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Abstract
G protein-coupled receptors (GPCRs) are the largest class of membrane proteins involved in signal transduction and are 
characterized by seven transmembrane domain architecture interconnected by extra- and intracellular loops. These loops, 
along with the N- and C-terminal domains, constitute the extramembranous regions in GPCRs. These regions, accounting for 
~ 40% or more amino acid residues across different GPCR classes, are distinct from the conserved transmembrane domains 
in terms of nonconservation of sequence, diversity in length, and conformational heterogeneity. Due to technical challenges 
in exploring the molecular basis underlying the relation between structure, dynamics, and function in these regions, their 
contribution to GPCR organization and signaling remain underappreciated. Despite existing literature on the involvement 
of GPCR loops in numerous aspects of GPCR biology, the functional relevance of GPCR loops in the context of their 
inherent conformational heterogeneity and probable membrane interaction are not well understood. This review focuses 
on highlighting these aspects of GPCR extramembranous regions in the overall context of GPCR organization, dynamics, 
and biology. We envision that a judicious combination of insights obtained from structured transmembrane domains and 
disordered extramembranous regions in GPCRs would be crucial in arriving at a comprehensive understanding of GPCR 
structure, function, and dynamics, thereby leading to efficient drug discovery.
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Molecular Architecture and Membrane 
Interaction of G Protein‑Coupled Receptors

G protein-coupled receptors (GPCRs) are cellular nanoma-
chines involved in signal transduction from the extracellu-
lar milieu to the cellular interior and constitute the largest 
class of integral membrane proteins in mammals (Pierce 
et al. 2002; Rosenbaum et al. 2009; Chattopadhyay 2014; 
Weis and Kobilka 2018). The GPCR superfamily consists 
of more than 800 members encoded by ~ 5% of the human 
genome (Zhang et al. 2006). GPCRs are characterized by a 
canonical seven transmembrane domain architecture, with 
extra- and intracellular loops acting as covalent interhelical 
linkers (Fig. 1). These receptors detect information (encoded 
by ligands such as neurotransmitters, hormones, peptides, 
odorants, and even photons) at the cell surface and undergo 
conformational rearrangements that trigger appropriate 

biochemical responses in the cellular interior. In mechanistic 
terms, GPCRs are allosteric proteins since ligand binding at 
the extracellular face (termed as the orthosteric site) triggers 
recruitment of downstream effectors (such as G-proteins) 
at the intracellular face, due to the presence of ‘molecular 
switches’ (conserved structural motifs) that induce concerted 
structural rearrangements in the transmembrane region (Fili-
pek 2019). Information about GPCR activation pathways 
can be mapped to sequence and structural features that are 
characteristic of transmembrane domains (Weis and Kob-
ilka 2018). As an immediate consequence of the range of 
physiological responses (such as neurotransmission, cellular 
growth and differentiation, and immune response) mediated 
by them, GPCRs have emerged as major drug targets across 
all clinical areas (Jacobson 2015; Hauser et al. 2017; Chan 
et al. 2019; Insel et al. 2019).

GPCRs are intimately associated with their immediate 
membrane microenvironment due to their multitransmem-
brane domain architecture. There is extensive literature 
(encompassing structural, biochemical, biophysical, and 
computational approaches) on the role of membrane lipids 
in GPCR biology. In particular, membrane cholesterol has 
been shown to be a crucial modulator of GPCR organiza-
tion, dynamics, oligomerization, and function (Pucadyil and 
Chattopadhyay 2006; Paila and Chattopadhyay 2010; Oates 
and Watts 2011; Jafurulla and Chattopadhyay 2013; Chat-
topadhyay 2014; Sengupta and Chattopadhyay 2015; Gimpl 
2016; Sengupta et al. 2018). The mechanism underlying such 
modulation could be via specific interactions of membrane 
cholesterol with GPCRs, or cholesterol-induced changes in 
global bilayer properties, or a combination of both (recently 
reviewed in Jafurulla et al. 2019). In addition, the paradigm 
of GPCR–lipid interaction has been enriched with emerging 
evidence on the influence of anionic phospholipids (Kimura 
et al. 2012; Dawaliby et al. 2016; Strohman et al. 2019) and 
sphingolipids (Jafurulla and Chattopadhyay 2015) in regu-
lating GPCR structure and function. This has been comple-
mented by reports on the modulation of membrane organiza-
tion and function of GPCRs by global bilayer properties such 
as membrane viscosity (Pal et al. 2016), elasticity (Prasad 
et al. 2009), curvature (Brown 2012), and thickness (Alves 
et al. 2005; Rao et al. 2017).

Extramembranous Regions of GPCRs: Not 
Just Extras

Quantitative analyses of integral membrane protein sequence 
and structure indicate that more than 60% of amino acid 
residues in α-helical membrane proteins lie outside the 
transmembrane region (Ulmschneider and Sansom 2001). 
Conventionally, these loop regions have been considered to 
be spacers covalently linking helical domains in membrane 
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Fig. 1   A schematic representation of the molecular architecture of 
G protein-coupled receptors (GPCRs). The GPCR superfamily is the 
largest and most diverse group of proteins in mammals involved in 
signal transduction. Their basic architecture consists of seven trans-
membrane helices (shown as blue cylinders) covalently linked by 
extra- and intracellular loops (shown as blue lines). Phospholipids are 
depicted with gray headgroups and black acyl chains, and cholesterol, 
the predominant functionally relevant sterol in eukaryotes, is shown 
in green. GPCRs act as cellular nanotransducers that detect informa-
tion, undergo conformational rearrangements, and trigger appropriate 
responses in the form of various signaling cascades depending on the 
effector molecules recruited in the cellular interior (these steps are 
shown by interlocking curly arrows). GPCRs have emerged as major 
drug targets due to the wide range of physiological responses medi-
ated by these membrane receptors. These functionally diverse roles 
assumed by GPCRs are believed to partly originate from the diversity 
encoded in the GPCR extramembranous regions. These regions, char-
acterized by a high degree of variability in sequence and length, serve 
as functional checkpoints with receptor-specific fingerprints. See text 
for more details
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proteins. However, the large fraction of amino acids in mem-
brane protein loops raises the possibility of involvement of 
these regions in membrane protein structure and function. 
From a structural perspective, loops are known to influence 
the tertiary structure and stability of membrane proteins by 
constraining the distance between transmembrane helices 
(Tastan et al. 2009). In addition, the distribution of hydro-
phobic residues in loops (which is similar to soluble pro-
teins) could be envisioned to result in a compact secondary 
structure due to preferential shielding of the hydrophobic 
residues from the polar aqueous microenvironment. These 
secondary structural elements, along with distance con-
straints originating from the length of loop regions, trigger 
and aid in the assembly of transmembrane helices into a 
defined supramolecular structure with functional conse-
quences (Tastan et al. 2009).

GPCR extramembranous regions consist of three extra-
cellular loops (ECL1-3), three intracellular loops (ICL1-
3), and N- and C-termini (Fig. 2). The extramembranous 
regions of GPCRs are believed to lock the transmembrane 

domains in their basal state in the absence of ligands (Kob-
ilka and Deupi 2007). These regions constitute ~ 40% of 
amino acid residues in class A GPCRs and more than 70% 
residues in class B and class C GPCRs (Venkatakrishnan 
et al. 2014). In sharp contrast to the presence of multi-
ple highly conserved residues in transmembrane helical 
domains of GPCRs, the largely disordered loop regions 
are characterized by an immense diversity within and 
across GPCR classes (Karnik et al. 2003), both in terms 
of sequence and length. The N-terminus, C-terminus, and 
ICL3 exhibit the largest variability in length, while ECL1, 
ECL3, ICL1, and ICL2 display the highest conservation 
in length among GPCRs (Karnik et al. 2003; Unal and 
Karnik 2012). In addition, crystallographic analyses point 
to a greater diversity in sequence and secondary struc-
ture in the GPCR extracellular face and upper half of the 
transmembrane domains, relative to the lower half and the 
intracellular (cytoplasmic) loops (Katritch et al. 2012). 
Interestingly, the extramembranous regions characterized 
by highest length variability correspond to a pattern of 
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Fig. 2   Role of extramembranous regions in GPCR biology. GPCR 
extramembranous regions, which typically have ~ 40% amino acids 
in class A GPCRs, consist of the N-terminal domain; three extracel-
lular loops: ECL1, ECL2, and ECL3; three intracellular loops: ICL1, 
ICL2, and ICL3; and the C-terminal domain. In sharp contrast to 
the seven transmembrane domain GPCR scaffold, these regions are 
characterized by substantial sequence diversity and length variability 
across receptor types and even subtypes. This translates to differen-
tial ligand binding at the extracellular face and stringently controlled 

recruitment of specific downstream effectors at the cytoplasmic face, 
thereby affecting almost every aspect of GPCR biology. The func-
tionally diverse roles assumed by GPCRs in the context of cellular 
physiology originate, at least partially, from the diversity encoded in 
these extramembranous regions. Drug discovery approaches using 
subtle yet distinct receptor-specific differences in sequence or confor-
mation of these regions remain largely unexplored and are envisioned 
to yield therapeutic interventions with minimal receptor crosstalk and 
side effects. See text and Table 1 for more details
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intrinsically disordered regions (IDRs) unique to GPCRs 
(Jaakola et al. 2005; Venkatakrishnan et al. 2014). The 
sequence diversity and length variability in GPCR loops 
allow differential ligand binding at the extracellular face 
and stringent recruitment of specific downstream effec-
tors at the cytoplasmic face of these receptors. These 
unique features of GPCR loops affect almost every aspect 
of GPCR biology (see Fig. 2, Table 1). The functionally 
diverse roles assumed by GPCRs in the context of cellular 
physiology could therefore originate from the diversity 
encoded in the GPCR extramembranous regions. This is 
further highlighted by the fact that ~ 40% of point muta-
tions that lead to altered GPCR function can be mapped to 
extramembranous regions (Karnik et al. 2003). 

GPCR Extracellular Loops (ECLs)

The extracellular face of GPCRs consists of the N-terminal 
domain and the three loops ECL1-3. These loops collec-
tively play an important role in the recognition of diverse 
ligands (Peeters et al. 2011b; Wheatley et al. 2012), due to 
the formation of receptor-specific compact structures held 
together by electrostatic salt bridges, hydrophobic contacts, 
and hydrogen bonds. The presence of a conserved disulfide 
bond between ECL2 and TM3, along with other interloop 
disulfide bonds specific to certain receptor subtypes, is 
known to impose conformational constraints on the recep-
tor (Wheatley et al. 2012), leading to stable receptor con-
formations (Katritch et al. 2012). In fact, strategic insertion 
of cysteine residues resulting in the formation of additional 
disulfide bond(s) is a popular approach employed to generate 
thermostable receptor mutants amenable to crystallographic 
studies (Popov et al. 2018). The nature of forces governing 
the assembly of extracellular domains influences the packing 
geometry of GPCR transmembrane helices, which in turn 
may craft the ligand binding pocket (Karnik et al. 2003; 
Wheatley et al. 2012).

Apart from the recognition of diverse ligands by the 
extracellular face, ECLs could act as a ‘gatekeeper’ by tun-
ing ligand accessibility to binding pockets due to the pres-
ence of multiple charged residues at conserved positions 
(Hawtin et al. 2006) and participate in activation and allos-
teric modulation of receptors (Peeters et al. 2011b; Unal 
and Karnik 2012; Wheatley et al. 2012). In addition, ECLs, 
especially the N-terminal domain, have been implicated in 
homo- (Romano et al. 1996) and hetero-oligomerization 
(Schwarz et al. 2000) of certain GPCRs, which may translate 
to differential signaling. Even though specific ECLs have 
been implicated in different aspects of GPCR biology (see 
Table 1, Fig. 2 for a representative list of the functional role 
assumed by ECLs in different receptors), the importance of 
ECLs stems from the strength of interaction between these 

loops and the factors governing such interactions (Peeters 
et al. 2011b; Wheatley et al. 2012).

Studies on chemokine CXC receptors (CXCRs), which 
belong to the peptide-binding GPCR family and are asso-
ciated with diverse immune and inflammatory responses 
(Hughes and Nibbs 2018), have provided fundamental 
insights into the importance of N-terminal domains in GPCR 
biology. The N-terminal domain in these GPCRs has been 
reported to be an important structural determinant for ligand 
binding, receptor internalization, and signaling (Rajagopalan 
and Rajarathnam 2004, 2006; Prado et al. 2007). Since the 
CXCR N-terminal domain is implicated in differential bind-
ing to ligands of different classes (Rajagopalan and Raja-
rathnam 2004) or different oligomeric states (Ravindran 
et al. 2009), diversities in CXCR-mediated inflammatory 
and noninflammatory responses are believed to predomi-
nantly originate from the sequence, structure, and dynam-
ics of the N-terminal domain in particular, and the receptor 
extracellular face in general (Kleist et al. 2016). This has 
led to therapeutic interventions that target CXCR N-termi-
nal domains and associated interactions for a multitude of 
pathophysiological conditions ranging from pulmonary and 
autoimmune disorders to type 1 diabetes and cancer (Szpa-
kowska et al. 2012).

Taken together, the extracellular face of GPCRs can be 
conceptualized as a ‘funnel’ that distills divergent recep-
tor–ligand interactions into a unifying series of trans-
membrane conformational changes, which in turn, trigger 
appropriate cellular signaling cascades (Venkatakrishnan 
et al. 2016). The importance of ECLs in GPCR biology is 
highlighted by the fact that numerous diseases such as reti-
nitis pigmentosa, nephrogenic diabetes insipidus, and hypo- 
and hyperthyroidism have been mapped to mutations at the 
extracellular face (Spiegel 1995; Schöneberg et al. 2004). 
Due to high sequence and structure variability among ECLs 
of related receptors (or receptor subtypes), drug discovery 
utilizing subtle receptor-specific differences in ECL con-
formation (or sequence) is envisioned to yield therapeutic 
interventions with minimal crosstalk and side effects.

GPCR Intracellular Loops (ICLs)

The intracellular face of GPCRs, consisting of the three ICLs 
and the C-terminal domain, forms the interface between 
GPCRs and their signalosomes, and facilitates spatiotempo-
rally regulated coupling of conformational rearrangements 
in GPCR transmembrane domains to the appropriate cyto-
solic machinery. Recent high-resolution, time-resolved spec-
troscopic and molecular dynamics (MD) studies of GPCRs 
have revealed the formation of transient secondary structural 
elements at the intracellular face upon ligand binding and 
G-protein coupling (Dror et al. 2009; Du et al. 2019). A 
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Table 1   Functional aspects of extramembranous regions in GPCRs

5-HTR serotonin receptor, AR adrenergic receptor, AT receptor angiotensin II receptor, CB cannabinoid receptor, DR dopamine receptor, FZD 
receptor frizzled receptor, GABA receptor γ-aminobutyric acid receptor, mAChR muscarinic acetylcholine receptor, mGluR metabotropic gluta-
mate receptor, NPY receptor neuropeptide Y receptor, OR opioid receptor, P2Y receptor purinergic receptor, S1P receptor sphingosine 1-phos-
phate receptor, VR vasopressin receptor

Function Representative examples

(a) Extracellular loops
 N-terminal domain

  Ligand binding CB1 (Sabatucci et al. 2018), CXCR1 and CXCR2 (Prado et al. 2007; Ravindran et al. 2009; 
Berkamp et al. 2017), NPYR (Zou et al. 2009), V1aR (Hawtin et al. 2000)

  Receptor oligomerization GABAB receptor (Schwarz et al. 2000), mGluR5 (Romano et al. 1996)
  Signaling CXCR1 and CXCR2 (Prado et al. 2007), V1aR (Hawtin et al. 2000)

 Extracellular loop 1 (ECL1)
  Ligand binding S1P4 receptor (Pham et al. 2007), V1aR (Hawtin et al. 2006)
  Receptor activation Adesonine A2B receptor (Peeters et al. 2011a), V1aR (Hawtin et al. 2006)
  Receptor surface expression V1aR (Hawtin et al. 2006)

 Extracellular loop 2 (ECL2)
  Ligand binding Adesonine A1 and A2A receptor (Nguyen et al. 2016; Glukhova et al. 2017; Cao et al. 2018), 

5HT1BR, 5HT2BR, and 5HT2AR (Wacker et al. 2013; Iglesias et al. 2017), V1aR (Hawtin et al. 
2006; Conner et al. 2007)

  Receptor activation M3 mAChR (Scarselli et al. 2007), P2Y1 receptor (Hoffmann et al. 1999), V1aR (Conner et al. 
2007)

  Surface expression P2Y1 receptor (Hoffmann et al. 1999)
 Extracellular loop 3 (ECL3)

  Ligand binding AT2R (Hines et al. 2001)
  Recruitment of downstream effectors and activation β2-AR (Zhao et al. 1998), AT2R (Hines et al. 2001)

(b) Intracellular loops
 Intracellular loop 1 (ICL1)

  Ligand binding S1P1 receptor (Valentine et al. 2011)
  Recruitment of downstream effectors and activation β2-AR (Grisanti et al. 2018), FZD4 receptor (Strakova et al. 2017), S1P1 receptor (Valentine et al. 

2011)
  Receptor trafficking α2B-AR, α1B-AR, and β2-AR (Duvernay et al. 2009), AT1 receptor (Duvernay et al. 2009)

 Intracellular loop 2 (ICL2)
  Recruitment of downstream effectors and signaling β2-AR (Komolov et al. 2017), GABAB receptor (Havlickova et al. 2002), AT1A receptor (Gáborik 

et al. 2003), D3R (Sun et al. 2017), M1 mAChR (Moro et al. 1993), 5HT1AR and 5HT2AR (Var-
rault et al. 1994; Kushwaha et al. 2006; Hall et al. 2012), V1aR (Liu and Wess 1996)

  Receptor trafficking and plasma membrane expression δ-OR (St-Louis et al. 2017)
 Intracellular loop 3 (ICL3)

  Recruitment of downstream effectors and signaling α1-AR, α2-AR, and β2-AR (Kobilka et al. 1988; Cotecchia et al. 1990; Hausdorff et al. 1990; 
Cheung et al. 1991; Ikezu et al. 1992; DeGraff et al. 2002; Chakir et al. 2003; Komolov et al. 
2017), GABAB receptor (Havlickova et al. 2002), M1 mAChR (Jung et al. 2017), 5HT1AR and 
5HT6R (Varrault et al. 1994; Malmberg and Strange 2000; Kohen et al. 2001; Turner et al. 
2004), V2R (Liu and Wess 1996)

  Receptor oligomerization D2R and D3R (Borroto-Escuela et al. 2010, O’Dowd et al. 2012; Bontempi et al. 2017), M3 
mAChR (Maggio et al. 1996), rhodopsin (Liang et al. 2003)

  Receptor trafficking (or internalization) and plasma mem-
brane expression

D2R (Clayton et al. 2014), δ-OR (St-Louis et al. 2017), 5HT6R (Brodsky et al. 2017)

 C-terminal domain
  Recruitment of downstream effectors and signaling β2-AR (Chakir et al. 2003; Komolov et al. 2017), CB1 (Eldeeb et al. 2019), mGluR2 (Bruno 

et al. 2012), rhodopsin (Kirchberg et al. 2011)
  Receptor oligomerization Adenosine A2A receptor (Borroto-Escuela et al. 2010), β2-AR (Parmar et al. 2017), GABAB 

receptor (Margeta-Mitrovic et al. 2000), δ-OR (Cvejic and Devi 1997), D1R (O’Dowd et al. 
2012)

  Receptor trafficking (or internalization), transport and plasma 
membrane expression

α2B-AR (Duvernay et al. 2004), GABAB receptor (Margeta-Mitrovic et al. 2000; Calver et al. 
2001), AT1R (Duvernay et al. 2004; Zhang and Wu 2019), δ-OR (Cvejic and Devi 1997)
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unique structural aspect of the GPCR intracellular face is 
a short helical domain (helix 8) in the C-terminal segment, 
which was first observed in the crystal structure of rhodopsin 
(Palczewski et al. 2000). This helix is now recognized as 
a key structural feature conserved in most GPCRs (Bruno 
et al. 2012). Interestingly, a recent bioinformatics study sug-
gests that the nature of the conserved second residue in helix 
8 may form the basis of G-protein specificity exhibited by 
different GPCR classes (Sato 2019).

The information transfer from the GPCR transmembrane 
helices to the cellular interior occurs predominantly via tran-
sient covalent modifications (such as phosphorylation) of 
specific residues in the ICLs and C-terminal domain. These 
covalent modifications lead to the formation of unique bar-
codes at the GPCR intracellular face (Liggett 2011; Yang 
et al. 2017) for recruitment of specific effectors characterized 
by cognate barcodes (Flock et al. 2017), resulting in distinct 
signaling cascades and receptor fate. Since phosphorylation 
occurs predominantly at residues in ICL3 and C-terminal 
domain, these regions are involved in receptor desensitiza-
tion, internalization, recycling, and associated signaling 
events (Yang et al. 2017). Another level of complexity in 
GPCR signaling originates from the presence of receptor 
splice variants differing in the length of their IDRs, lead-
ing to diverse and complex responses to similar ligands via 
differential recruitment of signaling partners (Buljan et al. 
2012). GPCR splice variants with differing ICL3 lengths, in 
particular, have been reported to exhibit differential ligand 
binding, desensitization, dimerization, and signaling (Giros 
et al. 1989; Usiello et al. 2000). In addition, the intracellular 
face has been implicated in homo- and hetero-oligomeri-
zation of GPCRs, with receptor-specific consequences for 
intracellular trafficking and plasma membrane expression 
due to the presence of endoplasmic reticulum retention/
export motifs in this region (Milligan 2010). Emerging evi-
dence points to nuclear transport of several GPCRs due to 
the presence of nuclear localization signals at the intracellu-
lar face, leading to distinct signaling pathways implicated in 
many cellular processes like transcription and cellular pro-
liferation (Cattaneo et al. 2016). In spite of the multifaceted 
involvement of ICLs in GPCR biology (see Table 1, Fig. 2 
for representative examples) and diseases associated with 
GPCR dysfunction (Schöneberg et al. 2004), these regions 
remain largely unexplored as drug targets, except for the 
pepducin class of lipopeptides. Pepducins, derived from cog-
nate GPCR ICLs, target the receptor–effector interface in an 
allosteric manner and have emerged as a viable therapeutic 
strategy for a variety of diseases (Zhang et al. 2015).

GPCR Extramembranous Regions 
in Receptor Biology: Challenges 
and Emerging Paradigms

Structure–function relationship in GPCR extramembra-
nous regions has been explored by introducing mutations 
at single or multiple residues, followed by biochemical 
characterization of the receptor. Important insights into 
structural components of GPCRs involved in coupling to 
downstream effectors have been acquired from mutagenesis 
studies in hybrid and chimeric receptors (Gudermann et al. 
1997). More recently, x-ray crystallography (Ghosh et al. 
2014) and cryo-electron microscopy (Safdari et al. 2018) 
approaches have been established as toolboxes of choice 
for exploring the structural correlates of GPCR biology. 
However, the availability of information about GPCR loops 
from crystallographic studies has been severely limited 
because the flexible ICL3 loop is either stabilized using a 
monoclonal antibody or replaced with T4 lysozyme (Ghosh 
et al. 2015) due to the inherent conformational flexibility 
of the loop poses a problem for x-ray crystallography, and 
the ‘static’ nature of crystallographic approaches. In addi-
tion, spectroscopic techniques such as fluorescence reso-
nance energy transfer (FRET) (Kauk and Hoffmann 2018), 
electron spin resonance (ESR) (Manglik et al. 2015; Van 
Eps et al. 2015) and nuclear magnetic resonance (NMR) 
(Manglik et al. 2015; Bostock et al. 2019) have emerged 
as powerful tools for mapping receptor conformational 
dynamics to different facets of GPCR biology. Importantly, 
these spectroscopic techniques offer substantial adaptabil-
ity to the inherent conformational dynamics of GPCR loop 
regions and are therefore envisioned to be instrumental in 
gaining fundamental insights into the functional relevance 
of GPCR extramembranous regions. However, establishing 
structure–dynamics–function relationships in intact GPCRs, 
in an appropriate membrane lipid milieu supporting receptor 
function, poses considerable challenge, predominantly due 
to technical difficulties associated with GPCR solubiliza-
tion (Kalipatnapu and Chattopadhyay 2005; Chattopadhyay 
et al. 2015). Therefore, spectroscopic approaches such as 
solution NMR, circular dichroism, and fluorescence have 
mainly focused on exploring the structure, dynamics, and 
probable membrane interaction of peptides derived from or 
mimicking GPCR loops (Pham et al. 2007; Zou et al. 2009; 
Haldar et al. 2010; Chen et al. 2011; Chaudhuri et al. 2013; 
Berkamp et al. 2017; Pal et al. 2018).

Theoretical and computational approaches, such as 
homology modeling and MD simulations, lie at the other end 
of this spectrum and are capable of providing information 
on structure and dynamics of GPCR loops across various 
spatiotemporal scales of resolution (Sengupta et al. 2016, 
2017). Although difficulties in assignment of GPCR loop 
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regions represent an early bottleneck in homology modeling 
due to low sequence conservation and inherent dynamics 
in loops (Soto et al. 2008), the growing number of high-
resolution GPCR structures in recent years have resulted in 
a number of refined loop prediction algorithms (Goldfeld 
et al. 2012). Similarly, early attempts to simulate GPCRs 
with intact extramembranous regions faced problems due to 
unavailability of ‘template’ crystal structures with complete 
loops and technical challenges associated with very long 
convergence times of loop regions due to their conforma-
tional dynamics (Grossfield 2011, Sengupta et al. 2016). In 
other words, the inherent dynamics of GPCR loops, which 
impart functionality to these regions, makes it difficult to 
explore GPCR loop structure and dynamics. As such, a chal-
lenging aspect of contemporary GPCR research is to obtain 
a comprehensive understanding of the functional relevance 
of GPCR loops.

Conformational Heterogeneity in GPCR 
Extramembranous Regions

GPCR extramembranous regions show unique patterns of 
long IDRs (see Fig. 3 and its legend), which correspond 
to regions of sequence diversity and length variability 
(Jaakola et  al. 2005). Although the extent of disorder 
varies among different GPCR classes and even between 
receptors of the same class (Venkatakrishnan et al. 2014), 
regions with the highest diversity in sequence and length 
such as N-terminal domain, ICL3, and C-terminal domain 
exhibit the highest predicted degree of intrinsic disorder 
(Jaakola et al. 2005). In keeping with trends predicted for 
transmembrane proteins (Bürgi et al. 2016), these IDRs 
are localized predominantly toward the cytoplasmic side. 
Interestingly, the amino acid composition of these regions 
is significantly different compared to that observed in 
other intrinsically disordered proteins (IDPs) (Jaakola 
et al. 2005). This is particularly valid in case of ICL3. 
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Neuropeptide Y (NPY) receptors
Extracellular Loop 2
Adenosine A2A receptor
Vasopressin V1a receptor

C-terminal domain
Angiotensin II AT1 receptor 
Cannabinoid CB1 receptor
Metabotropic glutamate mGlu2 receptor 

Intracellular Loop 3
β-Adrenergic receptor
Cannabinoid CB1 receptor

Fig. 3   Conformational heterogeneity and membrane interaction of 
GPCR extramembranous regions. GPCR extramembranous regions, 
particularly the N- and C-terminal domains and ICL3 (represented as 
dashed lines), show unique patterns of long intrinsically disordered 
regions (IDRs), which correspond to regions of sequence diversity 
and length variability. These IDRs are believed to expand the func-
tional and regulatory repertoire of GPCRs by amplifying the confor-
mational space available to the extra- and intracellular faces, leading 
to accelerated molecular recognition of cognates via dimensionality 
reduction mechanisms. Importantly, emerging literature suggests the 
involvement of these IDRs, along with ECL2 (shown in blue, with 
examples of receptors for which membrane interaction have been 

reported), in interaction with membranes. Since both soluble and 
intrinsically disordered proteins are known to adopt distinct struc-
tural conformations on interaction with membranes, encountering 
membrane lipids during sampling of the conformational landscape 
could bias these loop regions toward a specific conformational space. 
Emerging literature on the interplay of conformational dynamics and 
membrane interaction in GPCR extramembranous regions represent a 
novel paradigm shift in the regulation of GPCR biology by its imme-
diate membrane microenvironment. However, current understanding 
of the fundamental principles linking conformational dynamics, het-
erogeneity, and membrane interactions of these IDRs to GPCR biol-
ogy is limited. See text for more details
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The prevalence of disordered regions should translate to 
adaptability to a wide array of interaction partners due to 
greater structural flexibility. This is relevant in the con-
text of GPCR biology, since the extra- and intracellular 
faces are believed to function as converging and diverg-
ing checkpoints. In other words, diverse receptor–ligand 
interactions at the extracellular side merge to a unified 
set of transmembrane conformational rearrangements that 
trigger the formation of a multitude of receptor–effector 
complexes, thereby constituting the dynamic GPCR signa-
losome. This could account for the vast diversity in signal-
ing pathways mediated by GPCRs.

The three IDRs (at N-terminal domain, ICL3, and 
C-terminal domain) are believed to expand the functional 
and regulatory repertoire of GPCRs by amplifying the 
conformational space available to the extra- and intracel-
lular faces, leading to accelerated molecular recognition 
of cognates (ligands/effectors) via dimensionality reduc-
tion mechanisms such as the fly-casting mechanism (Shoe-
maker et al. 2000). This has been demonstrated in case 
of rhodopsin, where an increased capture radius of the 
unstructured ICL3 region catalyzes its G-protein coupling 
(Elgeti et al. 2013). Many IDPs are known to undergo local 
disorder-to-order transitions, concomitant with the binding 
step, in the proximity of their interaction partners (Dyson 
and Wright 2005). An important thermodynamic conse-
quence of this coupled folding and binding mode is the 
formation of receptor–ligand or receptor–effector com-
plexes with high specificity but low affinity, leading to a 
tradeoff between specificity and flexibility crucial for spa-
tiotemporal control of GPCR signaling (Elgeti et al. 2013). 
In addition, IDRs could act as scaffolds for modulating the 
local concentration of GPCR signaling partners, thereby 
allowing the coordination and crosstalk of multiple cellu-
lar processes across spatiotemporal scales (Cumberworth 
et al. 2013).

The N-terminal domain of CXCR1, a class A GPCR, 
has been shown to exhibit substantial conformational 
dynamics (Park et al. 2011). We have shown that the con-
formational dynamics of the CXCR1 N-terminal domain 
peptide (Fig. 4a) is influenced by environmental factors 
such as proximity to membranes (Haldar et  al. 2010; 
Kharche et al. 2018) and differential hydration (Chaud-
huri et al. 2013), with consequences for ligand binding of 
the receptor (Rajagopalan and Rajarathnam 2004; Joseph 
et al. 2018). Conformational dynamics at the intracellular 
face of GPCRs has been reported to be distinctly differ-
ent within GPCR classes (Bourque et al. 2017) and even 
in case of the same receptor bound to different ligands 
(Ghanouni et al. 2001). At the intracellular face, ICL3 is 
known to be largely unstructured (see Fig. 4b; Ulfers et al. 
2002; Chen et al. 2011; Pal et al. 2018), with short second-
ary structural elements including α-helices and β-sheets 

distributed along the length (Huang et al. 2016) and at 
the two juxtamembranous ends (Varrault et  al. 1994; 
Ulfers et al. 2002; Chen et al. 2011). These short struc-
tural stretches are believed to contain activator sequences 
important for coupling to G-proteins (Cheung et al. 1991; 
Hayataka et al. 1998; Ortiz et al. 2000) and calmodulin 
(Turner et al. 2004; Chen et al. 2011).

Interestingly, emerging literature suggests a role of the 
sole tryptophan residue in the serotonin1A receptor ICL3 
(highlighted in yellow in Fig. 4b) in binding of this loop to 
calmodulin (Chen et al. 2011). We have previously reported 
that this tryptophan residue experiences a restricted micro-
environment due to constraints induced by local second-
ary structural elements (Pal et al. 2018). This gives rise to 
the exciting possibility of exploring subtle conformational 
changes in GPCR ICL3 peptides through the microenviron-
ment-sensitive spectroscopic window of intrinsic trypto-
phan fluorescence. The third IDR in GPCRs, the C-terminal 
domain, exhibits considerable conformational dynamics, 
particularly in helix 8, with consequences in receptor func-
tion (Kirchberg et al. 2011). Taken together, the conforma-
tional heterogeneity in GPCR extramembranous regions 
in general, and GPCR IDRs in particular, has important 
consequences for GPCR signaling and its modulation, and 
therefore assumes significance in the development of bet-
ter therapeutics. However, present understanding of the 
fundamental principles linking conformational dynamics 
and heterogeneity to GPCR biology is still emerging and 
would require a judicious synthesis of insights obtained 
across receptor classes utilizing a variety of experimental 
and theoretical approaches.

Membrane Interaction of GPCR Extramembranous 
Regions

Extramembranous regions, constituting at least ~ 40% amino 
acid residues in GPCRs, are mostly unstructured with short 
stretches of α-helical and β-sheet secondary structural ele-
ments. As discussed above, this lack of stable secondary 
structure imparts greater flexibility and adaptability to 
the extramembranous regions, thereby enabling a rapid 
response from these regions to changes in their immediate 
microenvironment. These changes in microenvironment 
could be diffusing ligands at the extracellular face, subtle 
changes in transmembrane helices, and local concentration 
of signaling partners at the intracellular side. The induc-
tion of local secondary structural elements at appropriate 
hotspots in GPCR extramembranous regions could be cou-
pled to the dimensionality reduction mechanism (Shoemaker 
et al. 2000) employed by these regions in searching for a 
conformational optimum for binding to ligands or down-
stream effectors. Since both soluble proteins and IDPs (Das 
and Eliezer 2019) are known to adopt distinct structural 
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AARFRIRKTVKKVEKTGADTRHGASPAPQPKKSVNGESGSR
NWRLGVESKAGGALCANGAVRQGDDGAALEVIEVHRVGNS
KEHLPLPSEAGPTPCAPASFERKNERNAEAKRKMALARERKT

Fig. 4   Representative examples of conformational dynamics and 
membrane interaction of GPCR extramembranous regions: a Mem-
brane interaction of the CXC chemokine receptor 1 (CXCR1) N-ter-
minal domain. CXCR1, a member of the peptide-binding GPCR 
family, is associated with immune and inflammatory responses and 
represents an efficacious drug target for a multitude of pathophysi-
ological conditions ranging from pulmonary and autoimmune dis-
orders to type 1 diabetes and cancer. Interestingly, the N-terminal 
domain of CXCR1 (shown in maroon with its amino acid sequence 
and the two tryptophan residues highlighted) is crucial for imparting 
ligand binding specificity to the receptor. Importantly, the membrane 
interaction of the CXCR1 N-terminal domain is believed to regulate 
the conformational dynamics of this loop and influence its ligand 

binding properties. b Conformational dynamics of the serotonin1A 
receptor third intracellular loop (ICL3). The ICL3 segment (shown 
in maroon with its amino acid sequence and the sole tryptophan 
residue highlighted) connects transmembrane helices V and VI. The 
serotonin1A receptor ICL3 has been shown to be crucial for G-protein 
coupling and subsequent receptor activation. Mutations in this seg-
ment is known to switch the mode of G-protein coupling of the recep-
tor from Gi to Gs in a ligand-dependent fashion. However, the role of 
ICL3 in modulating the cellular response to ligand-induced confor-
mational changes in GPCR transmembrane domains remain largely 
underappreciated due to the replacement or stabilization of this 
region in high-resolution crystallographic studies of GPCRs. Adapted 
and modified from Pal et al. 2018. See text for more details
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conformations on interaction with membranes, it is plausi-
ble that encountering membrane (lipids) during sampling of 
the conformational landscape would bias these loop regions 
toward a specific conformational space, with consequences 
for GPCR organization, dynamics, and signaling. This could 
be important in expanding the mechanistic framework for 
the otherwise well documented lipid regulation of GPCR 
function (Paila and Chattopadhyay 2010; Oates and Watts 
2011; Chattopadhyay 2014; Jafurulla and Chattopadhyay 
2015; Jafurulla et al. 2019; Strohman et al. 2019), as appar-
ent from emerging literature on lipid-binding sites (Gimpl 
2016) and/or collages of such sites (Fatakia et al. 2019) in 
GPCR extramembranous regions. Interestingly, most of the 
existing literature on membrane interactions of GPCR loops 
report the interaction of IDRs (N-terminal domain, ICL3, 
and C-terminal domain) in GPCRs with membranes.

Membrane interaction of the N-terminal domain of 
CXCRs (see Figs. 3, 4a) constitutes one of the well charac-
terized systems (Haldar et al. 2010; Chaudhuri et al. 2013; 
Kharche et al. 2018), with distinct implications in ligand 
binding and signaling (Rajagopalan and Rajarathnam 2004; 
Prado et al. 2007; Joseph et al. 2018). Membrane interac-
tions of the neuropeptide Y (NPY) receptor N-terminal 
domain (Zou et al. 2009) and the adenosine A2A receptor 
ECL2 (Cao et al. 2018) have been implicated in chaperoning 
the respective ligands into the orthosteric binding pocket. In 
addition, cholesterol-mediated sphingolipid interaction with 
ECL1 in serotonin1A receptors (Prasanna et al. 2016), and 
cholesterol-specificity in class F GPCRs (Byrne et al. 2016) 
have been reported to involve the extracellular face of these 
receptors, thereby highlighting long- and short-range mem-
brane interactions of GPCR extracellular loops. Membrane 
interaction of ECL2 in the neurohypophysial peptide GPCR 
subfamily (e.g., vasopressin receptors) has been reported 
(Hawtin et al. 2006).

At the intracellular face, membrane interaction appears to 
be mediated predominantly via the C-terminal domain (see 
Fig. 3) across several class A GPCRs (Mozsolits et al. 2002; 
Xie and Chen 2005; Bruno et al. 2012), with the membrane 
interacting residues acting as a sensor for anionic lipids 
(Mozsolits et al. 2002) and cholesterol (Bruno et al. 2012). 
In contrast to class A GPCRs where helix 8 anchors to mem-
branes due to the presence of palmitoylation sites (Goddard 
and Watts 2012), the membrane interaction of helix 8 in 
class B GPCRs is mediated through a tryptophan residue 
(Conner et al. 2008) due to the absence of palmitoylation 
sites. Importantly, tryptophan residues in membrane proteins 
are known to act as membrane anchors and influence mem-
brane protein function (Kelkar and Chattopadhyay 2006). 
The juxtamembranous ends of the β-adrenergic receptor 
ICL3 (Cheung et al. 1991) and a central hydrophobic patch 
in the cannabinoid CB1 receptor ICL3 (Ulfers et al. 2002) 
have been implicated in membrane interaction. Proximity to 

the membrane microenvironment could also be reflected in 
changes in structure, organization, and dynamics of GPCR-
interacting proteins including peptide ligands (Sankarara-
makrishnan 2006) and downstream effectors (Casas et al. 
2017), thereby broadening the role of membranes in modu-
lating GPCR-mediated signaling.

Conclusions and Emerging Avenues

GPCR extramembranous regions account for ~ 40% or more 
amino acid residues across various GPCR classes and are 
implicated in several aspects of GPCR biology, including 
receptor oligomerization, trafficking, and signaling. How-
ever, the lacunae in contemporary GPCR research lies in 
understanding the functional relevance of GPCR loops in the 
context of their intrinsic conformational heterogeneity and 
probable membrane interaction. This has led to a scenario 
where the GPCR extramembranous regions, despite serv-
ing as functional checkpoints with receptor-specific finger-
prints, have remained largely unexplored in terms of their 
therapeutic potential. In addition, a comprehensive under-
standing of the crosstalk between structured transmembrane 
domains and disordered extramembranous regions in GPCRs 
is envisioned to result in novel bioengineering approaches 
(Airan et al. 2009, Mansouri et al. 2019), where cellular 
signaling can be precisely controlled by harnessing various 
components of the GPCR signaling hub. We believe that an 
intelligent synthesis of insights from structured transmem-
brane domains and disordered extramembranous regions in 
GPCRs would result in a comprehensive understanding of 
GPCR structure, function, and dynamics, thereby enhancing 
our ability to design better therapeutic strategies to combat 
diseases related to malfunctioning of GPCRs.

Acknowledgements  A.C. gratefully acknowledges support from SERB 
Distinguished Fellowship (Department of Science and Technology, 
Govt. of India). S.P. thanks the University Grants Commission for the 
award of a Senior Research Fellowship. A.C. is a Distinguished Visit-
ing Professor at the Indian Institute of Technology (Bombay); Adjunct 
Professor at the Tata Institute of Fundamental Research (Mumbai), the 
RMIT University (Melbourne, Australia), and the Indian Institute of 
Science Education and Research (Kolkata); and an Honorary Professor 
at the Jawaharlal Nehru Centre for Advanced Scientific Research (Ben-
galuru). We thank members of the Chattopadhyay laboratory, Parijat 
Sarkar in particular, for comments and discussions.

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no conflicts of 
interest.



493Extramembranous Regions in G Protein‑Coupled Receptors: Cinderella in Receptor Biology?﻿	

1 3

References

Airan RD, Thompson KR, Fenno LE, Bernstein H, Deisseroth K (2009) 
Temporally precise in vivo control of intracellular signaling. 
Nature 458:1025–1029

Alves ID, Salamon Z, Hruby VJ, Tollin G (2005) Ligand modula-
tion of lateral segregation of a G-protein-coupled receptor into 
lipid microdomains in sphingomyelin/phosphatidylcholine solid-
supported bilayers. Biochemistry 44:9168–9178

Berkamp S, Park SH, De Angelis AA, Marassi FM, Opella SJ (2017) 
Structure of monomeric interleukin-8 and its interactions with 
the N-terminal binding site-I of CXCR1 by solution NMR spec-
troscopy. J Biomol NMR 69:111–121

Bontempi L, Savoia P, Bono F, Fiorentini C, Missale C (2017) Dopa-
mine D3 and acetylcholine nicotinic receptor heteromerization 
in midbrain dopamine neurons: relevance for neuroplasticity. Eur 
Neuropsychopharmacol 27:313–324

Borroto-Escuela DO, Marcellino D, Narvaez M, Flajolet M, Heintz N, 
Agnati L, Ciruela F, Fuxe K (2010) A serine point mutation in 
the adenosine A2AR C-terminal tail reduces receptor heteromeri-
zation and allosteric modulation of the dopamine D2R. Biochem 
Biophys Res Commun 394:222–227

Bostock MJ, Solt AS, Nietlispach D (2019) The role of NMR spectros-
copy in mapping the conformational landscape of GPCRs. Curr 
Opin Struct Biol 57:145–156

Bourque K, Pétrin D, Sleno R, Devost D, Zhang A, Hébert TE (2017) 
Distinct conformational dynamics of three G protein-coupled 
receptors measured using FlAsH-BRET biosensors. Front Endo-
crinol 8:61

Brodsky M, Lesiak AJ, Croicu A, Cohenca N, Sullivan JM, Neumaier 
JF (2017) 5-HT6 receptor blockade regulates primary cilia mor-
phology in striatal neurons. Brain Res 1660:10–19

Brown MF (2012) Curvature forces in membrane lipid-protein interac-
tions. Biochemistry 51:9782–9795

Bruno A, Costantino G, de Fabritiis G, Pastor M, Selent J (2012) Mem-
brane-sensitive conformational states of helix 8 in the metabo-
tropic Glu2 receptor, a class C GPCR. PLoS ONE 7:e42023

Buljan M, Chalancon G, Eustermann S, Wagner GP, Fuxreiter M, Bate-
man A, Babu MM (2012) Tissue-specific splicing of disordered 
segments that embed binding motifs rewires protein interaction 
networks. Mol Cell 46:871–883

Bürgi J, Xue B, Uversky VN, van der Goot FG (2016) Intrinsic disor-
der in transmembrane proteins: roles in signaling and topology 
prediction. PLoS ONE 11:e0158594

Byrne EFX, Sircar R, Miller PS, Hedger G, Luchetti G, Nachtergaele S, 
Tully MD, Mydock-McGrane L, Covey DF, Rambo RP, Sansom 
MSP, Newstead S, Rohatgi R, Siebold C (2016) Structural basis 
of smoothened regulation by its extracellular domains. Nature 
535:517–522

Calver AR, Robbins MJ, Cosio C, Rice SQJ, Babbs AJ, Hirst WD, 
Boyfield I, Wood MD, Russell RB, Price GW, Couve A, Moss 
SJ, Pangalos MN (2001) The C-terminal domains of the GABAB 
receptor subunits mediate intracellular trafficking but are not 
required for receptor signaling. J Neurosci 21:1203–1210

Cao R, Giorgetti A, Bauer A, Neumaier B, Rossetti G, Carloni P (2018) 
Role of extracellular loops and membrane lipids for ligand recog-
nition in the neuronal adenosine receptor type 2A: an enhanced 
sampling simulation study. Molecules 23:2616

Casas J, Ibarguren M, Álvarez R, Terés S, Lladó V, Piotto SP, Concilio 
S, Busquets X, Lόpez DJ, Escribá PV (2017) G protein-mem-
brane interactions II: effect of G protein-linked lipids on mem-
brane structure and G protein-membrane interactions. Biochim 
Biophys Acta 1859:1526–1535

Cattaneo F, Parisi M, Fioretti T, Esposito G, Ammendola R (2016) 
Intranuclear signaling cascades triggered by nuclear GPCRs. J 
Cell Signal 1:1000128

Chakir K, Xiang Y, Yang D, Zhang S-J, Cheng H, Kobilka BK, Xiao 
R-P (2003) The third intracellular loop and the carboxyl termi-
nus of β2-adrenergic receptor confer spontaneous activity of the 
receptor. Mol Pharmacol 64:1048–1058

Chan HCS, Li Y, Dahoun T, Vogel H, Yuan S (2019) New binding 
sites, new opportunities for GPCR drug discovery. Trends Bio-
chem Sci 44:312–330

Chattopadhyay A (2014) GPCRs: lipid-dependent membrane receptors 
that act as drug targets. Adv Biol 2014:143023

Chattopadhyay A, Rao BD, Jafurulla M (2015) Solubilization of G 
protein-coupled receptors: a convenient strategy to explore lipid-
receptor interaction. Methods Enzymol 557:117–134

Chaudhuri A, Basu P, Haldar S, Kombrabail M, Krishnamoorthy 
G, Rajarathnam K, Chattopadhyay A (2013) Organization and 
dynamics of the N-terminal domain of chemokine receptor 
CXCR1 in reverse micelles: effect of graded hydration. J Phys 
Chem B 117:1225–1233

Chen AS, Kim YM, Gayen S, Huang Q, Raida M, Kang C (2011) 
NMR structural study of the intracellular loop 3 of the serotonin 
5-HT1A receptor and its interaction with calmodulin. Biochim 
Biophys Acta 1808:2224–2232

Cheung AH, Huang R-RC, Graziano MP, Strader CD (1991) Spe-
cific activation of Gs by synthetic peptides corresponding to 
an intracellular loop of the β-adrenergic receptor. FEBS Lett 
279:277–280

Clayton CC, Donthamsetti P, Lambert NA, Javitch JA, Neve KA (2014) 
Mutation of three residues in the third intracellular loop of the 
dopamine D2 receptor creates an internalization-defective recep-
tor. J Biol Chem 289:33663–33675

Conner M, Hawtin SR, Simms J, Wootten D, Lawson Z, Conner AC, 
Parslow RA, Wheatley M (2007) Systematic analysis of the 
entire second extracellular loop of the V1a vasopressin receptor. 
Key residues, conserved throughout a G-protein-coupled receptor 
family, identified. J Biol Chem 282:17405–17412

Conner M, Hicks MR, Dafforn T, Knowles TJ, Ludwig C, Staddon S, 
Overduin M, Günther UL, Thome J, Wheatley M, Poyner DR, 
Conner AC (2008) Functional and biophysical analysis of the 
C-terminus of the CGRP-receptor; a family B GPCR. Biochem-
istry 47:8434–8444

Cotecchia S, Exum S, Caron MG, Lefkowitz RJ (1990) Regions of the 
α1-adrenergic receptor involved in coupling to phosphatidylino-
sitol hydrolysis and enhanced sensitivity of biological function. 
Proc Natl Acad Sci USA 87:2896–2900

Cumberworth A, Lamour G, Babu MM, Gsponer J (2013) Promiscuity 
as a functional trait: intrinsically disordered regions as central 
players of interactomes. Biochem J 454:361–369

Cvejic S, Devi LA (1997) Dimerization of the δ opioid receptor. 
Implication for a role in receptor internalization. J Biol Chem 
272:26959–26964

Das T, Eliezer D (2019) Membrane interactions of intrinsically disor-
dered proteins: the example of alpha-synuclein. Biochim Biophys 
Acta Proteins Proteom 1867:879–889

Dawaliby R, Trubbia C, Delporte C, Masureel M, Antwerpen PV, 
Kobilka BK, Govaerts C (2016) Allosteric regulation of G pro-
tein-coupled receptor activity by phospholipids. Nat Chem Biol 
12:35–39

DeGraff JL, Gurevich VV, Benovic JL (2002) The third intracellular 
loop of α2-adrenergic receptors determines subtype specificity of 
arrestin interaction. J Biol Chem 277:43247–43252

Dror RO, Arlow DH, Borhani DW, Jensen MØ, Piana S, Shaw DE 
(2009) Identification of two distinct inactive conformations of 
the β2-adrenergic receptor reconciles structural and biochemical 
observations. Proc Natl Acad Sci USA 106:4689–4694



494	 S. Pal, A. Chattopadhyay 

1 3

Du Y, Duc NM, Rasmussen SGF, Hilger D, Kubiak X, Wang L, Bohon 
J, Kim HR, Wegrecki M, Asuru A, Jeong KM, Lee J, Chance 
MR, Lodowski DT, Kobilka BK, Chung KY (2019) Assembly 
of a GPCR-G protein complex. Cell 177:1232–1242

Duvernay MT, Zhou F, Wu G (2004) A conserved motif for the trans-
port of G protein-coupled receptors from the endoplasmic reticu-
lum to the cell surface. J Biol Chem 279:30741–30750

Duvernay MT, Dong C, Zhang X, Robitaille M, Hébert TE, Wu G 
(2009) A single conserved leucine residue on the first intracel-
lular loop regulates ER export of G protein-coupled receptors. 
Traffic 10:552–566

Dyson HJ, Wright PE (2005) Intrinsically unstructured proteins and 
their functions. Nat Rev Mol Cell Biol 6:197–208

Eldeeb K, Ganjiwale AD, Chandrashekaran IR, Padgett LW, Burgess 
JP, Howlett AC, Cowsik SM (2019) CB1 cannabinoid receptor-
phosphorylated fourth intracellular loop structure-function rela-
tionships. Pept Sci 111:e24104

Elgeti M, Rose AS, Bartl FJ, Hildebrand PW, Hofmann K-P, Heck M 
(2013) Precision vs flexibility in GPCR signaling. J Am Chem 
Soc 135:12305–12312

Fatakia SN, Sarkar P, Chattopadhyay A (2019) A collage of cholesterol 
interaction motifs in the serotonin1A receptor: an evolutionary 
implication for differential cholesterol interaction. Chem Phys 
Lipids 221:184–192

Filipek S (2019) Molecular switches in GPCRs. Curr Opin Struct Biol 
55:114–120

Flock T, Hauser AS, Lund N, Gloriam DE, Balaji S, Babu MM (2017) 
Selectivity determinants of GPCR-G-protein binding. Nature 
545:317–322

Gáborik Z, Jagadeesh G, Zhang M, Spät A, Catt KJ, Hunyady L (2003) 
The role of a conserved region of the second intracellular loop in 
AT1 angiotensin receptor activation and signaling. Endocrinol-
ogy 144:2220–2228

Ghanouni P, Gryczynski Z, Steenhuis JJ, Lee TW, Farrens DL, Lakow-
icz JR, Kobilka BK (2001) Functionally different agonists induce 
distinct conformations in the G protein coupling domain of the β2 
adrenergic receptor. J Biol Chem 276:24433–24436

Ghosh E, Nidhi K, Shukla AK (2014) SnapShot: GPCR-ligand interac-
tions. Cell 159:1712

Ghosh E, Kumari P, Jaiman D, Shukla AK (2015) Methodological 
advances: the unsung heroes of the GPCR structural revolution. 
Nat Rev Mol Cell Biol 16:69–81

Gimpl G (2016) Interaction of G protein coupled receptors and choles-
terol. Chem Phys Lipids 199:61–73

Giros B, Sokoloff P, Martres M-P, Riou J-F, Emorine LJ, Schwartz 
J-C (1989) Alternative splicing directs the expression of two 
D2 dopamine receptor isoforms. Nature 342:923–926

Glukhova A, Thal DM, Nguyen AT, Vecchio EA, Jörg M, Scammells 
PJ, May LT, Sexton PM, Christopoulos A (2017) Structure of 
the adenosine A1 receptor reveals the basis for subtype selec-
tivity. Cell 168:867–877

Goddard AD, Watts A (2012) Regulation of G protein-coupled recep-
tors by palmitoylation and cholesterol. BMC Biol 10:27

Goldfeld DA, Zhu K, Beuming T, Friesner RA (2012) Loop pre-
diction for a GPCR homology model: algorithms and results. 
Proteins 81:214–228

Grisanti LA, Thomas TP, Carter RL, de Lucia C, Gao E, Koch WJ, 
Benovic JL, Tilley DG (2018) Pepducin-mediated cardiopro-
tection via β-arrestin-biased β2-adrenergic receptor-specific 
signaling. Theranostics 8:4664–4678

Grossfield A (2011) Recent progress in the study of G protein-cou-
pled receptors with molecular dynamics computer simulations. 
Biochim Biophys Acta 1808:1868–1878

Gudermann T, Schöneberg T, Schultz G (1997) Functional and struc-
tural complexity of signal transduction via G-protein-coupled 
receptors. Annu Rev Neurosci 20:399–427

Haldar S, Raghuraman H, Namani T, Rajarathnam K, Chatto-
padhyay A (2010) Membrane interaction of the N-terminal 
domain of chemokine receptor CXCR1. Biochim Biophys Acta 
1798:1056–1061

Hall B, Squires C, Parker KK (2012) Intracellular loop 2 peptides 
of the human 5HT1a receptor are differential activators of Gi. 
Int J Pept 2012:490734

Hausdorff WP, Hnatowich M, O’Dowd BF, Caron MG, Lefkowitz 
RJ (1990) A mutation of the β2-adrenergic receptor impairs 
agonist activation of adenylyl cyclase without affecting high 
affinity agonist binding. Distinct molecular determinants of the 
receptor are involved in physical coupling to and functional 
activation of Gs. J Biol Chem 265:1388–1393

Hauser AS, Attwood MM, Rask-Andersen M, Schiöth HB, Gloriam 
DE (2017) Trends in GPCR drug discovery: new agents, targets 
and indications. Nat Rev Drug Discov 16:829–842

Havlickova M, Prezeau L, Duthey B, Bettler B, Pin J-P, Blahos J 
(2002) The intracellular loops of the GB2 subunit are crucial 
for G-protein coupling of the heteromeric γ-aminobutyrate B 
receptor. Mol Pharmacol 62:343–350

Hawtin SR, Wesley VJ, Parslow RA, Patel S, Wheatley M (2000) 
Critical role of a subdomain of the N-terminus of the V1a 
vasopressin receptor for binding agonists but not antagonists; 
functional rescue by the oxytocin receptor N-terminus. Bio-
chemistry 39:13524–13533

Hawtin SR, Simms J, Conner M, Lawson Z, Parslow RA, Trim J, 
Sheppard A, Wheatley M (2006) Charged extracellular resi-
dues, conserved throughout a G-protein-coupled receptor fam-
ily, are required for ligand binding, receptor activation, and 
cell-surface expression. J Biol Chem 281:38478–38488

Hayataka K, O’Connor M-F, Kinzler N, Weber JT, Parker KK (1998) 
A bioactive peptide from the transmembrane 5—intracellular 
loop 3 region of the human 5HT1a receptor. Biochem Cell 
Biol 76:657–660

Hines J, Heerding JN, Fluharty SJ, Yee DK (2001) Identification of 
angiotensin II type 2 (AT2) receptor domains mediating high-
affinity CGP 42112A binding and receptor activation. J Phar-
macol Exp Ther 298:665–673

Hoffmann C, Moro S, Nicholas RA, Harden TK, Jacobson KA (1999) 
The role of amino acids in extracellular loops of the human 
P2Y1 receptor in surface expression and activation processes. 
J Biol Chem 274:14639–14647

Huang J, Lakkaraju SK, Coop A, MacKerell AD Jr (2016) Confor-
mational heterogeneity of intracellular loop 3 of the μ-opioid 
G-protein coupled receptor. J Phys Chem B 120:11897–11904

Hughes CE, Nibbs RJB (2018) A guide to chemokines and their 
receptors. FEBS J 285:2944–2971

Iglesias A, Cimadevila M, de la Fuente RA, Martí-Solano M, Cada-
vida MI, Castro M, Selent J, Loza MI, Brea J (2017) Serotonin 
2A receptor disulfide bridge integrity is crucial for ligand bind-
ing to different signalling states but not for its homodimeriza-
tion. Eur J Pharmacol 815:138–146

Ikezu T, Okamoto T, Ogata E, Nishimoto I (1992) Amino acids 356-
372 constitute a Gi-activator sequence of the α2-adrenergic 
receptor and have a Phe substitute in the G protein-activator 
sequence motif. FEBS Lett 311:29–32

Insel PA, Sriram K, Gorr MW, Wiley SZ, Michkov A, Salmerón C, 
Chinn AM (2019) GPCRomics: an approach to discover GPCR 
drug targets. Trends Pharmacol Sci 40:378–387

Jaakola V-P, Prilusky J, Sussman JL, Goldman A (2005) G protein-
coupled receptors show unusual patterns of intrinsic unfolding. 
Protein Eng Des Sel 18:103–110

Jacobson KA (2015) New paradigms in GPCR drug discovery. Bio-
chem Pharmacol 98:541–555



495Extramembranous Regions in G Protein‑Coupled Receptors: Cinderella in Receptor Biology?﻿	

1 3

Jafurulla M, Chattopadhyay A (2013) Membrane lipids in the func-
tion of serotonin and adrenergic receptors. Curr Med Chem 
20:47–55

Jafurulla M, Chattopadhyay A (2015) Sphingolipids in the function 
of G protein-coupled receptors. Eur J Pharmacol 763:241–246

Jafurulla M, Kumar GA, Rao BD, Chattopadhyay A (2019) A critical 
analysis of molecular mechanisms underlying membrane cho-
lesterol sensitivity of GPCRs. Adv Exp Med Biol 1115:21–52

Joseph PRB, Spyracopoulos L, Rajarathnam K (2018) Dynamics-
derived insights into complex formation between the CXCL8 
monomer and CXCR1 N-terminal domain: an NMR study. Mol-
ecules 23:2825

Jung S-R, Kushmerick C, Seo JB, Koh D-S, Hille B (2017) Mus-
carinic receptor regulates extracellular signal regulated kinase 
by two modes of arrestin binding. Proc Natl Acad Sci USA 
114:E5579–E5588

Kalipatnapu S, Chattopadhyay A (2005) Membrane protein solubi-
lization: recent advances and challenges in solubilization of 
serotonin1A receptors. IUBMB Life 57:505–512

Karnik SS, Gogonea C, Patil S, Saad Y, Takezako T (2003) Activation 
of G-protein-coupled receptors: a common molecular mecha-
nism. Trends Endocrinol Metab 14:431–437

Katritch V, Cherezov V, Stevens RC (2012) Diversity and modularity 
of G protein-coupled receptor structures. Trends Pharmacol Sci 
33:17–27

Kauk M, Hoffmann C (2018) Intramolecular and intermolecular FRET 
sensors for GPCRs—monitoring conformational changes and 
beyond. Trends Pharmacol Sci 39:123–135

Kelkar DA, Chattopadhyay A (2006) Membrane interfacial localiza-
tion of aromatic amino acids and membrane protein function. J 
Biosci 31:297–302

Kharche S, Joshi M, Sengupta D, Chattopadhyay A (2018) Membrane-
induced organization and dynamics of the N-terminal domain of 
chemokine receptor CXCR1: insights from atomistic simulations. 
Chem Phys Lipids 210:142–148

Kimura T, Yeliseev AA, Vukoti K, Rhodes SD, Cheng K, Rice KC, 
Gawrisch K (2012) Recombinant cannabinoid type 2 receptor in 
liposome model activates G protein in response to anionic lipid 
constituents. J Biol Chem 287:4076–4087

Kirchberg K, Kim T-Y, Möller M, Skegro D, Raju GD, Granzin J, 
Büldt G, Schlesinger R, Alexiev U (2011) Conformational 
dynamics of helix 8 in the GPCR rhodopsin controls arrestin 
activation in the desensitization process. Proc Natl Acad Sci USA 
108:18690–18695

Kleist AB, Getschman AE, Ziarek JJ, Nevins AM, Gauthier P-A, 
Chevigné A, Szpakowska M, Volkman BF (2016) New para-
digms in chemokine receptor signal transduction: moving 
beyond the two-site model. Biochem Pharmacol 114:53–68

Kobilka BK, Deupi X (2007) Conformational complexity of G-pro-
tein-coupled receptors. Trends Pharmacol Sci 28:397–406

Kobilka BK, Kobilka TS, Daniel K, Regan JW, Caron MG, Lefkow-
itz RJ (1988) Chimeric alpha-2-, beta-2-adrenergic receptors: 
delineation of domains involved in effector coupling and ligand 
binding specificity. Science 240:1310–1316

Kohen R, Fashingbauer LA, Heidmann DEA, Guthrie CR, Hamblin 
MW (2001) Cloning of the mouse 5-HT6 serotonin receptor 
and mutagenesis studies of the third cytoplasmic loop. Mol 
Brain Res 90:110–117

Komolov KE, Du Y, Duc NM, Betz RM, Rodrigues JPGLM, Leib 
RD, Patra D, Skiniotis G, Adams CM, Dror RO, Chung KY, 
Kobilka BK, Benovic JL (2017) Structural and functional 
analysis of a β2-adrenergic receptor complex with GRK5. Cell 
169:407–421

Kushwaha N, Harwood SC, Wilson AM, Berger M, Tecott LH, Roth 
BL, Albert PR (2006) Molecular determinants in the second 

intracellular loop of the 5-hydroxytryptamine-1A receptor for 
G-protein coupling. Mol Pharmacol 69:1518–1526

Liang Y, Fotiadis D, Filipek S, Saperstein DA, Palczewski K, 
Engel A (2003) Organization of the G protein-coupled recep-
tors rhodopsin and opsin in native membranes. J Biol Chem 
278:21655–21662

Liggett SB (2011) Phosphorylation barcoding as a mechanism of 
directing GPCR signaling. Sci Signal 4:pe36

Liu J, Wess J (1996) Different single receptor domains determine the 
distinct G protein coupling profiles of members of the vasopres-
sin receptor family. J Biol Chem 271:8772–8778

Maggio R, Barbier P, Fornai F, Corsini GU (1996) Functional role of 
the third cytoplasmic loop in muscarinic receptor dimerization. 
J Biol Chem 271:31055–31060

Malmberg A, Strange PG (2000) Site-directed mutations in the third 
intracellular loop of the serotonin 5-HT1A receptor alter G protein 
coupling from Gi to Gs in a ligand-dependent manner. J Neuro-
chem 75:1283–1293

Manglik A, Kim TH, Masureel M, Altenbach C, Yang Z, Hilger D, 
Lerch MT, Kobilka TS, Thian FS, Hubbell WL, Prosser RS, Kob-
ilka BK (2015) Structural insights into the dynamic process of 
β2-adrenergic receptor signaling. Cell 161:1101–1111

Mansouri M, Strittmatter T, Fussenegger M (2019) Light-controlled 
mammalian cells and their therapeutic applications in synthetic 
biology. Adv Sci 6:1800952

Margeta-Mitrovic M, Jan YN, Jan LY (2000) A trafficking checkpoint 
controls GABAB receptor heterodimerization. Neuron 27:97–106

Milligan G (2010) The role of dimerisation in the cellular trafficking 
of G-protein-coupled receptors. Curr Opin Pharmacol 10:23–29

Moro O, Lameh J, Högger P, Sadée W (1993) Hydrophobic amino acid 
in the i2 loop plays a key role in receptor-G protein coupling. J 
Biol Chem 268:22273–22276

Mozsolits H, Unabia S, Ahmad A, Morton CJ, Thomas WG, Agui-
lar M-I (2002) Electrostatic and hydrophobic forces tether the 
proximal region of the angiotensin II receptor (AT1A) carboxyl 
terminus to anionic lipids. Biochemistry 41:7830–7840

Nguyen ATN, Baltos J-A, Thomas T, Nguyen TD, Muñoz LL, Greg-
ory KJ, White PJ, Sexton PM, Christopoulos A, May LT (2016) 
Extracellular loop 2 of the adenosine A1 receptor has a key role 
in orthosteric ligand affinity and agonist efficacy. Mol Pharmacol 
90:703–714

O’Dowd BF, Ji X, Nguyen T, George SR (2012) Two amino acids in 
each of D1 and D2 dopamine receptor cytoplasmic regions are 
involved in D1-D2 heteromer formation. Biochem Biophys Res 
Commun 417:23–28

Oates J, Watts A (2011) Uncovering the intimate relationship between 
lipids, cholesterol and GPCR activation. Curr Opin Struct Biol 
21:802–807

Ortiz TC, Devereaux MC Jr, Parker KK (2000) Structural variants of a 
human 5-HT1a receptor intracellular loop 3 peptide. Pharmacol-
ogy 60:195–202

Paila YD, Chattopadhyay A (2010) Membrane cholesterol in the func-
tion and organization of G-protein coupled receptors. Subcell 
Biochem 51:439–466

Pal S, Chakraborty H, Bandari S, Yahioglu G, Suhling K, Chatto-
padhyay A (2016) Molecular rheology of neuronal membranes 
explored using a molecular rotor: implications for receptor func-
tion. Chem Phys Lipids 196:69–75

Pal S, Aute R, Sarkar P, Bose S, Deshmukh MV, Chattopadhyay A 
(2018) Constrained dynamics of the sole tryptophan in the third 
intracellular loop of the serotonin1A receptor. Biophys Chem 
240:34–41

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox 
BA, Le Trong I, Teller DC, Okada T, Stenkamp RE, Yamamoto 
M, Miyano M (2000) Crystal structure of rhodopsin: a G protein-
coupled receptor. Science 289:739–745



496	 S. Pal, A. Chattopadhyay 

1 3

Park SH, Casagrande F, Das BB, Albrecht L, Chu M, Opella SJ (2011) 
Local and global dynamics of the G protein-coupled receptor 
CXCR1. Biochemistry 50:2371–2380

Parmar VK, Grinde E, Mazurkiewicz JE, Herrick-Davis K (2017) 
Beta2-adrenergic receptor homodimers: role of transmembrane 
domain 1 and helix 8 in dimerization and cell surface expression. 
Biochim Biophys Acta 1859:1445–1455

Peeters MC, van Westen GJP, Guo D, Wisse LE, Müller CE, Beuk-
ers MW, IJzerman AP (2011a) GPCR structure and activation: 
an essential role for the first extracellular loop in activating the 
adenosine A2B receptor. FASEB J 25:632–643

Peeters MC, van Westen GJP, Li Q, IJzerman AP (2011b) Importance 
of the extracellular loops in G protein-coupled receptors for 
ligand recognition and receptor activation. Trends Pharmacol 
Sci 32:35–42

Pham T-CT, Kriwacki RW, Parrill AL (2007) Peptide design and struc-
tural characterization of a GPCR loop mimetic. Biopolymers 
86:298–310

Pierce KL, Premont RT, Lefkowitz RJ (2002) Seven-transmembrane 
receptors. Nat Rev Mol Cell Biol 3:639–650

Popov P, Peng Y, Shen L, Stevens RC, Cherezov V, Liu Z-J, Katritch 
V (2018) Computational design of thermostabilizing point muta-
tions for G protein-coupled receptors. eLife 7:e34729

Prado GN, Suetomi K, Shumate D, Maxwell C, Ravindran A, Rajar-
athnam K, Navarro J (2007) Chemokine signaling specificity: 
essential role for the N-terminal domain of chemokine receptors. 
Biochemistry 46:8961–8968

Prasad R, Singh P, Chattopadhyay A (2009) Effect of capsaicin on 
ligand binding activity of the hippocampal serotonin1A receptor. 
Glycoconj J 26:733–738

Prasanna X, Jafurulla M, Sengupta D, Chattopadhyay A (2016) 
The ganglioside GM1 interacts with the serotonin1A receptor 
via the sphingolipid binding domain. Biochim Biophys Acta 
1858:2818–2826

Pucadyil TJ, Chattopadhyay A (2006) Role of cholesterol in the func-
tion and organization of G-protein coupled receptors. Prog Lipid 
Res 45:295–333

Rajagopalan L, Rajarathnam K (2004) Ligand selectivity and affinity 
of chemokine receptor CXCR1. Role of N-terminal domain. J 
Biol Chem 279:30000–30008

Rajagopalan L, Rajarathnam K (2006) Structural basis of chemokine 
receptor function—a model for binding affinity and ligand selec-
tivity. Biosci Rep 26:325–339

Rao BD, Shrivastava S, Chattopadhyay A (2017) Hydrophobic mis-
match in membranes: when the tail matters. In: Chattopadhyay 
A (ed) Membrane organization and dynamics. Springer, Heidel-
berg, pp 375–387

Ravindran A, Joseph PRB, Rajarathnam K (2009) Structural basis for 
differential binding of the interleukin-8 monomer and dimer to 
the CXCR1 N-domain: role of coupled interactions and dynam-
ics. Biochemistry 48:8795–8805

Romano C, Yang W-L, O’Malley KL (1996) Metabotropic glu-
tamate receptor 5 is a disulfide-linked dimer. J Biol Chem 
271:28612–28616

Rosenbaum DM, Rasmussen SGF, Kobilka BK (2009) The struc-
ture and function of G-protein-coupled receptors. Nature 
459:356–363

Sabatucci A, Tortolani D, Dainese E, Maccarrone M (2018) In silico 
mapping of allosteric ligand binding sites in type-1 cannabinoid 
receptor. Biotechnol Appl Biochem 65:21–28

Safdari HA, Pandey S, Shukla AK, Dutta S (2018) Illuminating GPCR 
signaling by cryo-EM. Trends Cell Biol 28:591–594

Sankararamakrishnan R (2006) Recognition of GPCRs by peptide 
ligands and membrane compartments theory: structural studies 

of endogenous peptide hormones in membrane environment. 
Biosci Rep 26:131–158

Sato T (2019) Conserved 2nd residue of helix 8 of GPCR may confer 
the subclass-characteristic and distinct roles through a rapid ini-
tial interaction with specific G proteins. Int J Mol Sci 20:1752

Scarselli M, Li B, Kim S-K, Wess J (2007) Multiple residues in the 
second extracellular loop are critical for M3 muscarinic acetyl-
choline receptor activation. J Biol Chem 282:7385–7396

Schöneberg T, Schulz A, Biebermann H, Hermsdorf T, Römpler H, 
Sangkuhl K (2004) Mutant G-protein-coupled receptors as a 
cause of human diseases. Pharmacol Ther 104:173–206

Schwarz DA, Barry G, Eliasof SD, Petroski RE, Conlon PJ, Maki 
RA (2000) Characterization of γ-aminobutyric acid receptor 
GABAB(1e), a GABAB(1) splice variant encoding a truncated 
receptor. J Biol Chem 275:32174–32181

Sengupta D, Chattopadhyay A (2015) Molecular dynamics simula-
tions of GPCR-cholesterol interaction: an emerging paradigm. 
Biochim Biophys Acta 1848:1775–1782

Sengupta D, Joshi M, Athale CA, Chattopadhyay A (2016) What can 
simulations tell us about GPCRs: integrating the scales. Methods 
Cell Biol 132:429–452

Sengupta D, Kumar GA, Prasanna X, Chattopadhyay A (2017) Experi-
mental and computational approaches to study membranes and 
lipid-protein interactions. In: Domene C (ed) Computational 
biophysics of membrane proteins. Royal Society of Chemistry, 
London, pp 137–160

Sengupta D, Prasanna X, Mohole M, Chattopadhyay A (2018) Explor-
ing GPCR-lipid interactions by molecular dynamics simulations: 
excitements, challenges, and the way forward. J Phys Chem B 
122:5727–5737

Shoemaker BA, Portman JJ, Wolynes PG (2000) Speeding molecular 
recognition by using the folding funnel: the fly-casting mecha-
nism. Proc Natl Acad Sci USA 97:8868–8873

Soto CS, Fasnacht M, Zhu J, Forrest L, Honig B (2008) Loop mod-
eling: sampling, filtering, and scoring. Proteins 70:834–843

Spiegel AM (1995) Defects in G protein-coupled signal transduction 
in human disease. Annu Rev Physiol 58:143–170

St-Louis E, Degrandmaison J, Grastilleur S, Génier S, Blais V, Lavoie 
C, Parent J-L, Gendron L (2017) Involvement of the coatomer 
protein complex I in the intracellular traffic of the delta opioid 
receptor. Mol Cell Neurosci 79:53–63

Strakova K, Matricon P, Yokota C, Arthofer E, Bernatik O, Rodriguez 
D, Arenas E, Carlsson J, Bryja V, Schulte G (2017) The tyrosine 
Y2502.39 in Frizzled 4 defines a conserved motif important for 
structural integrity of the receptor and recruitment of Disheveled. 
Cell Signal 38:85–96

Strohman MJ, Maeda S, Hilger D, Masureel M, Du Y, Kobilka BK 
(2019) Local membrane charge regulates β2 adrenergic receptor 
coupling to Gi3. Nat Commun 10:2234

Sun N, Zhang X, Zhang X, Kim K-M (2017) The EGF receptor inhibits 
the signaling of dopamine D3 receptor through the phosphoryla-
tion of GRK2 on tyrosine residues. Biochem Biophys Res Com-
mun 489:515–522

Szpakowska M, Fievez V, Arumugan K, van Nuland N, Schmit J-C, 
Chevigné A (2012) Function, diversity and therapeutic potential 
of the N-terminal domain of human chemokine receptors. Bio-
chem Pharmacol 84:1366–1380

Tastan O, Klein-Seetharaman J, Meirovitch H (2009) The effect of 
loops on the structural organization of α-helical membrane pro-
teins. Biophys J 96:2299–2312

Turner JH, Gelasco AK, Raymond JR (2004) Calmodulin interacts 
with the third intracellular loop of the serotonin 5-hydroxy-
tryptamine1A receptor at two distinct sites. Putative role in 
receptor phosphorylation by protein kinase C. J Biol Chem 
279:17027–17037



497Extramembranous Regions in G Protein‑Coupled Receptors: Cinderella in Receptor Biology?﻿	

1 3

Ulfers AL, McMurry JL, Kendall DA, Mierke DF (2002) Structure of 
the third intracellular loop of the human cannabinoid 1 receptor. 
Biochemistry 41:11344–11350

Ulmschneider MB, Sansom MSP (2001) Amino acid distributions in 
integral membrane protein structures. Biochim Biophys Acta 
1512:1–14

Unal H, Karnik SS (2012) Domain coupling in GPCRs: the engine 
for induced conformational changes. Trends Pharmacol Sci 
33:79–88

Usiello A, Baik J-H, Rougé-Pont F, Picetti R, Dierich A, LeMeur M, 
Piazza PV, Borrelli E (2000) Distinct functions of the two iso-
forms of dopamine D2 receptors. Nature 408:199–203

Valentine WJ, Godwin VI, Osborne DA, Liu J, Fujiwara Y, Brocklyn 
JV, Bittman R, Parrill AL, Tigyi G (2011) FTY720 (Gilenya) 
phosphate selectivity of sphingosine 1-phosphate receptor sub-
type 1 (S1P1) G protein-coupled receptor requires motifs in 
intracellular loop 1 and transmembrane domain 2. J Biol Chem 
286:30513–30525

Van Eps N, Caro LN, Morizumi T, Ernst OP (2015) Characterizing 
rhodopsin signaling by EPR spectroscopy: from structure to 
dynamics. Photochem Photobiol Sci 14:1586–1597

Varrault A, Nguyen DL, McClue S, Harris B, Jouin P, Bockaert J 
(1994) 5-Hydroxytryptamine1A receptor synthetic peptides. 
Mechanisms of adenylyl cyclase inhibition. J Biol Chem 
269:16720–16725

Venkatakrishnan AJ, Flock T, Prado DE, Oates ME, Gough J, Babu 
MM (2014) Structured and disordered facets of the GPCR fold. 
Curr Opin Struct Biol 27:129–137

Venkatakrishnan AJ, Deupi X, Lebon G, Heydenreich FM, Flock 
T, Miljus T, Balaji S, Bouvier M, Veprintsev DB, Tate CG, 
Schertler GF, Babu MM (2016) Diverse activation pathways in 
class A GPCRs converge near the G-protein-coupling region. 
Nature 536:484–487

Wacker D, Wang C, Katritch V, Han GW, Huang X-P, Vardy E, 
McCorvy JD, Jiang Y, Chu M, Siu FY, Liu W, Xu HE, Cherezov 

V, Roth BL, Stevens RC (2013) Structural features for functional 
selectivity at serotonin receptors. Science 340:615–619

Weis WI, Kobilka BK (2018) The molecular basis of G protein-coupled 
receptor activation. Annu Rev Biochem 87:897–919

Wheatley M, Wootten D, Conner MT, Simms J, Kendrick R, Logan RT, 
Poyner DR, Barwell J (2012) Lifting the lid on GPCRs: the role 
of extracellular loops. Br J Pharmacol 165:1688–1703

Xie X-Q, Chen J-Z (2005) NMR structural comparison of the cyto-
plasmic juxtamembrane domains of G-protein-coupled CB1 and 
CB2 receptors in membrane mimetic dodecylphosphocholine 
micelles. J Biol Chem 280:3605–3612

Yang Z, Yang F, Zhang D, Liu Z, Lin A, Liu C, Xiao P, Yu X, Sun 
J-P (2017) Phosphorylation of G protein-coupled receptors: 
from the barcode hypothesis to the flute model. Mol Pharmacol 
92:201–210

Zhang M, Wu G (2019) Mechanisms of the anterograde trafficking of 
GPCRs: regulation of AT1R transport by interacting proteins and 
motifs. Traffic 20:110–120

Zhang Y, DeVries ME, Skolnick J (2006) Structure modeling of all 
identified G protein-coupled receptors in the human genome. 
PLoS Comput Biol 2:88–99

Zhang P, Covic L, Kuliopulos A (2015) Pepducins and other lipidated 
peptides as mechanistic probes and therapeutics. Methods Mol 
Biol 1324:191–203

Zhao M-M, Gaivin RJ, Perez DM (1998) The third extracellular loop 
of the β2-adrenergic receptor can modulate receptor/G protein 
affinity. Mol Pharmacol 53:524–529

Zou C, Kumaran S, Walser R, Zerbe O (2009) Properties of the N-ter-
minal domains from Y receptors probed by NMR spectroscopy. 
J Pept Sci 15:184–191

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Affiliations

Sreetama Pal1,2,3 · Amitabha Chattopadhyay1,2

 *	 Amitabha Chattopadhyay 
	 amit@ccmb.res.in

1	 CSIR-Centre for Cellular and Molecular Biology, Uppal 
Road, Hyderabad 500 007, India

2	 Academy of Scientific and Innovative Research, 
Ghaziabad 201 002, India

3	 CSIR-Indian Institute of Chemical Technology, Uppal Road, 
Hyderabad 500 007, India


	Extramembranous Regions in G Protein-Coupled Receptors: Cinderella in Receptor Biology?
	Abstract
	Graphical Abstract
	Molecular Architecture and Membrane Interaction of G Protein-Coupled Receptors
	Extramembranous Regions of GPCRs: Not Just Extras
	GPCR Extracellular Loops (ECLs)
	GPCR Intracellular Loops (ICLs)

	GPCR Extramembranous Regions in Receptor Biology: Challenges and Emerging Paradigms
	Conformational Heterogeneity in GPCR Extramembranous Regions
	Membrane Interaction of GPCR Extramembranous Regions

	Conclusions and Emerging Avenues
	Acknowledgements 
	References




