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G-protein coupled receptors (GPCRs) are membrane proteins that convey extracellular signals to the cellular

milieu. They represent a target for more than 30% of currently marketed drugs.

GPCRs  cholesterol  allosteric modulation

1. Introduction

G-protein coupled receptors (GPCRs) are membrane proteins that pass on extracellular signals to the cell using

heterotrimeric GTP-binding proteins (G-proteins). GPCRs are integral membrane proteins that possess seven

transmembrane α-helices (denoted TM1 to TM7) connected with three intracellular (IL1 to IL3) and three

extracellular (EL1 to EL3) loops (Figure 1A). The cysteine in the middle of ECL2 forms disulfide bridge with

cysteine at the edge of TM3. The N-terminus of GPCR is oriented out of the cell and may be glycosylated at

asparagine or glutamine residues. The C-terminus is oriented to the cytoplasm and may be palmitoylated or

myristoylated at cysteine residues. Individual amphiphilic TMs form a circular bundle with a hydrophilic pocket

among them that is accessible from the extracellular side (Figure 1B). The pocket serves as an orthosteric site for

endogenous transmitter or hormone. More than 30% of currently marketed drugs act at GPCRs and thus GPCRs

represent a very important pharmacological target .[1]
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Figure 1. (A), a schematic representation of structural features of G-protein coupled receptors (GPCRs) of class A;

(B) 3D representation of GPCR of class A. Yellow—the orthosteric binding site; gold—cholesterol dimer bound to

cholesterol consensus motif (CCM); purple—palmitic acid covalently bound to cysteine in Helix 8.

Most of neurotransmitters act at several receptor subtypes of a given receptor family. This divergence allows one

signalling molecule to elicit different cellular responses depending on the distribution of the receptor subtypes in the

body. For a pharmacological agent to target body organs selectively, it has to be able to differentially influence the

activation of individual receptor subtypes. In general, the binding site for a given endogenous signalling molecule is

conserved among its receptor subtypes. This is necessary for accommodating the signalling molecule during the

evolution of receptor subtypes. The sameness of the orthosteric site, however, makes finding subtype-selective

compounds acting at the orthosteric binding site extremely difficult. In contrast to orthosteric sites, secondary

allosteric binding sites on receptors are not under such evolutionary pressure and vary among subtypes .

Therefore, a lot of effort was given to the research of allosteric binding sites and allosteric modulators. A large

number of various allosteric modulators of GPCRs that bind to the extracellular or intracellular domains were

identified.

[2]
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Cholesterol (CLR) is a sterol-like type of lipid. CLR composes about 30% of all animal cell membranes. The

primary function of CLR is structural. It regulates membrane fluidity. Other non-structural functions of CLR include

its physical interaction with many membrane proteins including GPCRs (Figure 1B). This interaction results in

alteration of receptor properties in terms of the processes of ligand binding, receptor activation and signal

transduction . Thus, membrane CLR can be considered an allosteric modulator of GPCRs possessing its own

specific allosteric binding site.

2. Chemical Properties of Membrane CLR

CLR is a polycyclic and amphiphilic molecule that is found in high abundance in cell membranes. Its main function

is regulation of membrane fluidity by facilitation of the formation of ordered phases in the lipid bilayer via composite

interactions between lipid components. CLR is a shorter and more rigid molecule in comparison with phospholipids.

Therefore, parts of the membrane close to CLR molecules are more rigid and thinner. Fluidity and thickness of the

membrane, in turn, affect membrane protein trafficking.

CLR has a flat asymmetric structure defined by a planar α-face and rough β-face, named according to the

nomenclature of ring compounds . CLR in the membrane may exist as monomer or form dimers oriented α-face

to α-face, the so-called face-to-face dimers, stabilized by Van der Waals contacts (Figure 2A) . Face-to-face CLR

dimers were found in X-ray crystal structures of membrane proteins. Another type of CLR dimer may be stabilized

by a hydrogen bond between hydroxyl groups (Figure 2B). However, CLR hydroxyl group rather interacts via

hydrogen bonding with other membrane lipids or proteins . The third type of CLR dimers, trans-bilayer tail-to-tail

dimer, has been hypothesized to exist in membranes (Figure 2C) .

[3][4]

[5]

[6]

[7]

[8]
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Figure 2. Cholesterol (CLR) dimers. Three types of CLR dimers: (A), face-to-face dimer; (B), dimer stabilized by a

hydrogen bond (yellow dashed line); (C) tail-to-tail dimer.

3. General Mechanisms of Cholesterol Action at GPCRs

In principle, CLR may affect GPCRs in two ways. It may either directly bind to the receptor and thus allosterically

modulate the affinity of ligands, efficacy of agonists and spontaneous activity of the receptor. Alternatively, CLR

may affect GPCRs indirectly by changing fluidity and organization of the membrane that in turn affects signalling of

GPCRs. Direct modulation of GPCRs by CLR requires its interaction with specific sites on receptors with sufficient

affinity. Such sites were identified in many GPCRs; see below. In contrast, the indirect mechanism does not involve

CLR-specific binding site. As stated above, CLR decreases membrane fluidity that slows down the diffusion of

solute molecules like receptors, channels or membrane enzymes that in turn slows-down kinetics and decreases

the efficacy of signal transmission from a given receptor to its effector. In membranes rich in CLR content, CLR has

a propensity to associate into patches. High CLR content increases the order of neighbouring acyl chains that

leads to increased bilayer thickness . These membrane microdomains are termed lipid rafts and substantially

affect signal transduction . The hydrophobic mismatch is defined as the difference between the hydrophobic

membrane thickness and the peripheral length of the hydrophobic part of the membrane-spanning protein . The

membrane-perpendicular length of GPCRs is shorter in an inactive conformation than in an active conformation.

Therefore, GPCRs in an inactive conformation may be preferentially sorted to non-raft regions that represent a

thinner part of the membrane. Consequently, keeping a receptor in the non-raft region may constrain it in an

inactive conformation . Thus, keeping a receptor in non-raft region ablates its signalling. Moreover, the

differential localization of proteins in various microdomains increases the specificity of signalling. Co-localization of

several signalling pathways at a given microdomain, for example, may promote the formation of a signalling hub

that enables integration of distinct signalling pathways at the receptor-membrane interface . Thus, lipid rafts

play a unique role in cell physiology and pathology and represent possible target in hematopoietic, inflammatory,

neurodegenerative, and infectious diseases . Taken together, the indirect effects of membrane CLR are diverse

and bring complexity to GPCR signalling.

4. Binding of Cholesterol to GPCRs

CLR was found co-crystallized with many GPCRs of class A suggesting possible specific binding. At the time of

writing of this review, 44 X-ray or cryo-EM structures of 18 receptors of GPCRs of Class A have been published in

the RCSB database (https://www.rcsb.org/, accessed on 20 January 2021) (Table 1). CLR was found co-

crystallized with receptors for structurally different agonists including biogenic amines like adrenaline (α , β ) or

serotonin (5-HT ), peptides like angiotensin (AT ), chemokines (CCR9, CXCR2, CXCR3), endomorphins (κOR,

μOR), endothelin (ETB), formyl peptide (FPR2) or oxytocin (OTR), purines like adenosine (A ) or ADP (P2Y ,

P2Y ), endocannabinoids (CB , CB ), and eicosanoids like leukotriene (CLT2). CLR in crystals appeared as

monomer or dimer. For some receptors, CLR binding was confirmed in several crystal structures, e.g., β , 5-HT ,

or A . On the other hand, for some receptors, X-ray structures provide contradictory results, e.g., AT , CXCR2 or

[9]

[10]

[11]

[12]

[13][14]

[15]

2C 2

2B 1

2A 1

12 1 2

2 2B
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ETB. It also should be noted that in some cases CLR was found in an unexpected orientation, for example, parallel

to membrane (CB ) or hydroxy group in the middle of membrane bilayer (CB ). Additionally, no CLR was found in

the crystal structures of GPCRs at which CLR was shown to have a profound effect on ligand binding or receptor

activation; see below. Thus, information on the interaction of CLR with GPCRs inferred from crystal structures

should be taken with caution. Further, cholesteryl hemisuccinate (CHS) that is used for solubilisation of biological

membranes was found co-crystallized with GPCRs. CHS may compete out CLR from binding to GPCR. As it is not

certain whether co-crystallized CHS indeed binds to the CLR-specific binding site on GPCRs or is the result of the

solubilization process, CHS binding to GPCRs is not covered in this review.

Table 1. Cholesterol in crystal and cryo-EM structures. List of X-ray and cryo-EM (blue PDB codes) structures of

Class A GPCRs containing cholesterol. Rec.—receptor subtype, Code—PDB ID code, G-prot.—a subclass of G-

proteins mediating the primary response, Conf.—active or inactive conformation of the receptor, CLR—monomeric

or dimeric state of CLR, Leaflet—location of CLR in the inner or outer leaflet of the membrane, TM—

transmembrane helices CLR is interacting with, Ref.—reference.

2 1

Rec. Code
G-

prot.
Conf. CLR Leaflet TM Notes Ref.

α 6KUW G Inactive Monomer Out 1, 7
cholesterol is a part of the protomer-

protomer interface
TBP

β 2RH1 G Inactive

Dimer In
2,

3, 4  

Monomer In 1, 8
 

β 3D4S G Inactive Dimer In
2,

3, 4  

β 6PS0 G Inactive Monomer In
2,

3, 4

6PS2, 6PS3, 6PS4, 6PS5, 6PS7

same

κOR 6PT2 G Active Monomer Out 6 only with one protomer

2C i

2 s
[16]

2 s
[17]

2 s
[18]

i
[19]



Binding of Cholesterol to GPCRs | Encyclopedia.pub

https://encyclopedia.pub/entry/8232 6/18

Rec. Code
G-

prot.
Conf. CLR Leaflet TM Notes Ref.

κOR 6B73 G Active Monomer Out 6
 

κOR 6VI4 G Inactive Monomer In 4, 5 only with one protomer

μOR 4DKL G Inactive Monomer Out 6
 

μOR 5C1M G Active Monomer Out 6
 

5-HT 4IB4 G Active Monomer In 1, 8
 

5-HT 5TVN G Active Monomer In 1, 8
 

5-HT 6DRX G Active Monomer In 1, 8 6DRY, 6DRZ, 6DS0 same

A 4EIY G Inactive

Dimer Out 6
 

Monomer Out
2,

3, 4  

A 5IU4 G Inactive

Dimer Out 6 5UI7, 5UI8, 5UIA and 5UIB same

Dimer Out
2,

3, 4
5UIB only monomer.

AT 6OS1 G Active Monomer In 1, 8 6OS0 and 6OD1 no cholesterol

CB 6N4B G Active Monomer In 3, 4
 

i
[20]

i
[20]

i
[21]

i
[22]

2B q
[23]

2B q
[24]

2B q
[25]

2A s
[26]

2A s
[27]

1 q
[28]

1 i
[29]
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Rec. Code
G-

prot.
Conf. CLR Leaflet TM Notes Ref.

Monomer In 3, 4
unexpected orientation with OH in the

middle of the membrane

CB 6PT0 G Active

Dimer Out 6
 

Monomer In 5, 6 parallel to membrane

Monomer In 3, 4 parallel to membrane

CCR9 5LWE
 

Inactive Monomer In 6
 

CLT2 6RZ7 G Inactive Monomer In 6 6RZ6, 6RZ9 dtto.

CXCR2 6LFM G Active Monomer In
2,

3, 4
6LFO ditto, 6LFL no cholesterol

CXCR3 5WB2 G Active Dimer Out 6
 

ETB 5X93 G Inactive Monomer Out 1, 7 5XPR no cholesterol

FPR2 6LW5 G Active

Monomer In 6
 

Monomer In
2,

3, 4  

FPR2 6OMM G Active Dimer Out 1, 2
 

2 i
[30]

[31]

q
[32]

i
[33]

i
[34]

q
[35]

i
[36]

i
[37]
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Several CLR sites can be distinguished (Table 1, Figure 3). A CLR dimer in the outer leaflet of membrane binds to

A -adenosine receptor at a groove between TM2, TM3, and TM4 (Figure 3A) or TM6 (Figure 3C). A similar binding

of CLR as in Figure 2A can be found at the P2Y  receptor (4XNV) (Table 1). The κ-opioid receptor in an active

conformation (6PT2, 6B73), the μ-opioid receptor at an active (5C1M) or inactive conformation (4DKL) and the

CXCR3 receptor at an active conformation (5WB2) have CLR bound to the same site as the A -adenosine

receptor shown in Figure 3C. A CLR monomer in the outer leaflet binds to the oxytocin receptor at TM4 and TM5

(Figure 3B) or to α -adrenergic receptor at TM1 and TM7 (Figure 3D). A similar binding site as in Figure 3D has

been identified at the endothelin receptor (5X93) and purinergic P2Y  receptor (4NTK) (Table 1). A CLR dimer in

the inner leaflet of the membrane binds to the β -adrenergic receptor in a groove formed by TM2, TM3, and TM4

(Figure 3E). The same CLR-binding site is present at the CXC receptor 2 (6LFM), formyl peptide receptor 2

(6CW5, 6OMM) and P2Y  purinergic receptor (4NTJ). A CLR monomer in the inner leaflet binds to TM6 of an

inactive conformation of the κ-opioid receptor (Figure 3F) or the CCR9 chemokine receptor (Figure 3G). A similar

binding of CLR as in Figure 3G has been found at the cysteinyl leukotriene receptor 2 (6RZ7) and formyl peptide

receptor 2 (6CW5, 6OMM). A special kind of CLR interaction at TM1 stabilized by palmitic acid covalently bound to

cysteine in helix 8 can be found at the 5-HT  receptor (Figure 3H) and also at the β -adrenergic receptor (2RH1)

and angiotensin receptor 1 (6OS1).

Rec. Code
G-

prot.
Conf. CLR Leaflet TM Notes Ref.

Monomer Out 6
 

Monomer In 6
 

Monomer In
3,

4, 5  

OTR 6TPK G Inactive Monomer Out 4, 5
 

P2Y 4NTJ G Inactive

Monomer Out 1, 7
 

Monomer In 3, 4
unexpected orientation, binding to Y in

DRY motif

P2Y 4PXZ G Inactive Monomer In
2,

3, 4  

P2Y 4XNV G Inactive Monomer Out
2,

3, 4  

q
[38]

12 i
[39]

12 i
[39]

1 q
[40]

2A

1

2A

2C

12

2

12

2B 2
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Figure 3. CLR binding sites. Orientation—extracellular side up, N-terminus—red, C-terminus— blue, cholesterol—

gold, palmitic acid—purple. (A), CLR dimer binding to A -adenosine receptor (5IU4) at TM2, TM3 and TM4. (B),

CLR monomer binding to oxytocin receptor (6TPK) at TM4 and TM5. (C) CLR dimer binding to the A -adenosine

receptor (5IU4) at TM6. (D), CLR monomer binding to α  adrenergic receptor (6KUW) at TM1 and TM7. (E) CLR

dimer binding to the β  adrenergic receptor (3D4S) at TM2, TM3, and TM4. (F), CLR monomer binding to the κ-

opioid receptor (6VI4) at TM4 and TM5. (G), CLR monomer binding to the CCR9 chemokine receptor (5LWE) at

TM6. (H), CLR monomer binding to the 5-HT  receptor (4IB4) at TM1 and helix 8.

Receptors found co-crystallized with CLR mediate their primary functional responses via all three major subclasses

of G-proteins: G , G , and G . None of the CLR-binding sites can be considered typical for a given receptor

coupling pathway, suggesting that CLR-binding sites evolved independently from receptor coupling. Similarly,

comparison of GPCRs in active and inactive conformations does not show any correlation with CLR binding. This

suggests the absence of a common mechanism of CLR action on receptor activation.

Based on X-ray structures two putative cholesterol-binding motifs were postulated. Besides the so-called ’CLR

recognition amino acid consensus’ (CRAC) domain common for all membrane proteins , the so-called ‘CLR

Consensus Motif’ (CCM) was identified in the structure of the β -adrenergic receptor (3D4S) . CCM is the

groove formed by 2 or 3 TMs. For the 3D4S structure, residues R151, L155 W158 in the TM4 and Y70 in the TM2

were identified as key CLR-binding residues (Figure 4). Although the orientation of the CLR dimer in the 2RH1

structure is slightly different from the 3D4S structure, key interactions with CCM are preserved . The same

applies to binding of the monomeric CLR in the 6PS0 structure . In contrast, no CLR was found in four

structures of the β -receptor: 2R4R, 2R4S, 3KJ6, 3P0G. Based on bioinformatics studies of GPCR homology, the

consensus sequence of CCM has been established as R/K-X -I/V/L-X -Y/W in the one helix and F/Y in the

opposing helix. Residues R/K and F/Y of CCM are at the intracellular edge of TM helices. Residues Y/W are

approximately in the middle of the membrane. The hydroxyl group of CLR interacts with a basic residue of CCM

that are abundant at the intracellular edge of TMs. The β-face of the CLR dimer binds strongly with W or Y via

hydrophobic, mainly π-π stacking, interactions. The CRAC domain (R/K-X -Y-X -L/V) and its reversed CARC (L/V-

X -Y-X -R/K) are similar to the CCM in having R or K at the edge of the membrane. In comparison to CCM,

positions of aromatic and hydrophobic residues are swapped in CRAC and CARC. While CRAC and CARC

accommodate monomeric CLR, the CCM may bind a CLR dimer.

2A

2A

2C

2

2B

i s q

[41]

2
[17]

[16]

[18]

2

5 5

5 5

5 5
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Figure 4. Structure of cholesterol consensus motif (CCM). CCM in the structure of β -adrenergic receptor (3D4S)

as viewed with TM2 (A) or TM4 (B) in front. Orientation, extracellular side up. Principal residues of CCM are

coloured. Green—Y70 in TM2, blue R151, yellow—W158 and pink—I154 in TM4.

Although CCM, CRAC, and CARC motifs appear in the sequence of large number GPCRs , CLR was found

in structures lacking a CLR-binding motif, e.g., cannabinoid CB  receptor (6PT0) or endothelin receptor (5X93)

(Table 2). Binding of CLR to a detected CLR-binding motif was confirmed only in some of the published structures.

For example, CCM was found at all five subtypes of the muscarinic acetylcholine receptor. However, no CLR was

detected at any of the 16 published structures. In structures of the M  receptor (5CXV and 6WJC), CHS is bound to

CCM . In many structures possessing a CLR-binding motif, CLR-binding was detected somewhere else. One

of the abundant non-canonical CLR-binding sites is in the inner leaflet of the membrane at TM1 and Helix 8, e.g.,

structures 2RH1 (β -adrenergic); 4IB4, 5TVN, and 6DRX (5-HT ); and 6OS1 (AT ). The binding of CLR in this site

is stabilized by palmitic acid covalently bound to the cysteine in Helix 8. Another non-canonical CLR-binding site

appears in the outer leaflet of the membrane at TM6, e.g., structures 6PT2 (δ-opioid); 6B73 (κ-opioid); 4EIY and

5IU4 (A -adenosine). At structures 4DLK and 5C1M of the μ-opioid receptor, CLR binds to the variation of CCM.

In these structures, the CLR hydroxyl group makes a hydrogen bond with Q314 instead of basic R or K of classic

CCM. At structure 6LFM of the CXCR2 receptor, CLR binds to the variation of CRAC that possesses W instead of

Y.

Table 2. Cholesterol binding motifs and residues interacting with CLR. List of X-ray structures of Class A GPCRs

containing cholesterol predicted CLR-binding motifs and CLR-interacting residues. Code—PDB ID code, CLR—

monomeric or dimeric state of CLR, leaflet—location of CLR in the inner or outer leaflet of the membrane, TM—

transmembrane helices CLR is interacting with.

2

[17][42]

2

1

[43][44]

2 2B 1

2A
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Rec. Code CLR Leaflet TM Predicted Confirmed? CLR-Interacting Residues

α 6KUW Monomer Out 1, 7 CCM No Q45, Y46, E112, K420

β 2RH1

Dimer In
2, 3,

4
CCM Yes Y70, T73, S74, R151, W158

Monomer In 1, 8
   

T56, C341_Plm

β 3D4S Dimer In
2, 3,

4
CCM Yes Y70, T73, S74, R151, W158

β 6PS0 Monomer In
2, 3,

4
CCM Yes Y70, T73, S74, R151, W158, F166

κOR 6PT2 Monomer Out 6 CCM No F280, D293 (o2)

κOR 6B73 Monomer Out 6 CCM No T288, F293, T302, S303, S311

κOR 6VI4 Monomer In 4, 5 CCM No F147, T150, Y157, H162

μOR 4DKL Monomer Out 6 CCM Q Yes T294, Y299, F313, Q314, S317

μOR 5C1M Monomer Out 6 CCM Q Yes T294, Y299, F313, Q314, S317

5-HT 4IB4 Monomer In 1, 8 CCM No T73, Y394, Y399, C397_Plm

5-HT 5TVN Monomer In 1, 8 CCM No T73, Y394, Y399

5-HT 6DRX Monomer In 1, 8 CCM No T73, Y394, Y399

2C

2

2

2

2B

2B

2B
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Rec. Code CLR Leaflet TM Predicted Confirmed? CLR-Interacting Residues

A 4EIY

Dimer Out 6
   

F182, 183, 255, 258, S263, H264

Monomer Out
2, 3,

4
CCM No F70, F79, Q163 (o2)

A

5IU4 Dimer Out 6
   

F182, 183, 255, 258, S263, H264

 
Dimer Out

2, 3,

4
CCM No F70, H75, F79, F133, Q163

AT 6OS1 Monomer In 1, 8 CCM No F39, F44, S47

CB 6N4B

Monomer In 3, 4 CRAC Partly F208, K232

Monomer In 3, 4
   

F208, Y215, H219, R220

CB 6PT0

Dimer Out 6 None -- Q276, K279, F283

Monomer In 6
   

Y207, H211, W214, H217, R238,

D240

Monomer In 3, 4
   

D130, Y137, T153, R149

CCR9 5LWE Monomer In 6 CCM Yes K254, T258, F263, F308, F319

CLT2 6RZ7 Monomer In 5 CARC Yes S218, Y221, R226, F257

CXCR2 6LFM Monomer In 2, 3, CRAC Yes N89, N129, K163, W170, L174

2A

2A

1

1

2
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Besides X-ray crystallography, approaches of computational chemistry also predicted interaction of CLR with

GPCRs at many sites . Multi-scale simulations of molecular dynamics revealed that CLR-interaction sites

are dynamic in nature and are indicative of ‘high occupancy sites’ rather than ‘binding sites’. The results suggest

that the energy landscape of CLR association with GPCRs corresponds to a series of shallow minima separated by

low barriers. However, extensive all-atom simulations of molecular dynamics of the β -adrenergic receptor (3D4S)

suggest that CLR interacts specifically with the CCM and its binding is stable over the course of simulation .

CLR binding to the CCM of the β -adrenergic receptor requires a slow, concerted rearrangement of side chains .

The structures of the A  adenosine receptor 4EIY and 5UI4 contain three and four CLR molecules, respectively,

that are bound at two nearly opposite positions at the extracellular side of the receptor (Figure 3A,C) .

However, none of them interacts with CCM detected at the intracellular half of TM2 and TM4. Simulation of

molecular dynamics of the system containing the A -adenosine receptor in lipid bilayer containing 30 % of CLR

Rec. Code CLR Leaflet TM Predicted Confirmed? CLR-Interacting Residues

4 W

CXCR3 5WB2 Dimer Out 6 CCM Yes T247, F265, S268, R271, T276

ETB 5X93 Monomer Out 1 None -- Y102, T105

FPR2 6LW5

Monomer In 6
   

S215

Monomer In
2, 3,

4
CRAC No N66, W150

FPR2 6OMM

Dimer Out 1, 2
 

-- F37,

Monomer Out 6
   

F206, F255, W267

Monomer In 6
   

H229

Monomer In
3, 4,

5
CRAC No F118, H129, W132

OTR 6TPK Monomer Out 4, 5 CCM No F191, W195, Y200, W203

P2Y 4NTJ

Monomer Out 1, 7
   

F28, Y278, S282, W285

Monomer In 3, 4 CCM No Y123, Q124

P2Y 4PXZ Monomer In
2, 3,

4
CCM Yes

F51, S55, K64, N65, F106, K142,

W149, F153

12

12

[4][45][46]

2

[17]

2
[47]

2A

[26][27]

2A
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resulted in the association of CLR with CCM and stabilization of TM6 by the CLR dimer . The same approach

identified additional CLR binding sites on the A  receptor .

Two molecules of CLR were successfully docked to the site at the intracellular half of TM6 of the M  muscarinic

receptor (5CXV) identified by site-directed mutagenesis (Figure 5) . Simulation of molecular dynamics of the

docked CLR confirmed the stability of CLR binding and identified the hydrogen bond to R365 (R6.35 according to

Ballesteros-Weinstein numbering ) as the key interaction.

Figure 5. Docking of CLR to 5CXV structure of M  muscarinic receptor. Two molecules of CLR docked to the

structure of M  muscarinic receptor (5CXV) as viewed with TM6 (A) or TM4 (B) in front. Orientation, extracellular

side up. Principal residues in TM6 interacting with CLR are coloured. Blue—R365, orange—L372, pink—L376.

References

1. Hauser, A.S.; Attwood, M.M.; Rask-Andersen, M.; Schiöth, H.B.; Gloriam, D.E. Trends in GPCR
drug discovery: New agents, targets and indications. Nat. Rev. Drug Discov. 2017, 16, 829–842.

2. Zhang, Y.; Doruker, P.; Kaynak, B.; Zhang, S.; Krieger, J.; Li, H.; Bahar, I. Intrinsic dynamics is
evolutionarily optimized to enable allosteric behavior. Curr. Opin. Struct. Biol. 2020, 62, 14–21.

3. Gimpl, G. Interaction of G protein coupled receptors and cholesterol. Chem. Phys. Lipids 2016,
199, 61–73.

4. Sarkar, P.; Chattopadhyay, A. Cholesterol interaction motifs in G protein-coupled receptors:
Slippery hot spots? Wiley Interdiscip. Rev. Syst. Biol. Med. 2020, e1481.

Rec. Code CLR Leaflet TM Predicted Confirmed? CLR-Interacting Residues

P2Y 4XNV Monomer In
2, 3,

4
CCM No Y189, T221, Y217, S2131

[26][48]

2A
[49]

1

[50]

[51]

1

1



Binding of Cholesterol to GPCRs | Encyclopedia.pub

https://encyclopedia.pub/entry/8232 15/18

5. Rose, I.A.; Hanson, K.R.; Wilkinson, K.D.; Wimmer, M.J. A suggestion for naming faces of ring
compounds. Proc. Natl. Acad. Sci. USA 1980, 77, 2439–2441.

6. Bandara, A.; Panahi, A.; Pantelopulos, G.A.; Straub, J.E. Exploring the structure and stability of
cholesterol dimer formation in multicomponent lipid bilayers. J. Comput. Chem. 2017, 38, 1479–
1488.

7. Fantini, J.; Barrantes, F.J. How cholesterol interacts with membrane proteins: An exploration of
cholesterol-binding sites including CRAC, CARC, and tilted domains. Front. Physiol. 2013, 4, 31.

8. Mukherjee, S.; Chattopadhyay, A. Monitoring cholesterol organization in membranes at low
concentrations utilizing the wavelength-selective fluorescence approach. Chem. Phys. Lipids
2005, 134, 79–84.

9. Niemelä, P.S.; Ollila, S.; Hyvönen, M.T.; Karttunen, M.; Vattulainen, I. Assessing the nature of lipid
raft membranes. PLoS Comput. Biol. 2007, 3, 0304–0312.

10. Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. cell Biol. 2000, 1, 31–
39.

11. Killian, J.A. Hydrophobic mismatch between proteins and lipids in membranes. Biochim. Biophys.
Acta Rev. Biomembr. 1998, 1376, 401–416.

12. Lei, B.; Morris, D.P.; Smith, M.P.; Schwinn, D.A. Lipid rafts constrain basal α1A-adrenergic
receptor signaling by maintaining receptor in an inactive conformation. Cell. Signal. 2009, 21,
1532–1539.

13. Ostrom, R.S.; Insel, P.A. The evolving role of lipid rafts and caveolae in G protein-coupled
receptor signaling: Implications for molecular pharmacology. Br. J. Pharmacol. 2004, 143, 235–
245.

14. Legler, D.F.; Matti, C.; Laufer, J.M.; Jakobs, B.D.; Purvanov, V.; Uetz-von Allmen, E.; Thelen, M.
Modulation of Chemokine Receptor Function by Cholesterol: New Prospects for Pharmacological
Intervention. Mol. Pharmacol. 2017, 91, 331–338.

15. Sviridov, D.; Mukhamedova, N.; Miller, Y.I. Lipid rafts as a therapeutic target. J. Lipid Res. 2020,
61, 687–695.

16. Cherezov, V.; Rosenbaum, D.M.; Hanson, M.A.; Rasmussen, S.G.F.; Thian, F.S.; Kobilka, T.S.;
Choi, H.-J.; Kuhn, P.; Weis, W.I.; Kobilka, B.K.; et al. High-resolution crystal structure of an
engineered human beta2-adrenergic G protein-coupled receptor. Science 2007, 318, 1258–1265.

17. Hanson, M.A.; Cherezov, V.; Griffith, M.T.; Roth, C.B.; Jaakola, V.-P.; Chien, E.Y.T.; Velasquez, J.;
Kuhn, P.; Stevens, R.C. A specific cholesterol binding site is established by the 2.8 A structure of
the human beta2-adrenergic receptor. Structure 2008, 16, 897–905.



Binding of Cholesterol to GPCRs | Encyclopedia.pub

https://encyclopedia.pub/entry/8232 16/18

18. Ishchenko, A.; Stauch, B.; Han, G.W.; Batyuk, A.; Shiriaeva, A.; Li, C.; Zatsepin, N.; Weierstall, U.;
Liu, W.; Nango, E.; et al. Toward G protein-coupled receptor structure-based drug design using X-
ray lasers. IUCrJ 2019, 6, 1106–1119.

19. Claff, T.; Yu, J.; Blais, V.; Patel, N.; Martin, C.; Wu, L.; Han, G.W.; Holleran, B.J.; Van der Poorten,
O.; White, K.L.; et al. Elucidating the active δ-opioid receptor crystal structure with peptide and
small-molecule agonists. Sci. Adv. 2019, 5, eaax9115.

20. Che, T.; English, J.; Krumm, B.E.; Kim, K.; Pardon, E.; Olsen, R.H.J.; Wang, S.; Zhang, S.;
Diberto, J.F.; Sciaky, N.; et al. Nanobody-enabled monitoring of kappa opioid receptor states. Nat.
Commun. 2020, 11, 1145.

21. Manglik, A.; Kruse, A.C.; Kobilka, T.S.; Thian, F.S.; Mathiesen, J.M.; Sunahara, R.K.; Pardo, L.;
Weis, W.I.; Kobilka, B.K.; Granier, S. Crystal structure of the µ-opioid receptor bound to a
morphinan antagonist. Nature 2012, 485, 321–326.

22. Huang, W.; Manglik, A.; Venkatakrishnan, A.J.; Laeremans, T.; Feinberg, E.N.; Sanborn, A.L.;
Kato, H.E.; Livingston, K.E.; Thorsen, T.S.; Kling, R.C.; et al. Structural insights into µ-opioid
receptor activation. Nature 2015, 524, 315–321.

23. Wu, H.; Wacker, D.; Mileni, M.; Katritch, V.; Han, G.W.; Vardy, E.; Liu, W.; Thompson, A.A.;
Huang, X.-P.; Carroll, F.I.; et al. Structure of the human κ-opioid receptor in complex with JDTic.
Nature 2012, 485, 327–332.

24. Wacker, D.; Wang, S.; McCorvy, J.D.; Betz, R.M.; Venkatakrishnan, A.J.; Levit, A.; Lansu, K.;
Schools, Z.L.; Che, T.; Nichols, D.E.; et al. Crystal Structure of an LSD-Bound Human Serotonin
Receptor. Cell 2017, 168, 377–389.

25. McCorvy, J.D.; Wacker, D.; Wang, S.; Agegnehu, B.; Liu, J.; Lansu, K.; Tribo, A.R.; Olsen, R.H.J.;
Che, T.; Jin, J.; et al. Structural determinants of 5-HT2B receptor activation and biased agonism.
Nat. Struct. Mol. Biol. 2018, 25, 787–796.

26. Liu, W.; Chun, E.; Thompson, A.A.; Chubukov, P.; Xu, F.; Katritch, V.; Han, G.W.; Roth, C.B.;
Heitman, L.H.; IJzerman, A.P.; et al. Structural basis for allosteric regulation of GPCRs by sodium
ions. Science 2012, 337, 232–236.

27. Segala, E.; Guo, D.; Cheng, R.K.Y.; Bortolato, A.; Deflorian, F.; Doré, A.S.; Errey, J.C.; Heitman,
L.H.; IJzerman, A.P.; Marshall, F.H.; et al. Controlling the Dissociation of Ligands from the
Adenosine A2A Receptor through Modulation of Salt Bridge Strength. J. Med. Chem. 2016, 59,
6470–6479.

28. Wingler, L.M.; Skiba, M.A.; McMahon, C.; Staus, D.P.; Kleinhenz, A.L.W.W.; Suomivuori, C.-M.M.;
Latorraca, N.R.; Dror, R.O.; Lefkowitz, R.J.; Kruse, A.C. Angiotensin and biased analogs induce
structurally distinct active conformations within a GPCR. Science 2020, 367, 888–892.



Binding of Cholesterol to GPCRs | Encyclopedia.pub

https://encyclopedia.pub/entry/8232 17/18

29. Krishna Kumar, K.; Shalev-Benami, M.; Robertson, M.J.; Hu, H.; Banister, S.D.; Hollingsworth,
S.A.; Latorraca, N.R.; Kato, H.E.; Hilger, D.; Maeda, S.; et al. Structure of a Signaling
Cannabinoid Receptor 1-G Protein Complex. Cell 2019, 176, 448–458.e12.

30. Xing, C.; Zhuang, Y.; Xu, T.H.; Feng, Z.; Zhou, X.E.; Chen, M.; Wang, L.; Meng, X.; Xue, Y.; Wang,
J.; et al. Cryo-EM Structure of the Human Cannabinoid Receptor CB2-Gi Signaling Complex. Cell
2020, 180, 645–654.e13.

31. Oswald, C.; Rappas, M.; Kean, J.; Doré, A.S.; Errey, J.C.; Bennett, K.; Deflorian, F.; Christopher,
J.A.; Jazayeri, A.; Mason, J.S.; et al. Intracellular allosteric antagonism of the CCR9 receptor.
Nature 2016, 540, 462–465.

32. Gusach, A.; Luginina, A.; Marin, E.; Brouillette, R.L.; Besserer-Offroy, É.; Longpré, J.-M.;
Ishchenko, A.; Popov, P.; Patel, N.; Fujimoto, T.; et al. Structural basis of ligand selectivity and
disease mutations in cysteinyl leukotriene receptors. Nat. Commun. 2019, 10, 5573.

33. Liu, K.; Wu, L.; Yuan, S.; Wu, M.; Xu, Y.; Sun, Q.; Li, S.; Zhao, S.; Hua, T.; Liu, Z.-J. Structural
basis of CXC chemokine receptor 2 activation and signalling. Nature 2020, 585, 135–140.

34. Miles, T.F.; Spiess, K.; Jude, K.M.; Tsutsumi, N.; Burg, J.S.; Ingram, J.R.; Waghray, D.; Hjorto,
G.M.; Larsen, O.; Ploegh, H.L.; et al. Viral GPCR US28 can signal in response to chemokine
agonists of nearly unlimited structural degeneracy. Elife 2018, 7.

35. Shihoya, W.; Nishizawa, T.; Yamashita, K.; Inoue, A.; Hirata, K.; Kadji, F.M.N.; Okuta, A.; Tani, K.;
Aoki, J.; Fujiyoshi, Y.; et al. X-ray structures of endothelin ETB receptor bound to clinical
antagonist bosentan and its analog. Nat. Struct. Mol. Biol. 2017, 24, 758–764.

36. Chen, T.; Xiong, M.; Zong, X.; Ge, Y.; Zhang, H.; Wang, M.; Won Han, G.; Yi, C.; Ma, L.; Ye, R.D.;
et al. Structural basis of ligand binding modes at the human formyl peptide receptor 2. Nat.
Commun. 2020, 11, 1208.

37. Zhuang, Y.; Liu, H.; Edward Zhou, X.; Kumar Verma, R.; de Waal, P.W.; Jang, W.; Xu, T.-H.;
Wang, L.; Meng, X.; Zhao, G.; et al. Structure of formylpeptide receptor 2-Gi complex reveals
insights into ligand recognition and signaling. Nat. Commun. 2020, 11, 885.

38. Waltenspühl, Y.; Schöppe, J.; Ehrenmann, J.; Kummer, L.; Plückthun, A. Crystal structure of the
human oxytocin receptor. Sci. Adv. 2020, 6, eabb5419.

39. Zhang, K.; Zhang, J.; Gao, Z.-G.; Zhang, D.; Zhu, L.; Han, G.W.; Moss, S.M.; Paoletta, S.;
Kiselev, E.; Lu, W.; et al. Structure of the human P2Y12 receptor in complex with an
antithrombotic drug. Nature 2014, 509, 115–118.

40. Zhang, D.; Gao, Z.-G.; Zhang, K.; Kiselev, E.; Crane, S.; Wang, J.; Paoletta, S.; Yi, C.; Ma, L.;
Zhang, W.; et al. Two disparate ligand-binding sites in the human P2Y1 receptor. Nature 2015,
520, 317–321.



Binding of Cholesterol to GPCRs | Encyclopedia.pub

https://encyclopedia.pub/entry/8232 18/18

41. Li, H.; Papadopoulos, V. Peripheral-type benzodiazepine receptor function in cholesterol
transport. Identification of a putative cholesterol recognition/interaction amino acid sequence and
consensus pattern. Endocrinology 1998, 139, 4991–4997.

42. Jafurulla, M.; Tiwari, S.; Chattopadhyay, A. Identification of cholesterol recognition amino acid
consensus (CRAC) motif in G-protein coupled receptors. Biochem. Biophys. Res. Commun. 2011,
404, 569–573.

43. Thal, D.M.; Sun, B.; Feng, D.; Nawaratne, V.; Leach, K.; Felder, C.C.; Bures, M.G.; Evans, D.A.;
Weis, W.I.; Bachhawat, P.; et al. Crystal structures of the M1 and M4 muscarinic acetylcholine
receptors. Nature 2016, 531, 335–340.

44. Maeda, S.; Xu, J.; Kadji, F.M.N.; Clark, M.J.; Zhao, J.; Tsutsumi, N.; Aoki, J.; Sunahara, R.K.;
Inoue, A.; Garcia, K.C.; et al. Structure and selectivity engineering of the M1 muscarinic receptor
toxin complex. Science 2020, 369, 161–167.

45. Sengupta, D.; Chattopadhyay, A. Molecular dynamics simulations of GPCR-cholesterol
interaction: An emerging paradigm. Biochim. Biophys. Acta 2015, 1848, 1775–1782.

46. Lee, A.G. Interfacial Binding Sites for Cholesterol on G Protein-Coupled Receptors. Biophys. J.
2019, 116, 1586–1597.

47. Cang, X.; Du, Y.; Mao, Y.; Wang, Y.; Yang, H.; Jiang, H. Mapping the functional binding sites of
cholesterol in β2-adrenergic receptor by long-time molecular dynamics simulations. J. Phys.
Chem. B 2013, 117, 1085–1094.

48. McGraw, C.; Yang, L.; Levental, I.; Lyman, E.; Robinson, A.S. Membrane cholesterol depletion
reduces downstream signaling activity of the adenosine A2A receptor. Biochim. Biophys. Acta
Biomembr. 2019, 1861, 760–767.

49. Rouviere, E.; Arnarez, C.; Yang, L.; Lyman, E. Identification of Two New Cholesterol Interaction
Sites on the A2A Adenosine Receptor. Biophys. J. 2017, 113, 2415–2424.

50. Randáková, A.; Dolejší, E.; Rudajev, V.; Zimčík, P.; Doležal, V.; El-Fakahany, E.E.; Jakubík, J.
Role of membrane cholesterol in differential sensitivity of muscarinic receptor subtypes to
persistently bound xanomeline. Neuropharmacology 2018, 133, 129–144.

51. Ballesteros, J.A.; Weinstein, H. Integrated methods for the construction of three-dimensional
models and computational probing of structure-function relations in G protein-coupled receptors.
In Methods in Neurosciences; Academic Press: San Diego, CA, USA, 1995; Volume 25, pp. 366–
428. ISBN 9780121852955.

Retrieved from https://encyclopedia.pub/entry/history/show/19568


