI. A continuous inter-

play of each of these helices and rotation of the receptor gives rise to several dimer interfaces,

fine- tuned by cholesterol concentration. These effects are mediated, possibly through spe-

cific interaction. Indeed, cholesterol has been shown to bind at specific sites on GPCRs by

atomistic304,305,380,381 and coarse-grained simulations125,238,377,382. In addition, cholesterol as-

sociation kinetics at the ns and µs time scales has been reported by NMR studies383. An

interesting feature of our results is the observation that conformational plasticity in terms of

populations of the various dimer species and rotational flexibility in terms of helices at the

dimer interface are increased in presence of cholesterol (see Figs 5.4 and 5.5). Previous stud-

ies on oligomerization of related GPCRs, rhodopsin and the opioid receptor have identified

similar sites on the receptor as important protein-protein contacts234,235. Molecular dynamics

simulations have suggested that GPCR oligomerization is dynamic with comparable energet-

ics of helix-helix interactions234,236. Similarly, two different dimer interfaces were observed in
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the oligomeric crystal structure of β1-adrenergic receptor147 and µ-opioid receptor146. Muta-

tional studies combined with protein-protein docking suggested the presence of transmembrane

helices IV and V in the dimer interface of the serotonin1A receptor210. Importantly, such a dy-

namic association can explain the effect of cholesterol on the organization in serotonin1A
122,123

and the neurotensin384 receptors. Modulation of conformational plasticity by cholesterol could

contribute toward modulation of the oligomer populations. On the other hand, serotonin2C

receptor exhibits a high population of receptor dimers on the plasma membrane385,386, similar

to the endoplasmic reticulum and Golgi, although the lipid composition differs385. Our work

validates the dynamic nature of the receptor-receptor interface, and establishes the importance

of cholesterol in regulating and modulating receptor organization.

An important feature of the current work is the identification of short-lived dimer species

with unfavorable dimer interfaces. The large number of dissociations observed, especially at

high cholesterol concentrations (Fig. 5.6c,d) points toward a comprehensive sampling of the

dimerization process at the sub-ms time scale regime. Previous studies of GPCR association

have focussed on oligomeric species and due to limitations in the time scales sampled, were

unable to identify these unfavorable dimer interfaces233,235,238,334. The presence of the short-

lived dimer species supports the importance of cholesterol in modulating the energetics of

receptor-receptor interaction, thereby increasing the flexibility and plasticity of serotonin1A

receptor dimers.

These results from our current work provide a “molecular insight” to the lipid-mediated

modulation of dimer conformation in serotonin1A receptor. Our findings match well with the

experimental evidence which suggests that membrane cholesterol induces higher order oligomer-

ization in serotonin1A receptor122. However, owing to limitation in spatial resolution, the study

fails to clearly characterize the different oligomeric species. Also, results from our dimeriza-

tion studies only postulates the formation of larger aggregates based on the multiple contact

interfaces sampled between the two monomers. It would therefore be more informative to re-

investigate the effect of cholesterol on “higher order” oligomerization using multiple (n > 2;

where n denotes the number of receptors) serotonin1A receptors in the system.

The increased conformational plasticity of the serotonin1A receptor dimer by membrane

cholesterol could be relevant in cellular physiology and drug discovery. Cellular cholesterol is

known to be developmentally regulated and in a cell type dependent manner348,387. This could
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imply that the organization of the dimers is age and cell type dependent. Given the central

role of the serotonin1A receptor in anxiety and depression, this would suggest an age-dependent

implication in disease progression. Further, the tissue-dependent organization of GPCRs could

be important in the context of drug efficacy and specificity.

In conclusion, using multiple coarse-grained simulations we have been able to identify impor-

tant cholesterol-dependent organizational principles in GPCRs. The conformational plasticity

of the serotonin1A receptor dimer has been demonstrated to be dependent on cholesterol. By

occupying nonannular sites at the dimer interface, cholesterol is suggested to modulate helix-

helix interaction and directly influence the protein contacts. Our work is an important step

toward understanding GPCR function in healthy and diseased conditions.
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6

Cholesterol

Regulates Cluster Size and

Conformation of Serotonin1A

Receptor Oligomers

“If you want to know what a man’s like, take a good look at how he treats his inferiors,

not his equals.”

– Sirius Black, J.K. Rowling’s “Harry Potter and the Goblet of Fire”

6.1 Introduction

Recent advancements in single molecule analysis has made it possible to directly track

fluorophore-labelled GPCRs in living cells and monitor their interaction with each

other116,144. However, owing to limitations in optical resolution and data fitting, oligomeric

population larger than dimers cannot be accurately estimated. Quantitative estimation of

oligomeric species is further complicated by the observation that flurophores might be located
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farther than their Förster distance (minimum distance between the fluorophores required for

energy transfer) even though the receptors are in contact144,367. Homo-oligomerization among

GPCR members also appears to be largely influenced by membrane lipids, particularly choles-

terol122,123. Studies suggest that formation of homo-oligomers could play an essential role in

receptor tracking113 and signaling159. Homo-oligomerization between the receptors generates

oligomeric species with specific conformations that regulates ligand sensitivity373,388 and conse-

quently specificity and efficacy of downstream signaling389. Therefore, GPCR oligomerization

and factors influencing this process needs to be critically examined to understand its role in

GPCR function in healthy and disease conditions.

Computational approaches such as coarse-grained molecular dynamics has been instrumen-

tal in investigating the molecular mechanism of GPCR oligomerization and provide valuable

insight into the role of lipid-protein interactions in regulating receptor association233,235,334.

Different lipid-mediated effects have been identified to modulate oligomer conformation. While

local hydrophobic mismatch around transmembrane helices appears to play a driving force

for receptor-receptor interaction in rhodopsin233 and β2-adrenergic receptor334, lipid kinetics

around the receptor surface influences the sites of contact between the GPCRs235. In a pre-

vious study, we examined dimerization in serotonin1A receptor which showed that cholesterol

increases conformational plasticity in dimer conformations126. These effects were mediated

by a combination of specific and non-specific interaction between cholesterol and receptor.

Serotonin1A receptor has been suggested to exist as oligomers under physiological conditions123.

However molecular details such as cluster size, oligomer conformation is not well characterized.

In order to examine the role of cholesterol in modulating the size and conformation of

oligomeric species in serotonin1A receptor, we scaled up our system size to include 9 randomly

oriented receptors in POPC bilayer and POPC/cholesterol bilayers. The cholesterol concentra-

tions chosen were identical to those used in our dimerization studies126. During simulation the

receptors freely diffused in the bilayer and associated with each other to form clusters of varying

sizes. Relative population of the different cluster sizes showed a strong dependance on choles-

terol concentration. Higher order oligomers (cluster size >5) were observed at lower cholesterol

concentrations which reduced to smaller clusters at higher cholesterol concentrations. Hy-

drophobic mismatch appears to play an important role in driving receptor oligomerization.
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However, a combination of direct and indirect lipid-mediated effects as well as interplay be-

tween receptor-lipid energetics appears to modulate the size and conformation of the resultant

clusters.

6.2 Methods

6.2.1 System setup

Coarse-grained molecular dynamics simulation of serotonin1A receptors embedded in bilayers

with different lipid composition were carried out. The initial system consisted of 9 randomly

oriented receptors arranged in a 3x3 fashion in bilayers with 0%, 9%, 30% and 50% cholesterol

concentration. Details regarding the system compositions is given in Table 6.1.

Table 6.1: Summary of simulations performed

System Initial minimum Simulation Number of Molecules
distance (nm)a Number Length (µs) Receptor POPC Chol.

POPC 5.87 (10.41) 5 70 9 2556 0

POPC/ 7.81 (14.78) 5 70 9 2340 216
9% cholesterol

POPC/ 5.20 (10.36) 5 70 9 2340 702
30% cholesterol

POPC/ 7.87 (14.89) 5 70 9 2340 1170
50% cholesterol
a The value in paranthesis indicates minimum distance between opposite receptors while that outside the paranthesis

indicates distance between adjacent receptors.

Five simulations of atleast 70 µs each were performed at each bilayer composition, giving a

total simulation period of 1.4 ms which corresponds to 5.6 ms of effective simulation time. The

coarse-grained representation of the homology model of serotonin1A receptor and the POPC

bilayers with different cholesterol concentrations were obtained from previous studies123,125. A

schematic top-view representation of the initial system is shown in Fig. 6.1. Data for monomer

simulations of serotonin1A receptor in bilayers with different cholesterol concentrations were

obtained from our previous studies126.
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Figure 6.1: A schematic top-view representation of the initial configuration of the receptors in
POPC bilayer with 50% cholesterol. The receptors are shown in blue, phospholipids in gray and
cholesterol in pink. Water is not shown for clarity

6.2.2 Simulation parameters

All simulations and analysis were performed using GROMACS version 4.5.5314. Systems were

represented using MARTINI coarse-grained force-field 2.1 for the protein and version 2.0 for

lipid parameters232,283. Steepest-descent algorithm was used for energy minimization of the

systems. Non-bonded interactions were used in their shifted form with electrostatic interactions

shifted to zero in the range of 0-1.2 nm and Lennard-Jones interaction shifted to zero in the

range of 0.9-1.2 nm. Berendsen themostat algorithm315 was used to maintain system temper-

ature at 300K by weakly coupling the temperature of each molecular group to the thermostat

with a coupling constant of 0.1 ps. Semi-isotropic pressure was maintained at 1 bar indepen-

dently in the plane of the bilayer and perpendicular to it using Berendsen’s barostat algorithm

with a coupling constant of 0.5 ps and a compressibility of 3 x 10−5 bar−1. Initial velocities

were chosen randomly from a Maxwell distribution at 300K. Bond lengths were kept constant

using LINCS algorithm. A time step of 20 fs was used with neighbour list updated every 10

steps. Periodic boundary conditions were maintained along x, y and z direction. Simulations
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were rendered using VMD software316 and MARTINI secondary structure rendering scripts.

Plots were generated using Grace.

6.2.3 Analysis

Quantitative estimation of transmembrane helices at contact interface

The transmembrane helices at the contact interface between two receptos were determined

following their association using the same methodology as in our earlier work238. The cut-off

considered for interaction between the receptors was set to 0.5 nm. The values were averaged

over all stable contact instances between the receptors and all simulations for each system.

Cholesterol occupancy at contact interface

We quantitated the correlation between transmembrane helices showing increased lipid occu-

pancy and their involvement at contact interface by calculating ‘interface occupancy score’ as

discussed in our earlier work126. The ‘interface occupancy score’ is defined for each helix in a

given association between two receptors as the product of the normalized cholesterol occupancy

and the probability of that conformation. The diagonal elements in the matrix correspond to

helices at the contact interface with high cholesterol occupancy around it while the off-diagonal

elements correspond to increased cholesterol occupancy around helices not involved at the con-

tact interface. A similar interface occupancy matrix for quantitating POPC involvement was

also calculated.

Non-bonded energetics

The protein-protein and protein-lipid non-bonded interaction energetics for all receptors were

calculated as mentioned in our earlier work239. The values were binned at a bin size of 0.2 nm

inter-receptor distance.

6.3 Results

We carried out multiple µs simulations of serotonin1A receptors in POPC bilayer and

POPC/cholesterol bilayer with varying cholesterol concentrations to examine the concentration-

dependant role of cholesterol in influencing higher order oligomerization. The receptors were
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well separated from each other before initiating simulation to ensure bias-free self association.

Multiple copies of the receptor were chosen to allow formation of dimers and other higher order

oligomers during the simulation.

6.3.1 Cholesterol inhibits higher order oligomerization in serotonin1A recep-

tor

During the course of the simulation, the receptors freely diffused in the bilayer before interacting

with each other at µs timescale. A time-distance plot showing minimum distance between the

receptors for a representative simulation from each cholesterol concentration is shown in Fig.

6.2.

Transient association between the receptors were observed at all bilayer compositions as

shown by short stretches of dark blue patches in Fig. 6.2. Relative population of the different

cluster sizes observed during the simulation is given in Table 6.2.

Table 6.2: Relative population of cluster sizes of serotonin1A receptor observed at different choles-
terol concentrations

Cluster size POPC POPC/ POPC/ POPC/
9% cholesterol 30% cholesterol 50% cholesterol

Monomer 0.35 0.14 0.45 0.74
Dimer 0.07 0.50 0.33 0.12
Trimer 0.21 0.07 0.08 0.06

Tetramer 0.07 0.07 0.12 0.06
Pentamer 0.07 0.00 0.00 0.00
Hexamer 0.14 0.00 0.00 0.00
Heptamer 0.00 0.14 0.00 0.00
Octamer 0.07 0.07 0.00 0.00
Nonamer 0.00 0.00 0.00 0.00

In POPC bilayer, receptors associated to form higher order aggregates, ranging from dimers

to octamers (Fig. 6.3).

The oligomer conformations showed a linear arrangement of receptors. Presence of choles-

terol in the bilayer decreased the propensity of the receptors to form larger clusters. At higher

cholesterol concentrations (30% and 50%), monomers were predominantly observed followed

by dimers and occasionally trimers and tetramers (Fig. 6.3). Clusters larger than tetramers,

seen in POPC bilayer and POPC/cholesterol bilayer with 9% cholesterol, were not observed in
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Figure 6.2: A representative time-distance plot showing minimum distance between the receptors
during the course of the entire simulation period in (a) POPC bilayer and POPC bilayers with (b)
9% (c) 30% and (d) 50% cholesterol concentration. Distances between the receptors is color coded
and shown as a scale bar. Association between the receptors is characterized by distances less than
0.5 nm shown by dark blue stretches in the plot. Each row in the panel corresponds to pair-wise
distance between receptors. Distances between the receptors greater than 6 nm have been ignored
for clarity and to ensure clear distinction between associated and non-associated states betweeen the
receptors.

bilayers with 30% and 50% cholesterol.

6.3.2 Cholesterol modulates contact interface between receptors

We characterized the conformation of the oligomer species observed at each cholesterol concen-

tration in our simulations. Relative populations of different contact interfaces were quantitated

and are represented by contact maps as shown in Fig. 6.4.

We observed multiple distinct contact interfaces in POPC bilayer and POPC/cholesterol
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Figure 6.3: A schematic representation of the oligomer arrangement observed during simulation in
(a) POPC bilayer and POPC bilayers with (b) 9% (c) 30% and (d) 50% cholesterol concentration.
Each receptor in the simulation is represented by a different color.

bilayer with 9% cholesterol. Heteromeric contact involving transmembrane helix I of one recep-

tor and helix V of the other was predominantly observed among the oligomeric species formed

in the absence of cholesterol (Fig. 6.4a). This conformation appears to be relatively flexible as

alternate contacts involving transmembrane helix I with helix IV and VI were also observed,

though less frequently. Additionally, a homomeric contact between the receptors involving

transmembrane helix I was also prominent among the interfaces observed in oligomers. This

contact interface was sampled less frequently in POPC/cholesterol bilayer with 9% cholesterol

(Fig. 6.4b) and completely absent in POPC/cholesterol bilayers with 30% and 50% choles-

terol (Fig. 6.4c,d). Multiple contact interfaces between the receptors were also observed in

POPC/cholesterol bilayers which decreased at higher cholesterol concentrations (Fig 6.4c,d).

The predominance of heteromeric contacts involving transmembrane helix I of one receptor and

helices IV, VI of the other persisted even at higher cholesterol concentrations (Fig. 6.4c,d). A

different homomeric interface involving transmembrane helices V and VI was also prominently
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Figure 6.4: Contact maps showing the relative population of different contact interfaces in (a)
POPC bilayer and POPC bilayers with (b) 9% (c) 30% and (d) 50% cholesterol concentration. The
values were averaged over all instances, simulations and normalized by the time of occurence and
simulation length. The color scale bar indicates normalized population.

sampled at these cholesterol concentrations.

6.3.3 Different contact interfaces are sampled during transient association

between receptors

The receptors showed transient associations with each other during the simulations ranging

from several ns to µs (Fig. 6.2). The contact interfaces sampled by the receptors during these

transient interactions were quantitated and are represented by the contact maps as shown in

Fig. 6.5.

In POPC bilayer, the transient association between the receptors primarily involved a ho-

momeric contact between transmembrane helix I. In addition, a heteromeric contact between
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Figure 6.5: Contact maps showing the relative population of different contact interfaces sampled
during the period of transient association between the receptors in (a) POPC bilayer and POPC
bilayers with (b) 9% (c) 30% and (d) 50% cholesterol concentration. The values were averaged over
all instances, simulations and normalized by the time of occurence and simulation length. The color
scale bar indicates normalized population.

transmembrane helices V and VII was also prominently observed, along with few other inter-

faces (Fig. 6.5a). In bilayers with cholesterol, multiple contact interfaces were sampled during

transient associations between the receptors (Fig. 6.5b,c,d). Interestingly, the homomeric in-

terface involving transmembrane helix I which was largely sampled in POPC bilayer, was not

observed in bilayers with cholesterol.
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6.3.4 Cholesterol occupancy around transmembrane helices correlates with

its involvement at contact interface

To investigate if cholesterol association with transmembrane helices influences its involvement

at contact interface, we quantitated the correlation between these processes using interface oc-

cupancy score (see Methods for details). Correlation plots for interface occupancy of cholesterol

in POPC bilayers with different cholesterol concentrations is shown in Fig. 6.6(a-c).

Figure 6.6: Normalized occupancy of cholesterol (a-c) and POPC (d-g) at each helix in the asso-
ciated state between two receptors plotted as a function of the helices at the contact interface. The
interface occupancy scores of cholesterol are shown for POPC bilayers with (a) 9 (b) 30 and (c)
50% cholesterol concentrations. The interface occupancy scores of POPC are shown for (d) POPC
bilayers and POPC bilayers with (e) 9 (f) 30 and (g) 50% cholesterol concentrations. The interface
occupancy scores were normalized to the relative probability of occurrence of the transmembrane
helix at the contact interface and highest maximum cholesterol occupancy for each receptor. The
diagonal elements correspond to high occupancy of cholesterol (or POPC) at helices that constitute
the contact interface. The off-diagonal elements correspond to occupancy of cholesterol (or POPC)
at the helices not at the contact interface.

Diagonal elements correspond to transmembrane helices with increased cholesterol occu-

pancy and involvement at contact interface while off-diagonal elements correspond to choles-

terol occupancy at helices away from the contact site. In POPC/cholesterol bilayer with 9%

cholesterol, some diagonal elements showed high scores suggesting increased cholesterol occu-

pancy around these helices at the contact interface (Fig. 6.6a). However, the correlation is

not very prominent as few of the helices not at the interface also showed increased cholesterol
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occupancy. In POPC/cholesterol bilayers with 30% and 50% cholesterol, very high interface

occupancy scores were observed for diagonal elements suggesting increased correlation between

cholesterol occupancy at transmembrane helices and their involvement at contact interface

(Fig. 6.6b,c). At 50% cholesterol, correlation was less pronounced as high cholesterol oc-

cupancy was also observed around helices away from the contact interface (Fig. 6.6c). In

contrast, POPC occupancy around transmembrane helices showed limited correlation with the

involvement of these helices at contact interface (Fig 6.6d-g). As in our dimer studies126, we

observed increased cholesterol occupancy at contact interface and absence of a similar cor-

relation for POPC, strongly suggesting the involvment of cholesterol in modulating oligomer

conformation.

6.3.5 Protein-lipid interaction energetics regulates serotonin1A receptor oligomer-

ization

The contribution of the interaction energetics between lipid and membrane protein towards

driving higher order cluster formation in serotonin1A receptor was investigated as described

in an earlier study239. Interaction energies were calculated as a function of inter-receptor

separation (Fig. 6.7).

In POPC bilayer, the most favourable minima for protein-protein interaction was seen at

a separation of 2.5 nm (Fig. 6.7a). With increasing cholesterol concentration, this minima

occured at larger separation between the receptors: 2.6 nm at 9%, 2.8 nm at 30% and 3.2 nm

at 50% cholesterol concentration (Fig. 6.7c,e,g). Also the protein-protein interaction energy at

the favourable minima increased at higher cholesterol concentrations. Multiple other minima

were observed at larger distances between the receptors suggesting formation of meta-stable

states during receptor association. Interestingly, protein-lipid interaction energy showed a

trend opposite to that for protein-protein interaction, with relative increase in energetics at

smaller receptor-receptor separation which increased at higher cholesterol concentrations (Fig.

6.7b,d,f,h).
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Figure 6.7: Interaction energy as a function of inter-receptor distance calculated for protein-protein
contacts in POPC bilayers with (a) 0% (b) 9% (c) 30% and (d) 50% cholesterol concentration.
Protein-lipid interaction energies in POPC bilayer and POPC bilayers with (e) 0% (f) 9% (g) 30%
and (h) 50% cholesterol concentration. The values have been averaged over the total simuation
period and across all simulations.

6.4 Discussion

Cholesterol an essential component of eukaryotic cell membrane, has been known to influence

structure and function of membrane proteins, including GPCRs103,119,121. Experimental studies

have also revealed that cholesterol modulates higher order organization of GPCRs122,123 though

the molecular details of the underlying mechanism has not been well examined. The aim of

the current study was to provide a “dynamic and molecular insight” into oligomerization of

serotonin1A receptor using coarse-grained molecular dynamics simulation and investigate the

role of cholesterol in the oligomerization process.
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Cholesterol appeared to prevent higher order association of serotonin1A receptor in a

concentration-dependant manner. Hydrophobic mismatch between the transmembrane seg-

ment of membrane protein and the bilayer thickness is known to influence membrane protein

associaton75. In our simulations, we observed formation of larger clusters in POPC bilayer

which was reduced drastically at higher cholesterol concentrations. Monomer simulations of

serotonin1A receptor in POPC bilayer reveal the presence of increased positive hydrophobic

mismatch around the receptor126. We believe that this mismatch serves as a driving force

for the receptors to form clusters. The presence of cholesterol, however, alleviates the overall

hydrophobic mismatch, thus allowing the receptors to exist as monomers and/or lower order

oligomers at higher cholesterol concentrations.

Conformation of the clusters appears to be largely modulated by cholesterol occupancy

around transmembrane helices and local membrane perturbation126. The positive hydrophobic

mismatch around serotonin1A receptor in POPC bilayer was localized around transmembrane

helices I and II126. A relatively lower mismatch was also observed around transmembrane

helix IV. Results from dimerization studies of serotonin1A receptor in POPC bilayer showed

increased population of dimers with a homomeric interface involving transmembrane helix I,

suggesting that the increased perturbation around transmembrane helix I plays a key role in

stabilizing the homomeric conformer126. However in our current study, we observed formation

of larger clusters with an increased occurance of heteromeric association between transmem-

brane helices I and II of one receptor and helices IV and V of the other in addition to the

homomeric transmembrane helix I interface. Interestingly, this homomeric interface was pre-

dominantly sampled during the transient association between the receptors (Fig 6.5). These

results suggest that, although transmembrane helix I is involved in mediating association be-

tween the receptors, they occasionally dissociate to allow reorganization of the cluster, possibly

to optimize protein-protein, protein-lipid and lipid-lipid interactions (Fig. 6.7). In POPC bi-

layers with 9% cholesterol, hydrophobic mismatch persists around transmembrane helices I and

II but is reduced in magnitude. However, mismatch around transmembrane helices IV and V

is relatively increased. This is reflected in the increased occurance of a heteromeric interface

involving transmembrane helix I of one receptor and helices IV and V of the other.

At higher cholesterol concentrations (i.e POPC bilayers with 30% and 50% cholesterol),

hydrophobic mismatch persists around transmembrane helices IV and V resulting in their

126



6. Cholesterol Regulates Serotonin1A Receptor Oligomerization 6.4. Discussion

increased involvement at the contact interface, while it is reduced in magnitude around helices

I and II126. Increased occupancy of cholesterol at transmembrane helix I further prevents its

involvement at the contact interface despite the presence of residual local mismatch around it.

Cholesterol exhibits multiple binding sites around the receptor126. Association of cholesterol

with the receptors possibly reduces their interaction with each other. The presence of cholesterol

in the lipid bilayer appears to favour protein-lipid interaction over protein-protein interaction.

This is shown by larger separation between the receptors at their energy minima with increasing

cholesterol concentration (Fig. 6.7).

In a previous experimental study investigating the role of cholesterol on higher order orga-

nization of serotonin1A receptor, it was reproted that receptors reorganize into larger clusters

upon acute cholesterol depletion123. In order to verify this finding from our simulation, we de-

pleted cholesterol from one of the receptor simulations carried out in POPC bilayer with 50%

cholesterol. The receptors which existed predominantly as monomers and dimers at 50% choles-

terol concentration soon formed larger clusters within a few µs of simulation after cholesterol

depletion (Fig. 6.8).

Figure 6.8: Formation of higher order oligomers from 50% POPC/cholesterol bilayer after remov-
ing cholesterol. (a) Conformation of the receptors in 50% POPC/cholesterol bilayer at the end of
70µs. This is the starting conformation (t=0 µs) after cholesterol removal. Time course evolution
of oligomers shown at time t= (b) 10 (c) 20 and (d) 30 µs of simulation. Each receptor in the
simulation is represented by a different color.

Interestingly, a related study by the same group suggests the presence of higher-order

oligomers of serotonin1A receptors under physiological conditions and that, following acute

cholesterol depletion, results in their reorganization into predominantly dimeric state122. Our

results also match well with earlier computational studies investigating GPCR oligomerization

in lipid bilayers with varying thickness233. Localized regions of positive hydrophobic mismatch
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around rhodopsin formed sites for receptor-receptor association. Rhodopsin formed “string-

like” clusters in lipid bilayers with shorter acyl chains and isolated aggregates in bilayers with

longer acyl chains. Cholesterol increases lipid order and thereby the overall bilayer thick-

ness390,391. The presence of cholesterol at varying concentrations in POPC bilayer appeared to

generate similar effects as observed for rhodopsin in bilayers with varying acyl chain lengths233.

However, our findings suggest that membrane perturbation alone does not dictate conforma-

tion of the cluster as interaction of cholesterol with transmembrane helices also influences its

involvement at the contact interface. Therefore, we suggest that a combination of direct and

indirect lipid-mediated effects modulate oligomer conformation in serotonin1A receptor.

Our results highlight the role of cholesterol in modulating the process of oligomerization

and conformation of resultant oligomers through a complex combination of direct and in-

direct effects. Serotonin1A receptors are expressed in brain cells which are known to have

very high membrane cholesterol concentration118. Based on our findings, it appears that, un-

der normal physiological brain cholesterol concentration, specific conformations of lower order

serotonin1A receptor oligomers are possibly more favoured which could have functional signif-

icance. Changes in metabolic homeostasis of brain cholesterol due to age and other factors

could largely affect the equilibrium between the oligomeric species which could be implicative

in neurodegenerative, cognitive and behaviour disorders due to functional dysregulation392. A

comprehensive understanding of the molecular modulation of receptor conformation by choles-

terol would be essential for optimizing drug specificity and efficacy.

Besides cholesterol, brain cells are also higly enriched in sphingolipids393. Sphingolipids,

in association with cholesterol, generate lateral asymmetry in lipid distribution and result in

formation of membrane microdomains18. Sphingolipids have also been shown to be essential for

serotonin1A receptor function394,395. Although reports suggest that sphingolipids do not alter

serotonin1A receptor organization123, it could indirectly modulate conformation of associated

states by altering cholesterol distrubution around the receptor.

In conclusion, we have provided a molecular understanding of cholesterol-mediated effects

in regulating oligomerization by carrying out several µs timescale coarse-grained molecular

dynamics simulation of multiple copies of serotonin1A receptors under different bilayer compo-

sitions. Cholesterol prevents formation of higher order oligomers. We believe that cholesterol,

through a complex combination of direct and indirect lipid-mediated effects, regulate both the
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process of oligomerization and conformation of oligomers in a concentration-dependant manner.

These findings could have valuable signficance in target-specific drug development.
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7

The Ganglioside

GM1 Interacts with the Serotonin1A

Receptor via the Sphingolipid Bind-

ing Domain

“It’s the possibility of having a dream come true that makes life interesting.”

– Paulo Coelho, The Alchemist

7.1 Introduction

Eukaryotic cell membrane exhibits diversity in its lipid composition13. Phospholipids

form the largest fraction of these lipids, followed by cholesterol and sphingolipids34. In

our previous studies, we have examined the specific and non-specific interaction of phospholipids

(POPC) and cholesterol with serotonin1A receptor126. These lipid-mediated effects were shown

to regulate higher order organization of the receptors. In this study, we investigate the binding

sites for GM1 ganglioside, a glycosphingolipid, around serotonin1A receptor and the effect of

cholesterol on influencing sphingolipid distribution around the receptor.

Sphingolipids constitute ∼ 10-20% of total membrane lipids and have been implicated in

cell signaling, growth, differentiation and neoplastic transformation38,396. The distribution of
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sphingolipids in the bilayer has been extensively studied and it is postulated that they co-

alesce with cholesterol to form ordered lipid domains that laterally segregate from the bulk

membrane46,60,397. However, this view has been recently questioned26–28. The function of

several membrane proteins, including GPCRs, has been reported to be dependent on sphin-

golipids395,398. One of the best studied GPCRs in the context of sphingolipid-dependent effects,

is the serotonin1A receptor395, a representative GPCR involved in behavior, development and

cognition117.

Previous work by Chattopadhyay et al. and others has demonstrated that metabolic de-

pletion of glycosphingolipids affects receptor function394,395,399. Similar to phospholipids and

cholesterol, the regulatory effect of glycosphingolipids on GPCR function could be a result

of direct or indirect interaction, or a combination of both. Direct interactions are implicated

by the fact that several sphingolipid-dependent membrane proteins appear to have a consen-

sus ‘sphingolipid binding domain’ (SBD). SBD was initially identified and characterized in

HIV-1 surface envelope glycoprotein gp120 and amyloid proteins that were known to exhibit

sphingolipid-dependent conformational transitions, and was later identified in a wide range of

proteins including receptors, toxins, and viral proteins400–402. The SBD motif consists of a char-

acteristic combination of aromatic, basic and turn-inducing residues. The aromatic residues

in this domain have been predicted to be crucial in interaction with the sugar moiety of gly-

cosphingolipids, with charged residues forming electrostatic bonds with sphingomyelin401,402.

We have previously shown that this motif is present in serotonin receptors and appears to

be evolutionarily conserved in case of the serotonin1A receptor403. Interestingly, the motif is

present at the extracellular loop, and not at the transmembrane domain of the receptor. It has

been recently reported that the SBD motif of the serotonin1A receptor binds preferentially to

gangliosides relative to other sphingolipids393. However, the nature of the interaction between

GPCRs and sphingolipids in general, and glycosphingolipids in particular, remains poorly ex-

plored. To the best of our knowledge, no reports exist delineating direct or indirect interaction

of glycosphingolipids with GPCRs.

In this work, we have explored the interaction of the ganglioside GM1, the most com-

mon glycosphingolipid type (typically ∼ 2–5% of total membrane lipids), with the serotonin1A

receptor. Toward this goal, we performed a series of coarse-grained molecular dynamics simu-

lations, totaling 400 µs, of the serotonin1A receptor embedded in membrane bilayers containing
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GM1. Our results show that GM1 binds to the serotonin1A receptor predominantly at the

extracellular loop 1 and specifically at the SBD site. The interaction of the receptor with GM1

appears to stabilize a ‘flip-out’ conformation in which W102 of the extracellular loop 1 flips out

from the central lumen of the receptor toward the membrane. These results demonstrate that

GM1 directly modulates conformational dynamics of the extracellular loop 1 of the serotonin1A

receptor, and could have important consequence in ligand binding and function of the receptor.

7.2 Methods

7.2.1 System setup

Molecular dynamics simulations of the serotonin1A receptor were performed in the presence of

GM1 to investigate GPCR-glycosphingolipid interaction. Simulations were performed in bilay-

ers with different lipid compositions: POPC, POPC/cholesterol (POPC/chol), POPC/GM1

and POPC/GM1/cholesterol (POPC/GM1/chol) (Table 7.1).

Table 7.1: Initial System composition

System Number of Simulation time Number of molecules
simulations (µs) POPC Chol. GM1 Water

With Receptor:

POPC 10 10 280 0 0 4828
POPC/chol 10 10 168 112 0 4094
POPC/GM1 10 10 274 0 6 5652

POPC/GM1/chol 10 10 232 160 8 5937

Without Receptor:

POPC 1 10 280 0 0 4828
POPC/chol 1 10 168 112 0 4094
POPC/GM1 1 10 274 0 6 5652

POPC/GM1/chol 1 10 232 160 8 5937

The composition of the POPC/GM1/chol bilayer was chosen to so as to realistically rep-

resent the physiological cell membrane. POPC/GM1, POPC/chol and POPC bilayers were

simulated as controls. All bilayer compositions including those with GM1 were self assembled

from a random starting conformation and equilibrated for 50 ns. The bilayer was aligned such
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that the GM1 cluster was on the upper leaflet, corresponding to the outer leaflet of the cell

membrane. A coarse-grained representation of the homology model of serotonin1A receptor124,

obtained from our earlier work125,379, was inserted into the equilibrated bilayer such that the

initial minimum distance between the receptor and any GM1 lipid was at least 2 nm. Ten

independent simulations, each of 10 µs, were performed with different starting receptor orien-

tation and initial velocity. Lipid bilayers without the receptor were simulated as control for

same time.

7.2.2 Simulation parameters

All simulations were carried out using GROMACS version 4.5.5314, with MARTINI force-

field version 2.2232,268,283,287,295. Energy minimization was carried out using steepest descent

algorithm. Shift potential were used for non-bonded interactions with electrostatic interactions

shifted to zero in the range of 0.0-1.2 nm and van der Waals interaction shifted to zero in the

range of 0.9-1.2 nm. Temperature of each molecular group in the system was weakly coupled

to a thermostat at 300 K using the v-rescale algorithm404 with a coupling constant of 0.1

ps. Semi-isotropic pressure coupling was maintained at 1 bar independently in the plane of

the bilayer and perpendicular to the bilayer using Berendsen’s barostat algorithm315 with a

coupling constant of 0.5 ps and a compressibility of 3 x 10−5 bar−1. Initial velocities for the

simulations were chosen randomly from a Maxwell distribution at 300 K. Bond lengths were

kept constant using the LINCS algorithm405. A time step of 5 fs was used for the simulations

with neighbor list updated every 10 steps. Periodic boundary conditions were maintained

along x, y and z direction. Simulations were rendered using VMD software316 and MARTINI

secondary structure rendering scripts. Plots were generated using Grace.

7.2.3 Analysis

Residue-wise maximum occupancy of GM1

The maximum occupancy of GM1 was calculated at each amino acid residue of the serotonin1A

receptor. We define maximum occupancy as the maximum time of the simulation for which

GM1 remains associated with the residue, based on a cut-off distance of 0.55 nm125. The value

was averaged over all simulations for each bilayer composition and normalized. A value of 1

indicates that GM1 remains associated with the given residue for the longest time during the
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simulation while a value of zero indicates that GM1 never interacted with the residue. In the

plots corresponding to the occupancy of the individual GM1 beads, the MARTINI bead names

(GM1-17) were replaced by the head group bead number (HG1-17), to avoid confusion. The

mapping remains the same.

Spatial distribution of GM1 around the serotonin1A receptor

Spatial density distribution of GM1 around the serotonin1A receptor was calculated using the

g-spatial routine in GROMACS package. The receptor was centered in the bilayer with its

translational and rotational motion removed. The voxel element was set to 0.07 nm in each

direction. The calculated 3D spatial distribution function was averaged over the extracellular

leaflet.

Tryptophan orientation

The orientation of W102 residue in the extracellular loop 1 of the serotonin1A receptor was

calculated by measuring the angle made by the vector connecting coarse-grained beads SC1

and SC4 of W102 with the bilayer normal. The values were calculated for the entire simulation

time in POPC and POPC/chol bilayers and subsequent to GM1 association in POPC/GM1

and POPC/GM1/chol bilayers.

Preferential partitioning of lipid species

Preferential partitioning of the membrane lipids (or receptor) is calculated as the relative

number of contacts of a particular component with each of the other components, normalized

for the total number of lipids (and receptor) in the system268,406:

pA =
(cA/nA)∑
x(cx/nx)

(7.1)

where, pA is the preferential partitioning with membrane component A, cA the number

of contacts with component A, nA the number of molecules of component A. Contacts were

defined with respect to GL1 and GL2 beads for POPC, AM1 and AM2 beads for GM1 and

ROH bead for cholesterol. In case of the receptor, we chose CG beads of the receptor at the

height of phosphate head group region of POPC as reference. Two molecules were considered
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to be in ‘contact’ if they were within 0.55 nm. The preferential partitioning was calculated for

the last 1 µs of the simulation time from each of the sets and averaged across the sets.

Cholesterol ‘flip-flop’ rate

To calculate the rate of transbilayer diffusion (‘flip-flop’) of cholesterol, we calculated the

number of transitions for each cholesterol molecule between the extracellular and intracel-

lular leaflets during the entire simulation time. The value was averaged over the number of

cholesterol molecules and the total simulation time.

7.3 Results

7.3.1 GM1 clusters interact with the serotonin1A receptor

In order to probe the interaction of GM1 and the serotonin1A receptor, coarse-grained simu-

lations were performed with the receptor embedded in lipid bilayers of varying composition.

In total, ten simulations of 10 µs each were carried out in POPC/GM1/chol, POPC/GM1,

POPC/chol and POPC bilayers. The total simulation time was 400 µs, corresponding to 1.6

ms of effective simulation time. During the initial equilibration of the bilayer, GM1 molecules

rapidly clustered in the outer leaflet, both in the presence and absence of cholesterol. A repre-

sentative snapshot of the initial system in POPC/GM1/chol bilayers is shown in Fig. 7.1a.

In the initial state, the receptor was placed at a distance of at least 2 nm from the GM1

cluster. The time evolution of minimum distance between the receptor and GM1 during the

simulations is shown in Fig. 7.1(b,c). The dark blue stretches in the plot correspond to stable

GM1-receptor interactions and the multiple colored bands indicate binding and unbinding

events. As evident from the figure, GM1 clusters diffused in the bilayer and subsequently

interacted with the receptor at a sub-microsecond timescale. Representative time courses of

the simulations containing GM1 are shown in Fig. 7.2.

It was observed that the initial contact sites did not always result in a continued stable

association at that site. In most cases, after the initial contact with the receptor, GM1 clusters

did not dissociate completely, but diffused around the receptor interacting with it at several

non-overlapping sites. In a few cases, GM1 dissociated completely from the receptor and sub-

sequently interacted at the same or different site. After the initial binding/unbinding events,
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Figure 7.1: (a) A representative snapshot of the serotonin1A receptor in POPC/GM1/chol bilayer
at the start of the simulations. The receptor is shown as gray cylinders, with the loops in licorice
representation. GM1 is shown in cyan, the phospholipids in gray (choline head group bead in
orange), cholesterol in salmon and the water beads in blue. The minimum distance between the
receptor and GM1 during the course of the simulation in (b) POPC/GM1/chol and (c) POPC/GM1
bilayers is shown. The color-coded scale bar shows the range of distance between the receptor and
GM1. The interacting state, in which GM1 and the receptor interacts, is characterized by distances
less than 0.55 nm, corresponding to the dark blue stretches in the plot. The non-interacting state is
characterized by distances greater than 0.55 nm represented by yellow, green and light blue regions
in the plot. Each row in the panels represents an independent simulation (numbered along the
ordinate) while time is shown along the abscissa

the stable interaction sites were sampled and these did not alter significantly during the sim-

ulation. Interactions of the receptor with cholesterol and POPC were observed in all bilayers,

as previously reported125.
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Figure 7.2: Time course of simulations of POPC/GM1/chol and POPC/GM1 bilayers with and
without the serotonin1A receptor. POPC is shown in light gray, cholesterol in orange, GM1 in cyan
and the serotonin1A receptor in pink. Representative snapshots were taken at regular time intervals
of 2.5 µs from the start of the simulation

7.3.2 GM1 interacts with the extracellular loop 1 of the serotonin1A receptor

To analyze the interacting sites of GM1, we characterized its spatial distribution with respect

to the receptor averaged over ten sets of simulations (Fig. 7.3a,b).

The receptor is superimposed on the density plots for clarity. In POPC/GM1/chol bilayers,

high GM1 density was observed around the cleft formed by transmembrane helices II and III,

followed by relatively low density at helices I, V and VI (Fig. 7.3a). In contrast, in POPC/GM1

bilayer, GM1 density was highest at transmembrane helices VI and VII (Fig. 7.3b). The GM1

density at the site of the cleft formed by transmembrane helices II and III reduced drastically

and was close to zero.

To characterize the molecular determinants of this interaction, we calculated the maximum
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Figure 7.3: Spatial density distribution of GM1 around the serotonin1A receptor in (a)
POPC/GM1/chol and (b) POPC/GM1 bilayers. The spatial distribution corresponds to the xy
membrane plane and is averaged over the z-axis along the extracellular leaflet. A top view of the
receptor is superimposed on the density plot. Transmembrane helices are shown in gray and num-
bered accordingly. The extracellular loop 1 is shown in magenta, loop 2 in pink and loop 3 in
cyan. The normalized maximum occupancy times of GM1 around each amino acid residue of the
serotonin1A receptor in (c) POPC/GM1/chol and (d) POPC/GM1 bilayers are shown. The shaded
regions correspond to the extracellular loops and are labeled. Data shown are averages over 10 sets
of simulations and normalized for each system.

occupancy time of GM1, that is the maximum time it interacts with each amino acid residue

(Fig. 7.3c,d). Surprisingly, high GM1 occupancy was observed mainly at the extracellular loops

and the N-terminal region of transmembrane helix I. A low or negligible occupancy of GM1
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was observed around the transmembrane helices (as opposed to cholesterol or POPC125). A

visual observation confirmed that the bulky head group of GM1 made stable contact with the

extracellular loops while the acyl chains were dynamic and did not appear to interact directly

with the transmembrane helices. In both POPC/GM1/chol and POPC/GM1 bilayers, the

highest occupancy of GM1 was observed around the extracellular loop 1 that connects trans-

membrane helices II and III (Fig. 7.3). In addition, in POPC/GM1 bilayers, an increased GM1

occupancy was observed at the extracellular loop 3. The high occupancy of GM1 at extracel-

lular loop 1 is consistent with high density at the adjacent transmembrane helices II and III in

POPC/GM1/chol bilayers (Fig. 7.3a). Surprisingly, GM1 density around transmembrane he-

lices II and III was reduced in POPC/GM1 bilayers, despite its high occupancy at extracellular

loop 1. This implies that the bulky head group of GM1 interacts with the extracellular loop

1 from sites further away over the top of the receptor. Taken together, these results suggest

that GM1 interacts with multiple sites on the receptor, with the highest occupancy at the

extracellular loop 1.

7.3.3 Characterizing the sphingolipid binding domain at the extracellular

loop 1

To identify the specific sites of GM1 interaction, we calculated the maximum occupancy of

each head group bead of GM1 at the residues (residues 97-109) comprising the extracellular

loop 1 (Fig. 7.4).

The highest occupancy of the GM1 head group beads was at the residues in the central

segment of the extracellular loop 1, in particular residues 100-104. In POPC/GM1/chol bi-

layers, the highest occupancy was at residues W102 and K101 with GM1 head group beads

HG4 and HG7 (representing sugar moieties 2 and 3287), respectively (Fig. 7.4a). In addition,

other flanking residues, particularly N100 and T103 displayed a high occupancy. Represen-

tative snapshots of the GM1 distribution around the receptor confirmed direct interaction of

W102 and the flanking residues with GM1 (Fig. 7.5).

The same pattern was observed in POPC/GM1 bilayers. The highest occupancy was at

the residue W102, followed by T103 (Fig. 7.4b). The corresponding interaction sites on GM1

head group were at HG2 and HG7 (representing sugar moieties 1 and 3268,287 respectively.

Interestingly, high GM1 interaction sites on the extracellular loop 1 comprises the putative
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Figure 7.4: The maximum occupancy of GM1 head group beads at amino acid residues 97-109
of the extracellular loop 1 in (a) POPC/GM1/chol and (b) POPC/GM1 bilayers. The maximum
occupancy was calculated for the head group beads (HG1-HG17) and the sphingosine backbone beads
(AM1 and AM2). (c) A schematic representation of coarse-grain model of GM1. The sugar moiety
is shown in purple, the backbone in magenta and the acyl chains in cyan. The head group beads
(HG1-HG17) have been numbered from 1-17.

sphingolipid binding domain (SBD) identified earlier402.

An important difference between GM1 binding mode in the presence and absence of choles-

terol was in the head group beads of GM1 that interacted with the receptor. In
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Figure 7.5: Schematic representation showing the top-view (a,b) and side-view of the serotonin1A

receptor, highlighting its interaction with GM1 in (a,c) POPC/GM1/chol and (b,d) POPC/GM1
bilayers. The extracellular loop 1 of the receptor is represented in magenta. Transmembrane helices
and the remaining loops are shown in gray. GM1 is represented in blue and residue W102 in the
extracellular loop 1 is shown in van der Waals representation with its backbone bead in blue and
side chain in yellow.

POPC/GM1/chol bilayers, several head group beads, even those further away from the bi-

layer interacted with residues in the extracellular loop 1. Since the GM1 molecules clustered

around transmembrane helices II and III (Fig. 7.3a), i.e., close to the extracellular loop 1, it

allows an interaction with both the proximal and the distal head group beads (see Fig. 7.5a,c).

However, in POPC/GM1, GM1 density was highest around transmembrane helices VI and VII

(Fig. 7.3b) and the GM1 was further away from the extracellular loop 1. In this arrangement,

the extracellular loop 1 would bend over the top of the receptor to interact with GM1 (Fig.

7.5b,d). As a result, the extracellular loop 1 could interact mainly with the GM1 head group

beads close to the bilayer surface. Head group beads further away from the bilayer surface dis-

played a reduced interaction with residues in extracellular loop 1, relative to POPC/GM1/chol

bilayers. These interaction sites identified were averaged over ten simulations and appeared to

be consistent. Taken together, these results suggest that there exists a ‘specific binding site’
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for GM1 on the serotonin1A receptor, but sites on GM1 itself do not show any specificity in

their association with the receptor.

7.3.4 GM1 stabilizes a ‘flip-out’ conformation of extracellular loop 1

A distinctive feature of GM1-receptor interaction was its association with the residue W102.

To examine its role in GM1 interaction, we analyzed the orientational dynamics of W102 in

the presence and absence of GM1. The orientation was calculated as the angle of the indole

side chain to the membrane normal (Fig. 7.6a; see Methods for details).

Figure 7.6: (a) A schematic representation of the orientation of W102 with respect to the bilayer
normal. (b) The population distribution of W102 orientation in POPC (black), POPC/chol (red),
POPC/GM1 (green) and POPC/GM1/chol (blue) bilayers. The schematic representation of the
orientations of W102 in (c) POPC (d) POPC/chol (e) POPC/GM1 and (f) POPC/GM1/chol
bilayers. Residue W102 is shown in van der Waals representation with its backbone in blue and
side chain in yellow. The receptor is shown in gray. Extracellular loop 1 is highlighted in magenta
and extracellular loop 3 is shown in cyan

In the absence of GM1, i.e., in POPC and POPC/chol bilayers, the side chain of W102 was

oriented ∼ 45◦ to the membrane normal (Fig. 7.6b). A visual inspection of these conformations

showed that the residue was oriented toward the central lumen of the serotonin1A receptor (Fig.

7.6c,d). In POPC/GM1 bilayers, W102 adopts an angle of ∼ 60◦ with the membrane normal

(Fig. 7.6b). In this conformation, the side chain was directed upward largely over the central

lumen (Fig. 7.6e). Interestingly, a bimodal distribution was observed in the orientation of
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W102 in POPC/GM1/chol bilayers, with peaks at ∼60◦ and 90◦ (Fig. 4b), possibly indicating

conformational plasticity in this complex mixture. In the first conformation (corresponding to

the peak at ∼60◦), the residue projects upward from the central lumen, similar to POPC/GM1

bilayers. Interestingly, in the second orientation (corresponding to the peak at ∼90◦), W102

orients itself parallel to the plane of lipid head group (Fig. 7.6f) and points away from the

receptor. As a consequence, the extracellular loop 1 itself points outward from the receptor

lumen. The ‘flip-out’ conformation results from the interaction of W102 with GM1, leading to

an outward orientation of the tryptophan side chain, in a cholesterol-dependent manner.

7.3.5 Identifying the effect of serotonin1A receptor on GM1 clusters

Sphingolipids (including GM1) and cholesterol have been implicated to form lipid ‘microdomains’,

in which they demonstrate a preferential partitioning of certain lipid components46,60,397. To

identify the effect of the receptor on the mixing of different lipid components, we calculated

the ‘preferential partitioning’ of membrane components. Preferential partitioning has been

previously used to characterize clustering of lipid species in multi-component bilayers268,406.

We calculated the preferential partitioning for each molecule in POPC/GM1/chol bilayers in

the presence and absence of the receptor (Table 7.2; see Methods for details).

Table 7.2: Preferential partitioning of membrane components, pA in POPC/Chol/GM1 bilayers
in the presence and absence of serotonin1A receptor

Cholesterol POPC GM1 Protein

With receptor:
Cholesterol 0.194 0.348 0.345 0.113
POPC 0.375 0.420 0.131 0.074
GM1 0.047 0.011 0.911 0.032
Protein 0.294 0.149 0.557 -

Without receptor:
Cholesterol 0.116 0.404 0.480
POPC 0.342 0.545 0.113
GM1 0.038 0.010 0.952

The values were calculated over the last microsecond of the simulation and averaged. As

expected, GM1 exhibited the highest preference for interaction with itself (pA = 0.952) resulting
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in the formation of large clusters. The preferential partitioning of GM1 with cholesterol was

much lower (pA = 0.038) and it exhibited the lowest preference for POPC. Interestingly, the

self association of POPC appears to be more favorable (pA = 0.545) than its association with

other lipids. Cholesterol shows least preference for self association among the lipids (pA =

0.116), suggesting that it seldom forms ‘clusters’ at these concentrations. In the presence of

the receptor, the ‘preferential partitioning’ of the membrane components remained qualitatively

similar. The preferential partition of the receptor (protein) was the highest with GM1 (pA =

0.557), followed by cholesterol (pA = 0.294), and relatively low preference for POPC (pA =

0.149). The reduced interaction of POPC and cholesterol with the receptor, compared to GM1

is consistent with the radial distribution function of lipid species (Fig. 7.7).

Figure 7.7: Radial distribution function (g(r)) of GM1 (black), cholesterol (red) and POPC (green)
around the serotonin1A receptor in POPC/GM1/chol bilayer.

The first peaks for cholesterol and POPC are at the same distance (∼ 0.5 nm) from the

receptor surface as in GM1, but are much smaller in magnitude. Increased partitioning of

the receptor with GM1 suggests that serotonin1A receptor preferentially localizes in GM1-rich

regions. This effect could arise mainly from specific interaction between the receptor and GM1,

since model peptides do not co-localize in sphingolipid-rich regions268. At the time scales of

the simulations, cholesterol molecules exhibit both lateral as well as transbilayer diffusion in

the membrane. Since GM1 and serotonin1A receptor demonstrated an increased association

with cholesterol compared to POPC, we quantitated the effect of these interactions on the rate

of transbilayer diffusion (‘flip-flop’) of cholesterol (Table 7.3).
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Table 7.3: Cholesterol “flip-flop” rates

System “flip-flop” rate
(no. of flips/µs)

Without Receptor

POPC/chol 0.06 ± 0.01
POPC/GM1/chol 0.11±0.01

With Receptor

POPC/chol 0.09 ±0.01
POPC/GM1/chol 0.10±0.01

In POPC/chol bilayers, the average flip-flop rate of cholesterol was 0.06 flips/µs which

increased to 0.09 flips/µs in the presence of receptor. In POPC/GM1/chol bilayers, cholesterol

molecules showed more frequent transitions across the two leaflets. The average flip-flop rate

increased to 0.11 flips/µs in absence of the receptor. In the presence of the serotonin1A receptor,

cholesterol flip-flop rate did not exhibit appreciable variation (0.10 flips/µs).

7.4 Discussion

The interaction of GPCRs with membrane components assumes relevance in the context of

GPCR biology. Membrane cholesterol has been shown to be crucial for the organization

and function of a variety of GPCRs7,9,10,121. In this context, a number of structural fea-

tures of membrane proteins have been suggested to be involved in preferential association

with cholesterol407,408. One of the most studied motifs in membrane proteins, that exhibit

sensitivity to cholesterol content, is the CRAC motif407,409. The CRAC motif was initially

identified in peripheral-type benzodiazepine receptors409, and was later identified in GPCRs

such as rhodopsin, the β2-adrenergic receptor, the serotonin1A receptor346 and the human type

I cannabinoid receptor410. Similarly, proteins that interact with (glyco)sphingolipids often

appear to have a characteristic amino acid sequence, termed the ‘sphingolipid-binding do-

main’ (SBD)400–403]. SBD has been identified in a number of proteins such as HIV-1 gp120,

Alzheimer’s beta amyloid peptide and the prion protein400. We have previously identified the

SBD motif (LNKWTLGQVTC) in the serotonin1A receptor corresponding to amino acids 99 to
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109. This specific sequence contains the characteristic combination of basic (K101), aromatic

(W102) and turn-inducing residues (G105), usually found in SBDs401,411. Interestingly, the

SBD motif in the serotonin1A receptor overlaps with the CRAC motif in transmembrane helix

II.

Sphingolipids constitute a small but essential constituent of the eukaryotic cell membrane

that regulate several physiological processes38,396. They are reported to be required for endocy-

tosis, protein sorting, ion conductance and GPCR function395,398. Several membrane proteins

involved in these physiological processes have been reported to interact directly with sphin-

golipids411. For example, the nerve growth factor receptor tyrosine kinase has been shown to

interact directly with gangliosides412. Structural motifs for sphingolipid interactions, such as

the SBD403 and the VXXTLXXIY signature sequence413 have been identified. In this work,

we have examined the interaction of GM1 with the serotonin1A receptor using coarse-grained

molecular dynamics simulations. Our results demonstrate that GM1 binds to the predicted

SBD motif in the extracellular loop 1 of the serotonin1A receptor. The sugar moiety of GM1

interacts with the aromatic residue W102, and flanking residues, K101 and T103. These results

are in overall agreement with previous work which reported copatching of a fraction (∼ 30%)

of the serotonin1A receptor with GM1414.

We have previously shown that the serotonin1A receptor possesses a characteristic SBD

motif that is conserved over natural evolution across various phyla among serotonin recep-

tors403. However, experiments with SBD peptide derived from the receptor did not exhibit

significant binding in model membranes, thereby pointing to the importance of the overall

context of the receptor architecture. Since the extracellular loop 1 interacts with the sugar

moieties of GM1, located above the membrane, it is possible that such an interaction mode

is not feasible with the truncated peptide alone. An interesting aspect of the interaction site

is that though it is independent of cholesterol, the presence of cholesterol allows a closer and

more extended interaction of GM1 with the receptor (Figs. 7.3 and 7.4). Previous studies

suggested that cholesterol increases interaction affinity between HIV-1 gp120 glycoprotein and

the glycosphingolipid, globotriaosylceramide (Gb3)415.

Our work suggests that interaction of the receptor with GM1 stabilizes a ‘flip-out’ confor-

mation, in which the aromatic residue (W102) in SBD points away from the central lumen of
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the receptor and is exposed to the solvent. This conformation is dependent on the cholesterol-

modulated GM1 distribution around the receptor (Fig. 7.6b). A similar outward-facing ori-

entation of tryptophan residue has been reported in the crystal structure of Shiga-like toxin

bound to an analogue of the Gb3 trisaccharide416. In a previous study, it was shown that

the Trp residue is directed toward the central pore of the Shiga-like toxin pentamer, but on

interaction with the carbohydrate domain, a conformational change occurs leading to increased

solvent exposure417. It may be noted here that the Trp residue is structurally analogous to

serotonin (5-hydroxytryptamine)418, the natural ligand of serotonin1A receptor. It would be

interesting to speculate whether the ‘flip-out’ conformation of the tryptophan could facilitate

the entry of the endogenous ligand (serotonin). This is based on our earlier observation that

metabolic depletion of sphingolipids or removal of sphingomyelin head group modulates ligand

binding and downstream signaling of the serotonin1A receptor419–421.

Cholesterol is known to associate with sphingolipids to form ordered lipid domains in cell

membrane46,60,397. Membrane lipids, particularly cholesterol and sphingolipids, are essential

for serotonin1A receptor function7,395. Cholesterol has been shown to modulate higher order

organization in serotonin1A receptor126. It would, therefore, be interesting to also investigate

the effect of sphingolipids on serotonin1A receptor organization. Previous studies have shown

that sphingolipids have no significant effect on the oligomerization of the serotonin1A recep-

tor123 and it is not clear a priori if the dimer formation will be affected by GM1 interactions

or vice versa.

In case of the serotonin1A receptor, several cholesterol interactions sites have been identified

that display an ns-µs timescale dynamics125. Our current study shows that sampling of GM1

around the receptor surface occurs at µs timescale before the interaction is stabilized. In light

of the reduced diffusion of the GM1 clusters, and the large residence times, we would require

simulations of several hundreds of µs-ms to account for the effect of GM1-receptor interaction

on the serotonin1A receptor dimerization. This is further complicated by the limitation that the

complex conformation of the GM1 glycosphingolipid carbohydrate head group in combination

with the use of tight force constants currently restricts the simulation time step to 5 fs287. A

statistically relevant sampling of the self assembly of serotonin1A receptors in mixed bilayers

containing GM1 therefore remains difficult to achieve.

The natural question that arises is what is the role of GM1 in dimerization? In chapter
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5, we examined the role of varying cholesterol concentration on serotonin1A receptor dimer-

ization126 and identified several dimer conformations. Two prominent dimer conformations

observed in POPC/cholesterol bilayer are represented by: (i) transmembrane helices I and II,

and (ii) transmembrane helices IV and V at the dimer interface. We simulated these dimer

conformations in bilayers containing GM1 and cholesterol to identify possible GM1 interaction

pattern around the dimer. The residue-dependent GM1 occupancy is shown in Fig. 7.8.

Figure 7.8: The normalized maximum occupancy of GM1 around each amino acid residue of the
serotonin1A receptor in the dimer conformation with (a) transmembrane helices IV and V, and (b)
transmembrane helices I and II, at the dimer interface in POPC/GM1/Chol bilayers. The total
simulation time was ∼6 µs.

Increased occupancy of GM1 is observed at the SBD motif in extracellular loop 1 of the
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serotonin1A receptor for a IV/V dimer interface. However, the GM1 occupancy at extracellular

loop 1 is drastically reduced when transmembrane helix II was at the dimer interface. Not

surprisingly, when transmembrane helix II is present at the dimer interface, the accessibility

of extracellular loop 1 is reduced, and reduces the interactions of GM1 at the SBD motif

in the serotonin1A receptor. These results suggest that sphingolipid distribution around the

serotonin1A receptor is also influenced by the conformational status of the receptor.

It is important to note here that the regulation of neuronal GM1 levels have been shown to

be crucial, with any change in GM1 levels resulting in severe neurodegenerative disorders. For

example, accumulation of GM1 due to the deficiency or malfunctioning of GM1-β-galactosidase

(that catalyzes the hydrolysis of GM1) results in a neurodegenerative disorder called GM1-

gangliosidosis, a class of sphingolipidoses (i.e., lysosomal sphingolipid storage diseases). GM1-

gangliosidosis is an autosomal recessive disorder and to date, no successful treatment is available

for this disease422. On the other hand, deficiency of GM1 has been shown to be implicated

in Parkinson’s disease423,424, a neurodegenerative disorder primarily characterized by defective

motor symptoms. However, it is often accompanied by depression, anxiety and dementia, which

have been shown to be tightly correlated with modulation of neuronal serotonergic system52.

In particular, the role of serotonin1A receptors in pharmacotherapy of Parkinson’s disease has

been reported425. In this context, our results showing specific interaction of GM1 with the

serotonin1A receptor, an important neurotransmitter receptor, assume relevance and could

contribute to our overall understanding of the molecular mechanism of such diseases.

Our results highlight the significance of the extracellular loop 1 in receptor function. Al-

though the effect of membrane lipids on the transmembrane domain is beginning to be es-

tablished, the interaction of loop regions with membrane lipids and its effect on regulating

GPCR function is less understood. The importance of extracellular loops in regulating GPCR

function, especially ligand access has been previously reported426. In adenosine A2B receptor,

specific amino acid residues in the extracellular loop 1 were found to be crucial for ligand

binding427. Similarly, presence of specific residues at critical positions in the extracellular

regions have been reported for other GPCRs and shown to be crucial for ligand binding and re-

ceptor activation428–432. In addition, lipid-mediated regulation of membrane protein function

has been observed in dopamine transporter, where the N-terminus is involved in regulating

substrate efflux433,434. These findings further strengthen the idea that extracellular regions
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regulate membrane protein function that could possibly be influenced by their interaction with

membrane lipids.

In conclusion, we show here that GM1 binds to the serotonin1A receptor, specifically at the

proposed SBD site, by performing multiple coarse-grained molecular dynamics simulations of

the receptor in membrane bilayers with varying compositions of GM1 and cholesterol. Interac-

tion of GM1 with the receptor at the SBD results in a conformational change of the tryptophan

(W102) residue away from the central lumen of the receptor, in a cholesterol-dependent man-

ner. Our results suggest a direct role of GM1-GPCR interaction in modulating ligand binding

and receptor function, and could provide novel insight in malfunctioning of neuronal GPCRs

in neurodegenerative disorders involving GM1.
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Conclusion

“Never forget what you are, for surely the world will not. Make it your strength. Then

it can never be your weakness. Armour yourself in it, and it will never be used to hurt

you.”

– Tyrion Lannister, George R.R. Martin’s “A Game of Thrones”

GPCR oligomerization has received considerable interest in the past two decades. Several

studies strongly suggest that GPCRs do exist as dimers and, possibly, higher order

oligomers in cell membrane137. Although this puts an end to the long debated question “Do

GPCRs form higher order clusters?”, it has paved way for many more enquiries which have

yet to be well addressed. The influence of lipids on the structure and function of GPCRs

has gained interest in the past few years. Cholesterol, a crucial component of eukaryotic cell

membrane, has been reported to be essential for the stability of several GPCRs103,119,383,435.

This is further supported by the evidence that crystallization of GPCRs requires cholesterol in

the lipid matrix436, some of which reveal cholesterol bound to their transmembrane surface437.

In addition, biophysical studies have shown that higher order structural organization of GPCRs

is also cholesterol dependant. However finer details of protein-lipid interaction mediating these

effects largely remains unresolved. The work carried out in this thesis provides molecular

evidences for lipid-mediated effects involved in modulating GPCR association.
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8.1 Cholesterol regulates GPCR association

Mismatch between equilibrium bilayer thickness and the hydrophobic stretch of the transmem-

brane segment plays a crucial role in driving membrane protein aggregation. This property

has been well established for several transmembrane proteins including GPCRs233,334,358,438,439.

Cholesterol regulates membrane biophysical properties, such as order parameter and membrane

thickness, in a concentration dependant manner440–442. In order to investigate the consequences

of these effects on GPCR association, we carried out self assembly of GPCRs in bilayers with

different cholesterol concentrations.

Association between receptors was observed at all bilayer compositions. However, the pres-

ence of cholesterol appeared to reduce interaction between receptors. The time taken for

receptor dimerization was relatively longer at higher cholesterol concentrations. Also, cluster

size of receptor aggregates were smaller at these concentrations. Our results therefore suggest

that, possibly, an overall increase in bilayer thickness mediated by cholesterol helps prevent

higher order oligomerization in GPCRs. Evidence from experimental studies show that choles-

terol modulates GPCR oligomerization. Cholesterol depletion from cells expressing serotonin1A

receptor resulted in possible re-organization of the receptor into ordered domains and increase

in oligomeric status123,300.

8.2 Membrane lipids show multiple binding sites around GPCR

surface

The layer of lipids immediately surrounding the integral transmembrane proteins are referred

to as “annular” lipids. It is observed that the rate of exchange of these lipids with the bulk is

of an order of magnitude slower than that for bulk lipids resulting from translational diffusion.

In addition, some membrane proteins have specific sites on their surface, called “nonannu-

lar” sites, which are limited in their accessibility to annular and bulk lipids443. Results from

bioinformatics and structural studies have identified few of these lipid binding sites on GPCR

transmembrane helices102,302,346. We have examined the possible sites for lipid binding on

GPCR by carrying out simulations of these receptors in bilayers with different lipid compo-

sitions. Although the cholesterol and phospholipid interactions sites are probed only from

154



8. Conclusion 8.2. Membrane lipids show multiple binding sites around GPCR surface

coarse-grained studies in the thesis, we performed atomistic studies to confirm the presence of

these sites379.

Based on our findings, it appears that there are multiple lipid binding sites around GPCR

surface. These binding sites are not only restricted to the transmembrane helices but also

present in the loop regions connecting these helices. For instance, certain regions on the large

intracellular loop 3 region in serotonin 1A receptor show significant interaction with lipids,

suggesting dynamic association of the loop with the bilayer. These interactions assume consid-

erable significance since the association of intracellular loop 3 with the bilayer influences the

accessibility of G-protein to its binding site located in the cytoplasmic domain between trans-

membrane helices V and VI110. Lipids show varied occupancy at each of these binding sites.

Some of these binding regions showed relatively higher occupancy than others and matched well

with those predicted in previous studies74,125,305,346. Occupancy site for POPC predicted from

atomistic simulations379 showed high similarity with those mapped in coarse-grained simula-

tions126,239. Our findings suggest that lipids bound to different binding sites may have different

exchange rates with bulk lipids. Indeed, two different classes of cholesterol binding sites have

been identified in β2 adrenergic receptor by thermal unfolding and NMR383.

Different lipids exhibit distinct binding pattern around the receptors. Phospholipids and

cholesterol showed increased occupancy around the transmembrane helices compared to the

loop regions. However, in case of sphingolipids, interaction was largely restricted to N-terminus

and extracellular loop regions with limited or absence of occupancy at the transmembrane

helices. Lipids also show variation in binding pattern depending upon the GPCR and its

organizational status (monomer or oligomer). Involvement of transmembrane helices at the

contact interface between the receptors decreases its accessibility to annular lipids resulting

in reduced binding probability of lipids at these regions. Binding sites for lipids also overlap

with each other and they compete for occupying these sites on GPCR surface. Therefore the

interaction pattern for lipids around a given receptor shows dynamic variation depending upon

the presence of other membrane components.

155



8. Conclusion 8.4. Implications for GPCR oligomerization

8.3 Cholesterol modulates contact interface during GPCR as-

sociation

Simulations have been useful in providing a “dynamic molecular insight” into GPCR oligomer-

ization233–235,334. These studies suggest that local membrane deformation due to hydrophobic

mismatch between transmembrane helices and lipid bilayer determine the extent and orienta-

tional preference of receptor association. However, the role of other lipid-mediated effects in

influencing receptor-receptor interaction is not well established. Indeed, crystal structure of β2-

adrenergic receptor shows the presence of cholesterol at the crystal packing interface suggesting

its involvement in receptor dimerization74. A coarse-grained molecular dynamics simulation

study to examine formation of homomeric and heteromeric complexes between opioid receptors,

showed an inverse correlation between persistence of lipid molecules (POPC and cholesterol)

around transmembrane helices and probability of their involvment at dimer interface235.

We carried out self assembly simulations of GPCRs in bilayers with different lipid composi-

tions to examine the contributions of specific and non-specific lipid-protein interactions in driv-

ing GPCR association and influencing oligomer conformation. GPCRs show multiple contact

interfaces between the receptors which occur with variable probabilities at different cholesterol

concentrations. Thus cholesterol appears to modulate the interface pattern in a concentration-

dependant manner. Contact interfaces sampled by the receptors also differ among GPCRs.

There appears to be a correlation between positive hydrophobic mismatch around transmem-

brane helices and their involvement at contact interface, although, the relationship is not al-

ways straightforward. Increased occupancy of cholesterol around transmembrane helix reduces

the propensity of its involvement at contact interface, despite persistance of local membrane

thickening around it. Our results suggest that cholesterol mediates GPCR association by a

combination of specific and non-specific effects.

8.4 Implications for GPCR oligomerization

8.4.1 Functional regulation

Although there are evidences to prove that GPCRs retain functionality even in their monomeric

state, it is suggested that formation of higher order aggregates may play a significant role in
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regulating receptor function138,444,445. Formation of GPCR dimers can modulate ligand bind-

ing, signaling and trafficking properties of one or both the protomers446. Our results highlight

the importance of understanding the molecular details of receptor association in influencing

GPCR function. Dimer/oligomer conformation could have direct influence on activity. Plastic-

ity observed in the interaction interface among GPCRs suggests that multiple sites on receptor

are favourable for contacts between receptors although their stability would largely depend

upon the most favourable protein-protein and protein-environment interaction. We speculate

that this would permit formation of large clusters which are more compactly organized. Fewer

permittable association interfaces between GPCRs would suggest formation of small clusters

or more specifically organized clusters. Formation of such clusters may regulate the relative

proportion of G-protein coupling with the oligomeric complex and thereby modulate function.

Ligand binding to GPCR has been shown to have contradicting effects on function, with

agonists promoting association between receptors in some GPCRs while destabilizing higher

order complexes in others447–449. Binding of ligand to GPCR stabilizes active conformation. In

cases where GPCRs are proposed to exist as dimers or higher order clusters under native condi-

tion and which destabilize on agonist treatment447, it could be postulated that ligand induces

conformational change which destabilizes interaction with associated neighbours resulting in

dissociation of cluster into monomers or smaller complexes (Fig 8.1).

Under these organizational state, coupling of larger population of G-proteins may be per-

mitted which was earlier prevented due to receptor clustering resulting in enhanced activity.

Contrastingly, if GPCR exist as monomers/smaller clusters and evidence suggest that oligomers

are formed following agonist treatment448,449, it could be hypothesized that the active confor-

mation of the receptor following ligand binding may favour specific interaction or reorganize

interaction pattern with neighbouring receptors resulting in formation of specifically organized

cluster that maximizes G-protein interaction with the receptors and subsequent stabilization.

Indeed the GPCR associated with the receptor directly interacting with Gα subunit, may

possibly serve to stabilize the overall complex by providing binding site for Gβγ subunit.

Our results emphasize the role of lipid-protein interactions in mediating GPCR oligomer-

ization. Lipids modulate oligomer conformation in a concentration-dependant manner. These

findings find prominence in the light that, under normal physiological conditions, the cell mem-

brane exhibits lateral asymmetry in lipid distribution. GPCRs along with relevant signaling
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Oligomer dissociation or 
rearrangement maximizes        
G-protein coupling to receptors

Cholesterol

Ligand
Oligomer

Monomer

Monomer 
oligomerizes to 
stabilize         
G-protein 
interaction 
with receptor

(a) (b)

Figure 8.1: Hypothesis for functional modulation of GPCR by regulating interaction pattern be-
tween receptors mediated by ligand binding or lipid interaction. (a) Conformational change in
receptor induces receptor disorganization or rearrangement allowing efficient coupling of G-proteins
to the receptors. (b) Monomer forms dimer or larger clusters which stabilizes G-protein interaction
with receptor

molecules preferentially partition into the ordered domains450,451. The conformation of the

oligomer in these domains would, in turn, influence its interaction with G-proteins and other

downstream signaling molecules.

8.4.2 Drug research

Drug development is a complicated, long and expensive process, which can take more than

a decade and cost billions of dollars per drug452,453. Most therapeutic drugs are designed to

target directly the protein of interest or its downstream signaling pathway452. A large part

of drug research is involved in screening potential therapeutics (small molecules or antibiotics)
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to identify those with maximum desired response and minimal side effects. Drugs targeting

GPCRs and/or their signaling pathway(s) have been largely focused on by pharmaceutical com-

panies454, yet only few of them are approved455 as they generate the desired pharmacological

response. The complication arises primarily due to limited availabe information on the active

conformation that needs to be targeted and due to the ability of GPCRs to form homo- and

hetero-oligomers under physiological conditions with functional consequences. Allosteric cross-

talk between protomers in GPCR homodimers has been reported for serotonergic receptors139.

Oligomerization between GPCR members could also allosterically modulate receptor activities

by influencing ligand binding affinity and/or downstream signaling mechanisms456,457. This

could result in generation of multiple unintended responses thereby reducing drug specificity

and efficacy. It is therefore vital to identify possible GPCR oligomeric partners (in case of

hetero-oligomers) and characterize molecular level structural details such as conformational

changes in the monomers, contact interface between the monomers, distances between ligand

binding pockets and potential downstream signaling partners for developing target specific drug

molecules. Our results suggest that lipids play an important role in modulating dimer/oligomer

conformations126,238,239. Variations in lipid environment around the oligomers could dynam-

ically alter equilibrium between these conformations. Therefore, a comprehensive molecular

level understanding of these factors influencing GPCR association would be essential for de-

signing effective therapeutics. Lipid composition of cell membrane is also known to vary with

age, stress and state-of-health30,348,349,458. These factors affect the function and expression of

GPCRs and other related signaling proteins350. Understanding lipid-mediated effects on re-

ceptor structure, function and organization could therefore also be useful to modulate GPCR

signaling at membrane level by pharmacologically regulating membrane lipid composition and

structure for treatment of diseases459.

In conclusion, using coarse-grained molecular dynamics simulation approach, we have been

able to investigate molecular details of higher order oligomerization in two well known, repre-

sentative GPCR species. The results discussed in this thesis highlights the role of membrane

lipids in higher order organization of β2-adrenergic receptor and serotonin1A receptor, though

we believe that these findings could possibly be generalized for other GPCR members too.

Our studies further emphasize the role of membrane lipids in GPCR oligomerization. Choles-

terol appears to modulate oligomerization and conformation of the oligomers by a combination
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of direct and indirect lipid-mediated effects and protein-lipid energetics in a concentration-

dependant manner. A dynamic equilibrium might exist between the conformations of different

oligomer species in cell membrane under physiological conditions. Conformational modulation

of these species by membrane lipids could have possible functional significance. These results

find considerable importance in designing drugs that target specific oligomer conformations

and allow pharmacological regulation of receptor function.
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[37] Villaláın, J. Eur. J. Biochem. 1996, 241, 586–593.

[38] Bartke, N.; Hannun, Y. A. J. Lipid Res. 2009, 50, S91–S96.

[39] Coskun, U.; Simons, K. Structure 2011, 19, 1543–1548.

[40] Marquardt, D.; Geier, B.; Pabst, G. Membranes 2015, 5, 180–196.

[41] Devaux, P. F.; Herrmann, A.; Ohlwein, N.; Kozlov, M. M. Biochim. Biophys. Acta 2008,

1778, 1591–1600.

[42] Daleke, D. L. J. Lipid Res. 2003, 44, 233–242.

[43] Gibson Wood, W.; Igbavboa, U.; Müller, W. E.; Eckert, G. P. J. Neurochem. 2011, 116,

684–689.

[44] Hayashi, H.; Igbavboa, U.; Hamanaka, H.; Kobayashi, M.; Fujita, S. C.; Gib-

son Wood, W.; Yanagisawa, K. Neuroreport. 2002, 13, 383–386.

[45] Fisher, K. A. Proc. Natl. Acad. Sci. USA 1976, 73, 173–177.

[46] Ramstedt, B.; Slotte, J. P. Biochim. Biophys. Acta 2006, 1758, 1945–1956.

[47] Yesylevskyy, S. O.; Demchenko, A. P. In Cholesterol Behavior in Asymmetric Lipid Bi-

layers: Insights from Molecular Dynamics Simulations; Owen, M. D., Ed.; Springer New

York, 2015; pp 291–306.

[48] Sharma, S.; Kim, B. N.; Stansfeld, P. J.; Sansom, M. S. P.; Lindau, M. PLoS ONE 2015,

10, 1–21.

[49] Karp, G. Cell and Molecular Biology: Concepts and Experiments; John Wiley & Sons,

2009.

163



Bibliography

[50] Wallin, E.; Heijne, G. V. Protein Sci. 1998, 7, 1029–1038.

[51] Almén, M. S.; Nordström, K. J.; Fredriksson, R.; Schiöth, H. B. BMC Biol. 2009, 7,
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[59] Hayer-Hartl, M.; Schägger, H.; von Jagow, G.; Beyer, K. Eur. J. Biochem. 1992, 209,

423–430.

[60] Brown, D. A.; London, E. Annu. Rev. Cell Dev. Biol. 1998, 14, 111–136.

[61] Fyfe, P. K.; McAuley, K. E.; Roszak, A. W.; Isaacs, N. W.; Cogdell, R. J.; Jones, M. R.

Trends Biochem. Sci. 2001, 26, 106–112.

[62] Palsdottir, H.; Hunte, C. Biochim. Biophys. Acta 2004, 1666, 2–18.
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[276] Schäfer, L. V.; Marrink, S. J. Biophys. J. 2010, 99, L91–L93.

[277] Daily, M. D.; Olsen, B. N.; Schlesinger, P. H.; Ory, D. S.; Baker, N. A. J. Chem. Theory

Comput. 2014, 10, 2137–2150.
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[438] Piknová, B.; Pérochon, E.; Tocanne, J.-F. Eur. J. Biochem. 1993, 218, 385–396.

[439] Kusumi, A.; Hyde, J. S. Biochemistry 1982, 21, 5978–5983.

[440] Sankaram, M. B.; Thompson, T. E. Biochemistry 1990, 29, 10676–10684.

[441] Ipsen, J.; Mouritsen, O.; Bloom, M. Biophys. J. 1990, 57, 405–412.

[442] Hung, W.-C.; Lee, M.-T.; Chen, F.-Y.; Huang, H. W. Biophys. J. 2007, 92, 3960–3967.

[443] Lee, A. Biochim. Biophys. Acta 2003, 1612, 1–40.

[444] Han, Y.; Moreira, I. S.; Urizar, E.; Weinstein, H.; Javitch, J. A. Nat. Chem. Biol. 2009,

5, 688–695.

[445] Barnett-Norris, J.; Lynch, D.; Reggio, P. H. Life Sci. 2005, 77, 1625–1639.
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