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Abstract

The extracellular loops (ECLS) of G protein-couptedeptors (GPCRS) can bind directly to
docked orthosteric or allosteric ligands, they cantain transient contact points for ligand
entry into the transmembrane (TM) bundle and tleeyregulate the activation of the
receptor signalling pathways. Of the three ECLsI.EG the largest and most structurally
diverse reflecting its functional importance. Thas been shown through biochemical
techniques and has been supported by the manygidrgecrystal structures of GPCRs
bound to both agonists and antagonists. ECL2 sltarasnon structural features between
(and sometimes across) receptor sub-families amdiacditate ligand entry to the TM core or
act directly as a surface of the ligand-bindinghacStructural similarities seem to underpin
common binding mechanisms; however, where these, exriations in primary sequence
ensure ligand-binding specificity. This review wahmpare current understanding of the
structural themes and main functional roles of E@LEgand binding, activation and
regulation of the major families of GPCRs.

Keywords
GPCR; Extracellular loop; ligand-binding; recepaativation; signalling; family B.

1 Introduction

G protein-coupled receptors (GPCRS) are a supeibfaifreceptors. There are over 800
different GPCRs in humans and they are involvealimost every physiological process
(Fredriksson et al., 2003, Bockaert and Pin, 188%enbaum et al., 2009). This makes them
ideal targets for drugs and thus between 25-50%arhpeutics interact with these receptors
(Salon et al., 2011). GPCRs undergo conformatiohahges that result in active and inactive
conformations (Cherezov et al., 2007, Rasmusseah, &011b). Both drugs and natural
agonists function by stabilising a particular canfation (Jazayeri et al., 2015). For most
ligands to bind to a specific receptor propagatiregsignalling response, the extracellular
regions of the receptor (specifically the extradall domain (ECD) and the extracellular
loops (ECLs)) are particularly important. It is kmothat the ECLs of GPCRs can permit or
facilitate ligand-entry into the TM bundle, holddinds within the TM domain, direct ligands
towards their binding site, change the shape obthding pocket or bind directly to
orthosteric or allosteric ligands (Wheatley et 2012).

GPCR crystal structures and functional studies lsévasvn that ECL2 is particularly
important. ECL1 and ECL3 are often short loops thatparallel to the membrane
connecting TM 2/3 and TM 6/7 respectively, howel€1 2 is longer and shows much
greater variation with its structural features (Katakrishnan et al., 2013). As well as this
structural diversity, ECL2 is vital for ligand bimg) and the subsequent activation of the
receptor (Wheatley et al., 2012).

The importance of ECL2 (connecting TM4 and TM5) wiest identified through chimeric
receptor experiments and mutagenesis studiessofittmain (Olah et al., 1994, Walker et al.,
1994, Fitzpatrick and Vandlen, 1994). Even in récepwith known TM ligand-binding
pockets, the ECLs were implicated in early stagard-binding and presentation to the TM
binding site (Colson et al., 1998, Perlman etl®97). In many cases ECL2 residues have
been implicated in direct or indirect ligand-binglidue to the location, flexibility and
sequence variability of the loop (Kim et al., 199#heatley et al., 2012).

Given the large recent increase in structural mimiron, highlighting the importance of
ECL2 in the extracellular region, this review vdpecifically focus on ECL2. The crystal
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structures, together with a large amount of biodbehdlata, have implicated ECL2 in many
key aspects of receptor function (e.g. ligand bigdind activation) and this loop often has a
role in the current “hot topics” of receptor furmeti(e.g. biased signalling, allosteric
modulation). This review will start by summarisitigg structural information known for this
loop. This will be followed by a comparison of thumctional characteristics of ECL2 in the
super-family. Finally, we will discuss whether thi®p acts as a molecular “gatekeeper”
controlling the course of activation of the recepto

2 Structure of ECL2

A number of GPCR crystal structures have now besgatighed. These have provided
important information with respect to both struetand contact sites with the bound ligand.

In this section these structures are illustrateth WICL2 specifically highlighted. Key

structural information has also been summarised.cFistal structures often include
additional, useful ‘non-structural’ information ge contact sites with a bound ligand), which
will be discussed later in the review. For clathg receptors have been grouped according to
phylogenetic similarity or in some cases a sharedttiral or functional property.

2.1 An ECL2g-hairpin structure forms an extracellular cap ovehe TM bundle in

receptors with hydrophobic or covalently attacheglands

The unique structural properties of ECL2 were fimgihlighted in the crystal structure of
bovine rhodopsin (see figure 1 and table 1), wificind ECL2 to be an antiparall@isheet

in a hairpin formationf{-hairpin) extending deep into the centre of the Bivhdle

(Palczewski et al., 2000). ECL2 makes extensiveamis between both the retinal ligand and
the extracellular regions. It also associates tighextracellular N-terminus and ECLs to
form an extracellular cap over the TM bundle, aigsoff the ligand-binding pocket to the
extracellular side (the “closed” ECL2 position).

This closed extracellular cap involving ECL2 iseatlure that is also present in the
sphingosine-1-phosphate 1 (S1P1) receptor (seeefigand table 1) and the GPR40 (free
fatty acid receptor 1, FFARL1). In both these suites, ECL2 containsf&sheet structure. In
the S1P1R the N-terminal ECD folds over and paighkdly with ECL1 and ECL2 forming a
cap over the receptor. This creates the top sutéaadigand-binding pocket (Hanson et al.,
2012). In GPR40 thp-sheet structure is preceded by an auxiliary I@npvéstava et al.,
2014). The GPR40 ECL2 has low flexibility and funas as a cap over the binding site,
similar to that observed with the S1P1R.

2.2 The ECL2g-hairpin structure is “open” in the family A GPCR eptide, opioid and
chemokine receptor sub-types

The ECL2B-hairpin structure is common in many GPCRs andfeature shared across
receptor sub-families. However, compared to itesed” position in the extracellular capped
receptors (with hydrophobic or covalently attachgdnds) the loop is open for receptors
with soluble ligands. “Open” means that the loolotas” or mediates extracellular access to
the TM bundle. These include the peptide-bindingeptors as well as the opioid and
chemokine receptors (both in the same sub-famjlpf(the family A receptors; see figure 1
and table 1) (Wu et al., 2010, Park et al., 2018,atal., 2012, Granier et al., 2012, Tan et
al., 2013, Manglik et al., 2012). The nociceptiplmanin FQ (N/OFQ) peptide receptor shares
high sequence homology with the opioid GPCRs batdistinct pharmacology. ECL2 has
the samg-sheet hairpin structure as the opioid and cheneoi@oeptors (Thompson et al.,
2012). The peptide binding endothelinggEceptor also shares tifishairpin structure
(Shihoya et al., 2016).



Thep-hairpin structure is also present in the proteaswated receptor 1 (PAR1). This is
part of thed-subfamily of the family A GPCRs, which include thkycoprotein receptors, the
purinergic receptors and the olfactory receptotsa(if) et al., 2012). However PAR1 has
been included in this section due to its activatlmough a (tethered) peptide ligand and a
similar ECL2 structure.

2.3 There are a variety of ECL2 structures withing aminergic receptors

The aminergic receptors of the histamine H1 reagpttR), dopamine D3 receptor (D3R),
muscarinic (M1, M2, M3, M4) receptors, serotonineptors1AR andB2AR all have an
open ECL2 conformation with this loop forming tlog tof a ligand-binding pocket (see
figure 2 and table 1). There are some structufdrénces between the receptors in this
group.f1AR andp2AR have anu-helical ECL2 structure (Warne et al., 2008, Chevezt
al., 2007). ECL2 of th2AR was exposed at the surface and has an intpadsolphide
bond as well as the conserved disulphide bond WWMB. The loop also made contacts with
ECL1 and had a glycosylation site at position NI8Ye D3R ECL2 lacks any secondary
structure and is shorter than 38Rs ECL2s. Despite this, it still forms a bindingget that
interacts with various ligands that were studied aray be important for ligand specificity
(Chien et al., 2010).

The four available muscarinic acetylcholine receptauctures (M1, M2, M3 and M4) have
ECL2 domains that also lack secondary structureatapt a conformation similar to the
hairpin structure in many other GPCRs (see figuaa@table 1); this is “open” allowing
ligand entry to a deep binding pocket (Haga et&l1,2, Kruse et al., 2012, Thal et al., 2016).
The H1R ECL2 also lacks secondary structure butgbsrrcovers the ligand-binding pocket
(Shimamura et al., 2011). In the 5-HT1B (serotongteptor structure, ECL2 forms a loop
thatpartially covers the ligand-binding pocket (Wang et al.,30Whereas in the 5-HT2B
receptor structure, there is an additional heligai at the extracellular end of TM5 (Wacker
et al., 2013). This shortens the segment of ECBRithconnected to TM3 through the
conserved disulphide bond, causing an inward ahifta constraint on the position of the
extracellular end of TM5. This may explain the €ifhg conformations seen in the crystal
structures of the 5-HT1B and 5-HT2B receptors sphesence of the same ligand.

2.4 ECL2 within the adenosine receptors has diffetstructural features depending on the
crystal structure

The ECL2a-helix observed in thB1AR andB2AR is also present in the agonist-bound
A2AR adenosine receptor (Lebon et al., 2011) buiimthe antagonist bound structure
(Jaakola et al., 2008), however part of the loop mé&ssing in this structure (see table 1).

There is also @-strand that forms hydrogen bonds with a sedbsttand in ECL1; however
the degree of hydrogen bonding varies between anistg and agonist-bound structures. In
the antagonist-bound structure there is an exterdisulphide bond network with three
bonds connecting ECL1 and ECL2 and an intra-losplghide bond in ECL3 that creates a
rigid open structure exposing the ligand-bindingitya(Jaakola et al., 2008).

2.5 ECL2 within the family B GPCRs is a loop (witio secondary structure) open to the

TM bundle

Crystal structures have been solved for two familgPCRs (Hollenstein et al., 2013, Siu et
al., 2013, Jazayeri et al., 2016). The corticotmapieasing factor receptor 1 (CRFR1) and the
glucagon receptor (GCGR) lack thesheet on-helix present in so many of the family A
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GPCRs (see figure 2 and table 1). Both receptors Aasimilar ECL2 structure, where the
loop extends from TM4 towards the middle of the Bivhdle before twisting 90° to cover
the binding pocket and twisting back 90° to form .M his is more representative of some
of the aminergic sub-family of the family A GPCRsd. the muscarinic and dopamine
receptors) (Chien et al., 2010, Haga et al., 28tQse et al., 2012, Park et al., 2012).

2.6 ECL2 within the family C GPCRs is@&hairpin in a different position to the family A
p-hairpin

Both family C GPCR structures (mGIuR1 and mGluR&)ehaB-hairpin structure within
ECL2 (Wu et al., 2014, Dore et al., 2014), howehes is angled more towards TM6 and 7
(especially mGIluR1) than the otHghairpin receptors in family A (see table 1). Amjerin
receptor activation or ligand-binding is not knolaut ECL2 is not likely to be a major factor
in agonist-interaction as the “venus fly-trap” pges in the ECD of family C GPCRs is very
well established.

2.7 Structural differences in ECL2 between inactiaed active structures
A number of active structures of GPCRs have nown lpeblished. These are receptors
bound to agonist and in some cases the G protégmptein mimetic antibody.

Crystal structures and NMR analysis of iR have shown that ttehairpin structure of
ECL2 moves upon receptor activation however thisentent is slight, creating subtle
differences in the ligand binding pocket (Souniesle 2015, Huang et al., 2015). In the M2
muscarinic receptor active structure, there isnarard movement (towards the TM bundle
centre) of both ECL2 and ECL3 that creates an stén@ binding pocket too small for the
binding of an inverse agonist (Kruse et al., 20B&)ding of the endothelin-1 (ET-1) agonist
to the EE receptor caused a small movement of the EEbairpin that together with the N-
terminal tail, created a “closed” lid structure aidhost irreversible binding of the ET-1
ligand (Shihoya et al., 2016). In the actB#AR structures, there is very little movement of
ECL2 (Rasmussen et al., 2011b, Rasmussen et alla?0

2.8 Summary of the ECL2 structures

In the solved family A and family C crystal struats, the most common ECL2 conformation
is ap-hairpin (see table 1). These include receptorfigat soluble ligands and the family A
peptide ligands (for example the opioid and chemekeceptors). Perhaps surprisingly, this
is not a feature of the peptide binding family Baptor ECL2 structures. Instead these
contain a loop structure more similar to some effdmily A aminergic receptors (e.qg.
muscarinic receptors). There are exceptions tethategories, most obviously tA#AR and
B2AR, which both contain am-helical ECL2 structure. Across the solved struesuthe

ECL2 domain can be open or closed to the ortha@shbeniding pocket in the TM bundle.
Receptors with covalently attached or lipid ligahdse ECL2 in a closed position over the
top of the TM bundle. Receptors with soluble ligaidten have ECL2 in an open position,
however there is flexibility of the loop. The confmation changes that occur during GPCR
activation are largest on the intracellular sidagRussen et al., 2011b). The movement of
ECL2 is more subtle however this can result inddugctional effects.

3 ECL 2 and receptor function

3.1 Key features and motifs



3.1.1 A conserved TM3-ECL 2 disulphide bond across the GPCR superfamily forms a
structural constraint

There is a conserved ECL2 cysteine residue adnesSPCR super-family as a whole,
forming a disulphide bond with a cysteine residutha top of TM3 (Wheatley et al., 2012).
This has been thought to be necessary for thetstalentegrity of the loop and therefore
receptor function (Venkatakrishnan et al., 2018)sdme cases it has been shown to be
essential for receptor function; With the C5aR, diouble alanine substitution did not
produce a signalling response upon ligand stimaainowever constitutively active
substitutions remained active) (Klco et al., 2006)%he chemokine CCR8 receptor, the
conserved disulphide bond between TM3 and ECL2esgasential for receptor function with
the CCL peptide agonist but also small moleculéagonists that bind deeper in the TM
bundle (Barington et al., 2016). However in otreraptors the disulphide bond is
functionally redundant; Double alanine mutatiommsrémove the bond and any free
sulphydryl groups) on the family A adenosine A2Aaptor (Naranjo et al., 2015) and the
family B CGRP and GLP1 receptors (Woolley et @12, Mann et al., 2010) retained
receptor function.

3.1.2 Conserved motifs in family B GPCRs

In a number of the family B receptors (CGRP rece@&€GR and GLP1R), several residues
have consistently been shown to have importantgand binding and the subsequent
activation of the receptors. These include a caeskbasic residue at the start of ECL2, an
acidic residue before the conserved cysteine @angpophan immediately after the cysteine
(forming a conserved family B CW maotif); (Woolley&., 2013, Siu et al., 2013, Koole et
al., 2012). This central ECL2 tryptophan residue a0 important for ligand binding and
activation of the CRF1R (Gkountelias et al., 2009).

3.2 The role of ECL2 in ligand binding and receptaxctivation in the GPCR super-family

3.2.1 ECL2 can control ligand entry into the orthosteric binding pocket

The extracellular region of GPCRs can be split tmto categories; those with a closed
orthosteric ligand binding pocket (to the extradelt side) and those with an open orthosteric
ligand binding pocket (Venkatakrishnan et al., 2013

The closed ligand binding pocket group are thep®es corresponding with the extracellular
capped receptors in section 2.1. In these receptot? and the rest of the extracellular
region cover the ligand binding pocket, preventiggnd access from the extracellular side.
These receptors have either a unique, covaleritiglad retinal ligand in the TM bundle of
the bovine rhodopsin receptor that makes contatks&CL2 (Palczewski et al., 2000), or
lipid ligands that gain access to the ligand-bigdwocket through the lipid bilayer (S1P1R
and GPR40) (Hanson et al., 2012, Srivastava e2@l4). However with GPR40, a ligand-
binding pocket was predicted that would requirgaodllular entry (Srivastava et al., 2014).
This type of ligand entry (through the lipid bilay@as also been proposed for lipophilic
drugs (e.g. vorapaxar with the PAR1) (Zhang et28112).

Those receptors with an open ligand-binding pobkad to water soluble ligands, which gain
entry to the TM bundle from the extracellular s{ffenkatakrishnan et al., 2013).

In the case of the opioid, chemokine and familyeptide GPCRs, the ECL2 regions of these
receptors have the sarpdairpin structure as the extracellular cappedptrs with the
closed pocket, however this is open to the ortmmsibending pocket allowing ligand entry to
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the binding pocket from the extracellular side (&{@l., 2010, Park et al., 2012, Wu et al.,
2012, Granier et al., 2012, Tan et al., 2013, Mi&rgglal., 2012). Often ECL2 forms part of
the binding pocket, interacting with the bound fidaln a more unique case, activation of
PAR1 occurs when thrombin cleaves the N-terminaDE€Xposing a tethered peptide ligand
that binds to the TM bundle (that is speculateddeour following interactions with the ECLS)
(Zhang et al., 2012).

3.2.2 ECL2 can function as part of the orthosteric binding site

Residues in ECL2 can face the orthosteric binditegasd be involved in ligand binding.
These residues can be aromatic, hydrophobic, polhicharged. In the V1AR vasopressin
receptor, aromatic residues that are highly coregknv the neurohypophysial GPCR sub-
family were important for agonist binding and retoe@ctivation (Conner et al., 2007).
Tyrosine residues in the chemokine CCR8 receptoe ywmeportant for agonist and antagonist
binding (Barington et al., 2016). Aromatic and hyplobic residues of ECL2 line the
orthosteric binding pocket of the ETeceptor (Shihoya et al., 2016). The C-terminuthef
ET-1 ligand fitted into a hydrophobic binding potkehich included an ECL2
phenylalanine. Hydrophobic residues of the Edielix interacted with both aromatic and
hydrophobic residues of ECL2, which tightly holtie tigand in place with th@sheet
structure. The importance of hydrophobic residudsCL2 was shown in the dopamine D1
receptor (Mente et al., 2015). An ECL2 leucinedwasiis important for agonist binding to
this receptor.

Both acidic and basic residues of ECL2 have beewsHo be important in forming the
orthosteric binding site. Mutation of these resgluefamily A receptors have had a
detrimental effect on ligand-binding and recepidivation (Walker et al., 1994, Kim et al.,
1996, Moro et al., 1999). Acidic residues have b&®sywn to be important in the opioid
receptors. An ECL2 aspartate residue (D187) irDxBR is important in the tolerance to
different receptor agonists (Gil-Mast et al., 20II3)e ECL2 of the N/OFQ peptide receptor
is enriched with aspartate and glutamate residdésnig#his loop acidic and a predicted site
of docking with the peptide antagonist UFP-101 (fipson et al., 2012). In the H1R an
ECL2 lysine (K179) forms part of an anion-bindingg st the entrance to the ligand-binding
pocket, which is a feature unique to the H1R-dox€pntagonist) complex. K179 and the
preceding aspartate (D178) are also able to intevriéic specific antagonists (Shimamura et
al., 2011).

3.2.3 ECL2isinvolved in ligand selectivity

ECL2 residues can be involved in the selective ibngtb agonists, antagonists and inverse
agonists. Residues in the C-terminus of the camoabreceptor 1 (CB1) ECL2 were
important for agonist binding but not inverse agbbinding (Ahn et al., 2009). Modelling
also implicated ECL2 in inverse agonist bindingha cannabinoid receptor subtype CB2
(Hu et al., 2016). Analysis of the crystal struesipfp1AR and serotonin receptor crystal
structures found ECL2 to be involved in the bindioglifferent ligands to the same receptor
(B1AR) or an altered docking of the same ligand ttecént receptors (5-HT1B and 5-HT2B)
(Shukla et al., 2014).

In the two angiotensin receptor subtypes (AT1RANAR), ECL2 showed flexibility and
variability. This became a target for selectivatig design that results in the creation of an
agonist analogue with 18,000 fold higher selegtifar AT2R (Magnani et al., 2014).

3.2.5 ECL2 affects receptor binding kinetics



In the unliganded structure of ETeceptor, the receptor is “open” creating a laraéty
(Shihoya et al., 2016). Following binding of ETelthe EE receptor, ECL2 and the N-
terminal tail form a lid which covers the orthostdsinding pocket. This “closed” structure
would explain the incredibly slow dissociation rafeET-1 from its receptor (Clozel et al.,
1989, Fischli et al., 1989, Takasuka et al., 19%4g scanning cysteine accessibility method
(SCAM) was used to investigate the exposure oAth&#R ECL2 domain to the aqueous
environment in different receptor states (Unallet2®10). In the un-liganded receptor, a
segment either side of the conserved disulphidel lmas available, suggesting an open
conformation. Upon binding to an agonist or inveagenist, ECL2 acted like a lid albeit in
different conformations. ECL2 was involved in slogridown the rate of dissociation of
ligands but also adopted different conformation=ading to the functional state of the
receptor. This dynamic effect of ECL2 was also olesa with the M2R, where a reduction of
loop flexibility caused by the addition of a dishige bond between ECL2 and TM7 reduced
the ligand binding affinity (Avlani et al., 2007).

In the M2 muscarinic receptor, the only ECL2 resitlat formed interactions with the
bound antagonist was a phenylalanine (F181). Tiemglalanine is absent in the equivalent
position in the M3 receptor (L225) and createsrgdabinding pocket. In molecular dynamic
simulations, the M2R binding pocket was found tarim¥e mobile than M3R and the inverse
agonist tiotropium dissociated from the M3 receptoore slowly. However reciprocal
mutagenesis of these ECL2 residues suggestedrésadaes alone were not sufficient to
explain the different off rates (Haga et al., 20d&)se et al., 2012).

3.1.2 ECL2 isimportant for ligand binding in the family B GPCRs

Cross-linking experiments identified contact sihesween the CRFR1 and radiolabelled
sauvagine (Assil-Kishawi and Abou-Samra, 2002)ubisnimidyl suberate (DSS) was used
to form cross-links betweenamino groups of lysine residues that have a mtdeclistance

of 11.4 A. This technique revealed that K257 inE@_2 domain was in close proximity to
K16 of the ligand sauvagine. Cysteine trapping erpents with secretin and its receptor
also showed that the N terminus of the ligand wadase proximity to ECL2, with position

2 of the peptide closer to the N-terminal half L2 and the C-terminal half of ECL2 closer
to positions 5, 6 and 7 (Dong et al., 2012, Dongle2016).

3.3 ECL2 is a proposed site of allosteric modulatio

There is evidence that residues of ECL2 are reduaeallosteric enhancement of agonist
signalling (Kennedy et al., 2014, Peeters et 8l1.2} in the family A GPCRs. In the M2R
crystal structure with a bound positive allostenicdulator (LY2119620), the allosteric site
was situated above the orthosteric binding pockétiavolved interactions with the ECLSs.
ECL2 interactions were hydrogen bonding with E1i@ stacking interactions with Y177
(Kruse et al., 2013). Allosteric modulation invaigiECL2 has been shown for the M1R
through interactions with another tyrosine resiitie79) and a phenylalanine residue (F182)
(Abdul-Ridha et al., 2014). ECLZ2 in the somatostagiceptors has been used as a successful
antibody target to induce an agonist-like respghse and Nandi, 2010).

It is likely that ECL2 can facilitate binding tolasteric modulators across all GPCR families.
For example, in the family C mGIuR1, ECL2 forms tbp of a ligand binding pocket to the
negative allosteric modulator FITM (Wu et al., 2Daad ECL2 was involved in the binding
of negative allosteric modulators in the family GaR2 (Lundstrom et al., 2011). It is
interesting to speculate that this site is sintitethe orthosteric binding pocket in the other



GPCR families and may reflect a loss of direct EAlgand interaction in this specific sub-
family.

It is well established that the affinity of a lighnan change based on the activation
conformation of the receptor. As different intrdgkelr interactions (such as beta-arrestin or G
protein promiscuity) can create “different” confations, it is not unreasonable to speculate
that this will have a subsequent effect on theilstyplbf ECL2 interactions with the ligand

and subsequent modulation of signalling. This ¢féan lead to allosterism or in some cases,
biased agonism.

3.4 ECL2 may mediate biased agonism in the two m&®CR families.

Biased agonism is a phenomenon of growing inténaegtceptor biology research. Biased
agonism means that two ligands of the same recaptwate different signalling pathways or
have different preferences for activation of muétipathways (Shukla et al., 2014).
Activation of particular signalling pathways hashdinked to the development of certain
diseases (Luttrell, 2014). Understanding the pHggioal effects of biased agonism may
provide a platform for the design of drugs thagéaonly the relevant signalling pathway;
thereby increasing efficacy and reducing off-tafétcts.

The involvement of ECL2 in biased agonism has tstenvn in family B GPCRs using
alanine-substitution experiments. Three GLP-1Rnldga(GLP-1, exendin-4 and
oxyntomodulin) that demonstrated biased agonisthistreceptor all showed some
requirement for ECL2. GLP-1 and exendin-4 ligaretsuired ECL2 for cAMP and €&
signalling but not for ERK1/2 signalling. Oxyntomdoh required ECL2 for the coupling of
the ligand to the ERK1/2 and cAMP signalling patlis/éC&* was not tested for
oxyntomodulin) ((Wootten et al., 2016, Koole et aD12). Mutagenesis and modelling
studies in the family B CGRP receptor family shiwattthe three receptor activity modifying
proteins (RAMPSs) can induce different ECL2 confotimras with distinct binding pockets for
CGRP and adrenomedullin, altering their signalfpngfile (Weston et al., 2016).

ECL2 has also been shown to be involved in biagediam for family A GPCRs. In the
PAR1 receptor, glycosylation of ECL2 stimulated @,/{zsignalling response compared with
a mutant receptor that lacked glycosylation, wipobduced a gsignalling response
resulting in different cellular effects (Soto et &015). Mutagenesis of the ECL2 region of
the M1 and M2 muscarinic receptors produced recephat both had biased signalling
responses to different ligands. In the M1R, ECL2 waolved in signalling bias between
C& " and ERK1/2 pathways (Keov et al., 2014) and in ERKsignalling in the M2R
(Gregory et al., 2010). This shows that there @irerirelationships between biased agonism
and allosteric modulation discussed in section 833ome of the muscarinic ligands
demonstrating biased agonism were bitopic ligahdsifg both orthosteric and allosteric
binding properties).

3.5 Arole for ECL2 on basal signalling

Mutagenesis of two ECL2 phenylalanine residueséniiuman histamine 4 receptor (H4R)
resulted in reduced constitutiaad ligand-induced receptor activation showing a direc
involvement in receptor activation for this dom@miifling et al., 2015a, Wifling et al.,
2015b). Conversely, constitutive activity resultingm mutagenesis has led to speculation
that this domain may constrain the receptor imstive state through interactions with the
TM domain (Klco et al., 2005). In the melanocoreeptor, ECL2 is much shorter and does
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not interact with the TM core, leading to a highenstitutive activity (Holst and Schwartz,
2003).

3.6 Summary

In the largest two families of GPCRs, ECL2 almdsiags forms part of the ligand-binding
pocket. The variation in shape and physicochenpicgberties of ECL2 gives it a key
functional role in ligand selectivity and bindinm&tics. The location of ECL2 at the top of
the receptor allows it to function as one sidehef drthosteric binding pocket (on the
underside) but also as a site for allosteric madwigthe top side). ECL2 is also at the
interface of ligand binding and receptor activatialowing it to control aspects of
signalling, such as biased signalling and constidctivity.

4 Discussion

ECL2 is arguably the most structurally diverse amtttionally important ECL of the GPCR
super-family. This has been shown in the solvedtafystructures and also through
biochemical analysis of the ECLs and is a commanpmenon across all the GPCR sub-
families. ECL2 has a more complex structure thanatiher ECLs broadly forming a surface
of the ligand-binding pocket that can act as & ‘iideither an open or closed position. The
conformation and physicochemical properties ofE@#.2 domain can influence the size and
shape of the ligand-binding pocket and determigeni selectivity. ECL2 can form direct
interactions with agonists, antagonists, inversmags and allosteric modulators and its
conformation can change upon binding to these igaBCL2 can also have a substantial
impact on ligand on/off rates. ECL2 has roles mshper-family in ligand binding, allosteric
modulation, conformational activation or biasedcsifing. Some of these functions can be
retained even if ECL2 has lost direct agonist confsuch as allosterism in the family C
receptors).

ECL2 often functions as the “lid” of the “box” thet the ligand-binding pocket. As such it
can often be thought of as one of the sides oligh@d-binding pocket. This ECL2 lid can be
open or closed and can control the entry and &Xigands to their receptors and the kinetics
of this process. This is an exciting and importanget for rational drug design.
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Figurelegends

Figure 1. Crystal structures of the extracellupmed, opioid and chemokine GPCRs.

The crystal structures of bovine rhodopsin (PDB8)F81P1R (PDB 3V2Y L OR (PDB
4DKL) and CXCR1 (PDB 2LNL) are presented. Each sthwws the receptor in two
orientations. These are planar to the membranieb@ef) and perpendicular to the membrane
from the extracellular side (right box). ECL2 ighiighted red and the remainder of the
receptor light blue.

Figure 2. Crystal structures of the aminergic ardify B GPCRs.

The crystal structures gRAR (PDB 2RH1), M2R (PDB 3UON), D3R (PDB 3PBL) and
CRFR1 (PDB 4K5Y) are presented. Each row showsdbeptor in two orientations. These
are planar to the membrane (left box) and perpetatito the membrane from the
extracellular side (right box). ECL2 is highlighteztl and the remainder of the receptor light
blue.
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Table 1.

GPCR PDB group feature

bovine covalently attached

rhodopsin 1F88 | ligand B hairpin

S1PR 3V2Y | lipid receptor loop arfidsheet

GPR40 4PHU | lipid receptor loop afcdheet

LPA1 4734 lipid receptor loop, no secondary struetu

B1AR 2VT4 | Aminergic a-helix

B2AR 2RH1 | Aminergic a-helix

M1R 5CXV | Aminergic (hairpin) loop, no secondaryustiure
M2R 3UON | Aminergic (hairpin) loop, no secondarysture
M3R 4DAJ Aminergic (hairpin) loop, no secondarysture
M4R 5DSG | Aminergic (hairpin) loop, no secondarysture
D3R 3PBL Aminergic loop, no secondary structure

H1R 3RZE | Aminergic loop, no secondary structure
5-HT1B 41AR Monoamine loop, no secondary structure
5-HT2B 41BR Monoamine loop, no secondary structure
A2AR 2YDO | purine nucleoside a-helix andp sheet

P2Y1 AXNV | purinergic B hairpin

d0OR 4EJ4 opioid (peptide) B hairpin

kOR 4DJH opioid (peptide) B hairpin

uOR ADKL | opioid (peptide) B hairpin

NORQ 4EA3 opioid (peptide) B hairpin

ETsR 5GLH | peptide ligand B hairpin

Oox2 4S0V peptide ligand B hairpin

angiotensin 4YAY | peptide ligand B hairpin

PAR1 3VW7 | cleaved peptide B hairpin

CCR5 AMBS | chemokine (peptide) | B hairpin

CXCR1 2LNL | chemokine (peptide) | B hairpin

CXCRA4 30DU | chemokine (peptide) | B hairpin

CRFR1 4K5Y | family B loop, no secondary structure
GCGR 41 6R family B loop, no secondary structure
MmGLUR1 40R2 | family C B hairpin

MGLURS 4009 | family C B hairpin
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Highlights

Under standing the common themes and diver seroles of the second
extracellular loop (ECL 2) of the GPCR super-family.

Michael J. Woolley and Alex C. Conner

» Extracellular loop 2 (ECL2) is akey GPCR domain.

 ECL2isusualy ap-hairpin but can form other structures.

* ECL2 can bedirectly involved with the ligand-receptor functions.
 ECL2isasoinvolvedin as biased agonism and all osteric modul ation.

» These properties of ECL2 make it an important site for rational drug design.



