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Abstract 
 
The GLP-1R is a key target in the treatment of type 2 diabetes with multiple therapeutics 

already approved that target this receptor. Despite the success of these drugs, there is a need to 

develop new and better therapeutics. One avenue for this is to take advantage GLP-1Rs natural 

ability to couple to multiple signalling effectors. Different ligands at the GLP-1R can promote 

distinct signalling profiles, which has the potential lead to different combined physiological 

profiles. This phenomenon, known as biased agonism, has been well documented at the GLP-

1R, however, to exploit this for therapeutic development requires knowledge of the ideal 

profiles of signalling for therapeutic benefit and a greater understanding of mechanistic basis 

for which this phenomenon arises at the GLP-1R. 

 

To identify the ideal profiles of GLP-1R signalling for development of improved therapies 

requires a wide range of tool compounds with differing signalling properties to enable a 

thorough investigation of the functional consequences of biased agonism in vivo. In this thesis, 

a series of 11mer peptide ligands based on the first 11 residues of the native peptide (GLP-1(7-

36)NH2 with novel chemistry have been synthesised and gifted to our group, and 

comprehensively assessed at the GLP-1R to quantify their profiles of signalling. We identified 

a wide range of peptides with differing pharmacology. These included peptides with 

differences in their biased agonism profile that could be correlated with the composition of the 

first residue of the peptide.  

 

To exploit biased agonism for rationale development of novel ligands requires detailed 

mechanistic understanding of how biased agonism and differential efficacy arises. The fourth 

chapter of this thesis identified contributions of individual transducer subfamilies to the 

downstream signalling profiles of different GLP-1R ligands, which included both full length 

and 11mer peptide ligands. While Gαs and Gαq, as expected, were both essential for cAMP 

and calcium signalling respectively, we identified surprising roles of Gα12/13 and β-arrestins 

in modulating these signalling pathways, which occurred in a ligand-dependent manner. 

 

To date, a number of large structural and mutagenesis programs have been undertaken for the 

GLP-1R. An understanding of how different ligands interact with the GLP-1R, and how this 

promotes coupling of intracellular signalling components is required to link structural 
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information to the function of ligands of different pharmacology. A combination of structural 

biology, performed by Lynn Liang and Xin Zhang in combination with molecular 

pharmacology, mutating residues in a pocket that encases the extreme N terminus of ligand in 

the final binding pose, enables linking of specific topographical areas of the receptor to distinct 

signalling pathways and provide critical information that can be exploited for rational 

development of novel agonists.  

 

The third results chapter of this thesis reports mutagenesis of receptor residues to alanine and 

the influence of this on receptor function. The selection of these was guided by structural 

biology efforts (performed by others in the laboratory) where we identified residues that were 

located within the pocket within the 7 transmembrane core that accommodates the N-terminus 

of different peptide ligands. This study provides unprecedented information of how different 

biased ligands interact with the GLP-1R with molecular details into the role individual residues 

play in both ligand affinity and cAMP efficacy. While individual residues within the GLP-1R 

TM binding site had little impact on exendin P5 affinity compared to GLP-1, exendin 4 and 

oxyntomodulin, this region of the receptor was more important for cAMP efficacy for exendin 

P5. This can be explained by the a more open binding pocket in the exendin P5 structure 

allowing for greater mobility in the pocket whereby any one individual receptor interaction was 

less important for this ligand than other agonists and this is confirmed in MD simulations (from 

Chris Reynolds group). In addition, distinct regions within the GLP-1R were linked to 

divergent pharmacological profiles of the four agonists where three receptor regions were 

identified for differences in both the structure and functional variances observed upon GLP-1R 

receptor binding to distinct ligands. These included TM1, the TM2-ECL1-TM3 region and the 

TM6-ECL3-TM7 area that displayed differences not only in the structural conformation 

induced in the receptor (as revealed by novel structural information), but also in the role of 

individual residues within these regions in ligand-dependent affinity and efficacy of the biased 

ligands assessed. 

 

In summary, this thesis furthers our understanding of GLP-1R biased agonism and provides 

novel insights into the structural and mechanistic basis of how this phenomenon arises.  This 

enhanced understanding will allow future rational drug development to design ligands with 

select pharmacologies that will enable the identification and development of better therapeutics 

with the potential for greater therapeutic efficacy and fewer side effects for the treatment of 

diseases, such as diabetes. 
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1.1 G-protein coupled receptors 

1.1.1 General Introduction  

G protein-coupled receptors (GPCRs) are a superfamily of cell membrane spanning proteins 

that account for approximately 4% of the human genome comprising of about 800 genes 

(Frediksson et al. 2013). They are the largest known class of membrane spanning proteins and 

are responsible for mediating a host of physiological effects through transmission of signal 

from extracellular stimuli across the cell membrane. They are ubiquitously across all tissue 

types. These factors have led to GPCRs being the target for around 40% of therapeutics on the 

market today (Lagerström & Schiöth, 2008). 

  

All GPCRs share similar physical characteristics, an extracellular N-terminus (ECD), seven α 

helical transmembrane (TM) domains connected by three intracellular loops (ICLs) and three 

extracellular loops (ECLs) and a cytosolic tail, also referred to as helix 8. It is the specific 

sequence and folding of these proteins that allows for specificity for ligands and transducers 

leading to activation of specific pathways leading to downstream physiological responses 

(Venkatakrishnan et al., 2016). 

 
In a simplistic model, GPCRs exist in a natural equilibrium between multiple receptor 

conformations that include both active and inactive states, providing a basal level of 

constitutive activity towards signalling due to the proportion of receptors in the active state 

(Leff, 1995). Ligand binding shifts this equilibrium, promoting conformational changes in 

receptor structure that result in ligand-induced changes in the ability to recruit and activate 

signalling partners. There are currently three very broad general classification of ligands; 

agonists, which shift the equilibrium toward the active state, enhancing transducer coupling; 

antagonists, which have little effect on the equilibrium between inactive and active receptors, 

and therefore do not promote (or alter constitutive) signalling; inverse agonists, which alter the 

equilibrium by pushing it towards the inactive state, reducing any basal activity due to reducing 

transducer coupling (reviewed in Kenakin, 2004). The understanding of GPCR states has 

evolved, now recognising multiple states of activation between the inactive and final active 

state of the receptor complex (Manglik et al 2015) 
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1.1.2 GPCR Classification 

 

There are three major families of GPCRs, class A or rhodopsin-like receptors, which account 

for almost 85% of all GPCRs, class B receptors and class C (reviewed in (Cobanoglu, et al. 

2011)). These families consist of further subfamilies, for example, class A contain 19 

subfamilies and class B, 2 subfamilies. Receptors belonging to these subclasses have been 

separated based on evidence of evolutionary relationships, with each family sharing distinct 

signatures. For example, class A GPCRs contain an array of conserved motifs, class B GPCRs 

all share a large extracellular ECD of above 150 residues and class C GPCRs also contain a 

large ECD, but exist as obligate dimers (reviewed in (Cobanoglu et al., 2011)). A phylogenetic 

tree for a subset of receptors within these families and for where structural data is available is 

depicted in Figure 1.1). 

 

1.1.3 G protein mediated signalling 

As their name suggests, GPCRs canonically signal through the activation of heterotrimeric G 

proteins. GPCR mediated G protein recruitment and activation promotes downstream 

signalling cascades, typically through an accumulation of second messengers that promote 

activation of further downstream signalling pathways. G proteins contain three subunits, an 

alpha (α), beta (β) and gamma (γ) subunit. In the inactive state G proteins exists as a 

heterotrimer and are rendered inactive by bound guanosine diphosphate (GDP). Upon 

recruitment to an activated GPCR, due to ligand interaction or constitutive activity, the Gα 

protein undergoes a conformational transition, releasing GDP. This allows guanosine 

triphosphate (GTP) (which is present at high concentrations within the cell) to bind to the 

nucleotide binding site on the α subunit leading to dissociation of the α subunit from the β and 

γ subunits. These subunits then interact with a host of signalling proteins or with certain ion 

channels to promote downstream signalling. The signalling pathways activated depend on the 

type of G protein (Figure 1.2). The G protein is inactivated when bound GTP is converted to 

GDP by the GTPase activity on the Gα pathways activated depend on the type of G protein. 

The G protein is inactivated when bound GTP is converted to GDP by the GTPase activity on 

the Gα protein promoting the reassociation of the α, β and γ subunits for the next round of G 

protein activation. There are multiple isotypes of each G protein subunit, which allows for the 

formation of a plethora of diverse signalling complexes. There are 14 Gα subunits that can be  
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Figure 1.1) Phylogenetic tree of a subset of GPCRs with available structures which have been 

grouped based on structural homology. Class A (purple) Class B (red) Class C (blue) and 

Frizzled (green) are represented. Sourced using data and code from GPCRdb.org.  
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Figure 1.2: Downstream effects of G-protein activation through different signalling effectors. 
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broadly divided into four distinct subclasses of Gα subunits, each with distinct functions 

(reviewed in Hanlon & Andrew, 2015). These are classified as Gαs/olf, Gαi/o, Gαq/11 and 

Gα12/13. Gαs/olf interact with and activate adenylate cyclase, promoting the production of  

cyclic adenosine monophosphpate (cAMP) from ambient ATP. cAMP binds to and activates 

protein kinase A (PKA) and exchange protein activated by cAMP (EPAC), both of which affect 

many downstream signalling and effector molecules. Gαi/o opposes the actions of Gαs by 

inhibiting the adenylate cyclase, reducing cAMP production. Gαq/11 activates phospholipase 

C (PLC) causing the downstream production of inositol triphosphate (IP3) and diaglycerol 

(DAG). IP3 plays a role in mobilization of intracellular calcium from the endoplasmic 

reticulum, while DAG activates protein kinase C (PKC). Gα12/13 activates Rho proteins, 

which play a role in cellular and membrane structure (reviewed in Syrovatkina et al., 2016).  

Multiple classes of β and γ subunits also exist and can have effects independently of the Gα 

subunit, such as PLC activation, ERK1/2 phosphorylation, PI3 kinase mediated pathways and 

regulation of potassium and calcium channels. Although it is widely accepted that receptor 

activation promotes dissociation of the α subunit from the βγ subunits to promote signalling, 

there is also some evidence to suggest that these subunits do not always dissociate and can 

function as a heterotrimer (reviewed in Khan et al., 2013). 

1.1.4 Regulation of GPCR signalling  
 

The longevity of GPCR signals are managed in multiple ways. The activation of a GPCR by 

an agonist can result in desensitisation of the receptor, which can happen at three distinct levels; 

at the receptor itself, the G protein or the effector protein. Desensitisation is triggered by 

prolonged receptor exposure to an agonist leading to recruitment of G protein receptor kinases 

(GRK) that phosphorylate the receptor at the C-terminus or intracellular loops. This 

phosphorylation raises the affinity of the receptor for β arrestin binding. β arrestins are recruited 

to the receptor blocking the binding site for G protein, thereby terminating G protein mediated 

signaling. β arrestins also link the receptor to internalization machinery such as clathirin, that 

result in internalization of the receptor away from the plasma membrane into early endosomes 

(reviewed in Syme, Zhang, & Bisello, 2006). From there the receptor can either be trafficked 

into late endosomes and degraded in lysosomes or into recycling endosomes where the receptor 

will be recycled back to the cell surface where it can be activated again (Figure 1.3) (reviewed 

in Von Zastrow & Hanyaloglu, 2008). 
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1.1.5 Non-canonical signalling 

 

While the canonical role of β arrestins and GRKs is in regulatory processes of GPCRs, over 

the last decade, a growing body of evidence has emerged highlighting that β arrestins can also 

promote intracellular signalling directly through scaffolding various signalling proteins. While 

β arrestin-dependent signalling is now widely accepted (reviewed in Ma & Pei 2007), there is 

still controversy in the field as to whether this can occur independently of G protein activation, 

albeit there is evidence that this may be the case for some receptors (Grundmann et al., 2018). 

There is also evidence that different ligand-receptor interactions can result in different receptor 

conformations that induce distinct phosphorylation patterns on the intracellular face of the 

receptor by GRKs and protein kinases, which is speculated to act as a ‘bar code’ for arrestin-

specific conformational changes. This then dictates the interaction of these proteins with 

downstream signalling partners, such as ERK1/2 and JNK3 (that are well characterised in their 

interaction with arrestins), Raf, MEK1, Ask1, MKK and  that have also been implicated in 

interacting with β arrestin scaffolds (reviewed in Tobin, Butcher, & Kong, 2008). Recent 

evidence shows that specific phosphorylation patterns cause by GRKs are important for 

specific downstream effects of β arrestins after binding to a GPCR to influence conformation 

and downstream signalling of the arrestin (Mayer et al. 2019) 

1.1.6 Biased agonism  

 

GPCRs can be classified based on the preferential G protein and signalling pathway that they 

couple to in order to mediate physiological actions. However, many GPCRs are pleiotropically 

coupled, meaning they can couple to more than one transducer and activate multiple 

intracellular signalling cascades (reviewed in Wang, Qiao & Li, 2018). This pleiotropic 

coupling to multiple G protein and non-G protein-dependent signalling pathways allows for 

activation of a plethora of downstream effects and these are dependent on the bound ligand. 

Importantly, these differential signalling pathways can lead to different physiological responses 

from the cell. Therefore, the relative efficacy for which these receptors signal to each of these 

signalling pathways determines the overall combined physiological response that the receptor 

displays. However, not all ligands acting at the same GPCR are able to stimulate the full 

signalling repertoire associated with that GPCR. Different ligands activating the receptor can  
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Figure 1.3: Regulation of GPCRs: Activated GPCRs, promote G protein dissociation (1). They 

also recruit  GRKs (2) that phosphorylate the receptor (3), promoting the recruitment of β 

arrestins (4). Arrestin-bound GPCRs are internalised into early endosomes (5) and then shunted 

into sorting endosomes (6) where they are either recycled back to the cell membrane (7-8) or 

targeted to lysosomes for degradation (9-10). 
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therefore promote distinct signalling of the receptor in a phenomenon known as ligand-

mediated signal bias or biased agonism (Figure 1.4) (reviewed in Kenakin & Christopoulos, 

2013). 

 

Biased agonism arises due to the ability of distinct ligands promoting different conformational 

changes within the receptor, which alters the way it couples to certain signalling effectors 

(reviewed in Wootten et al 2018). There are multiple examples of such ligands such as TRV027  

at the Angiotensin II receptor that activates β arrestin 2 mediated signalling events, without 

coupling to G proteins (Violin et al., 2010). Despite this, this ligand exerts the same 

physiological effects as the native ligands in decreasing blood pressure and increasing cardiac 

contractility. It has therefore been suggested that for this receptor activation arrestin-mediated 

signalling pathways leads to the desired therapeutic effect (Violin et al., 2010). 

 

As biased agonists are able to alter the relative strength to which each signalling pathway is 

activated, this opens up the possibility that ligands may be identified for a particular receptor 

that preferentially couple the receptor to certain signalling pathways at the exclusion of others, 

altering the physiological response of the cell to provide a better therapeutic output. This may 

be due to activation of signalling that leads to therapeutically beneficial effects of the receptor 

response, while avoiding effects down pathways that lead to the side effects seen with some 

drugs. Some clinically used β blockers, such as carvedilol, which are used as a first line 

treatment for hypertension, were previously characterised as antagonists at β adrenoreceptors 

(reviewed in Thanawala et al 2014). Later studies revealed that the most effective β blockers 

(for example, carvedilol and nebivolol) were in fact biased ligands that do not activate 

canonical G protein signalling pathways but are agonists of β arrestin mediated signalling 

(Erickson et al., 2013)(Wisler et al., 2007). Evidence is also available for beneficial effects of 

biased ligands at the μ-opioid receptor, a popular target for pain medication, where a ligand 

that recruits and activates G-protein mediated pathways as opposed to arrestin scaffolding 

promotes greater analgesia, with β arrestins promoting side effects (DeWire et al., 2013). 

However, more recent data has shed light on this theory for opioid receptors (Yudin & Rohacs, 

2019), and instead suggest that perhaps efficacy rather than bias may be important for  

therapeutic efficacy devoid of side effects.  This highlights the need to better understand biased 

agonism. The concept of biased agonism has potential to fine-tune receptor signalling. 

However, the challenge in drug discovery is that currently for most receptors and disease states 

the relationship between individual signalling pathways and physiological efficacy is not  
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Figure 1.4: Basic illustration of biased agonism where two ligands acting at the same receptor 

can have distinct signalling outcomes.  This is often visualised by comparing concentration 

response curves for different signalling pathways. In the example here, ligand 1 is more potent 

at activating pathway 1 and 3 over pathway 2, whereas ligand 2 is more potent towards 

activation of pathway 3 over pathways. 1 and 2.  
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understood. Therefore, more basic research is required in order to understand which cellular 

efficacies may lead to therapeutic success. In addition, to rationally design drugs that display 

biased agonism requires understanding of GPCR structure and how this relates to biased 

agonism. 

1.1.7 Analytical models to quantify GPCR activity and biased agonism 

  

The easiest way to view biased signalling in pharmacology is to perform concentration 

response curves to assess activation of multiple signalling pathways by different ligands to 

identify reversals in the relative potency, or maximal signal between ligands in different 

pathways (Figure 1.4). Currently physiological outcomes of signal bias are not fully understood 

for the majority, if not all GPCRs, however to exploit biased signalling for drug discovery, it 

is important to be able to quantify this behaviour. There are a number of methods that have 

been used to determine ligand bias, however the most common model for this is the Black/Leff 

operational model (Black, Leff, Shankley, & Wood, 1985), which allows the determination of 

two factors. KA describes the affinity of the ligand when coupled to a particular signalling 

pathway and the term tau τ is used to describe the intrinsic efficacy and the sensitivity of the 

response from the system. When combining these two factors a single number can be derived, 

Log (τ/KA) the transduction ratio, which describes the intrinsic efficacy of a ligand for an 

individual pathway. These two factors, efficacy (τ) and functional affinity (KA) can be isolated 

using the Black-Leff operational model fitted to concentration response data to derive a single 

number (the transduction ratio) that allows the determination of exactly how well a ligand is 

activating a given pathway (Kenakin, et al. 2012). Different ligands interacting with different 

signalling pathways can give individual transduction ratios for each pathway, which when 

normalised against a reference ligand and reference signalling pathway, provide a scale to 

statistically evaluate differences in signalling bias between ligands in a way that can inform 

structure activity relationships in drug discovery programs (Kenakin et al., 2012). Other 

methods have been used including (i) bias plots that qualitatively identify biased ligands by 

plotting concentration response data for pathway one on the axis and pathway 2 on the y axis 

and comparing differences in the curves from a referene ligand (Gregory et al., 2010) and (ii) 

equiactive comparison method, which uses the EC50 and Emax of one ligand across two 

pathways compared to a reference ligands response to the same two pathways (Rajagopal et al. 

2011). 
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1.1.8 GPCR structural biology 

 

Prior to 2017, the majority of projects aimed at understanding and resolving the structure of 

GPCRs were predominantly focused on class A GPCRs. For many years the only information 

on the 7TM structure of GPCRs was from projection structure of Rhodopsin (Schertler, Villa 

& Henderson 1993). The first crystal structure of a mammalian GPCR was of the bovine 

rhodopsin in the year 2000 (Palczewski et al., 2000). The first x-ray structure of a non-visual 

receptor was solved in 2007 and since this time there has been an fast increase in the number 

of receptor structures solved by x-ray crystallography, with structures for more than 60 unique 

receptors now available (Figure 1.5). The majority of these are solved in an inactive 

conformation with structures of single receptors in complex with different ligands with various 

actions (agonists, antagonists etc.). To enable crystallisation, receptors have required multiple 

receptor modifications, including mutations and fusion proteins to enhance the thermostability 

(hence reducing conformational variance and flexibility) (Vaidehi, Grisshammer, & Tate, 

2016) or to provide greater surfaces for crystal packing (Griffin & Lawson, 2011). These limit 

interpretation of these structures as the receptors are often highly modified.  

 

More recently, x-ray crystallography has been used to solve structures of class A receptors in 

active conformations, however, to date only one of these is coupled to a full heterotrimeric G 

protein (Rasmussen et al., 2011).  Methods that have been used to stabilise active state 

conformations of receptors include either nanobodies that mimic G protein interaction (Griffin 

and Kawson, 2011) or complexing with a modified G protein a subunit coined mini-G (Nehmea 

et al., 2017). The structure of the full heterotrimeric receptor also required the use of nanobody 

35 to stabilise the complex for crystallisation (Steyaert & Kobilka, 2011). In recent years, 

advances in cryogenic electron microscopy has made it possible to solve full-length active 

structures of GPCR coupled to ligand and heterotrimeric G-proteins. This includes receptors 

from class A (e.g. García-Nafría, et al. 2018), B (e.g Liang et al., 2017) and C families (e.g 

Doré et al., 2014), coupled to Gαs (e.g Liang et al., 2017) and Gαi (e.g Draper-Joyce et al., 

2018) proteins and more recently Class A coupled to β arrestins (e.g Kang et al., 2015). 

Dominant negative Gα proteins have been engineered to facilitate this. These proteins are have 

lower affinity for nucleotide and have been used to trap the receptor: G protein complex in a 

nucleotide bound state, trapping the active receptor conformation (Liang et al., 2018a). 

Nanobodies (Nb35) and short chain antibodies (ScFv16) have also been used to stabilise the 

nucleotide bound state (Maeda et al., 2018). Engineered mini G-proteins have also been used  
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Figure 1.5: The growth of available unique structures of GPCRs. Adapted from the GPCRdb  
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to solve GPCR structures including mini Gαo complexed with rhodopsin and 5HT1B receptor 

(García-Nafría, et al. 2018).  

 

Comparing crystal structures of receptors in the active versus inactive state or with different 

ligands bound has revealed some details into how ligands can stabilise different conformations 

of the same receptor. Multiple structures are available of the β2adrenoreceptor (Rasmussen et 

al., 2011), acetylcholine muscarinic receptors (Thal et al., 2016) as well as members of the  

opioid receptor (Shang & Filizola, 2015). In inactive and active states. These studies all show 

similar large scale conserved movements upon activation, including a large outward movement 

of TM6 and an inward shift of TM7 at the intracellular face. From the crystal structure data of 

the β2 adrenoreceptor in complex with Gαs there is also a large structural rearrangement of 

TM5 which forms key interactions with the G-protein. Comparison of active and inactive 

crystal structures for these three class A GPCRs also showed the importance of core residues 

in TM3, which have interhelix interactions that need to be either broken or formed to transition 

between the inactive and active state of the receptor (Rasmussen et al., 2011). The more recent 

arrestin-bound class A GPCRs revealed a similar shift within the TM bundle when comparing 

the inactive state to that observed with G protein, albeit TM6 appears to have a much more 

pronounced movement when G protein is bound relative to arrestin (Kang et al., 2015). 

 

In recent years, advances in cryo-electron microscopy have had a major impact on GPCR 

structural biology, particularly in the ability to solve active state GPCRs complexes bound with 

transducers. This has enabled the determination of the active state of full length class B and C 

(Mao et al 2020) GPCRs as well as Class A GPCRs. For class A and B receptors, there are now 

numerous GPCR structures solved in complex with Gs (Liang et al 2017)(Liang et al 

2018a)(Liang et al 2017b)(Zhao et al 2020) and Gi proteins (Draper-Joyce et al 2018)(Garcia-

Nafria et al 2018). More recently, class A GPCRs structures have been determined in complex 

with G11 proteins(Maeda et al 2019) and b-arrestins (Yin et al 2019)(Staus et al 2020). 

 

Active state structures of class B receptors, revealed similar large outward movement of TM6 

seen in class A receptors, which accommodates the coupling of the G protein α5 helix. 

Comparison of class A structures reveal differences in the extent of movement of helix 6 

(TM6). Similar G proteins Gαi and Gαo have an inhibitory effect on adenylate cyclase however 

produce a smaller conformational change in TM6 compared to Gαs structures. TM6 in class B 
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GPCRs all have a distinctive kink within the centre of the helix not seen in class A GPCRs, 

which may be due to the added size of ligands that bind class B GPCRs resulting in a more 

open binding pocket within the extracellular face. This requires TM6 to move out at both the 

extracellular and intracellular face upon ligand and G protein binding, hence inducing the 

extreme kink within the helix. Interestingly, while in class A GPCRs TM6 appears to open to 

a different extent depending on whether bound to Gαs or Gαi, recent data revealed a similar 

movement within the intracellular face of class B GPCRs when coupled to either Gαs or Gi 

(Van Eps, et al .2018). 

  

These structural studies in combination with multiple biophysical studies have also revealed 

that different ligands can induce and stabilise different conformations of a receptor. Studies on 

both class A and class B GPCRs have also revealed differential rearrangement of distinct 

networks of amino acids within these receptors occurs in the presence of distinct biased ligands, 

giving some insights into how different ligands may induce biased agonism (Manglik et al., 

2015)(Wingler et al., 2019).  

1.1.9 Biophysical methods to study conformation and dynamics of GPCRs 

Structural information is important for understanding how ligands and transducers interact with 

their receptors and alter receptor structure, however these are static structures that capture a 

snapshot of a metastable conformation. GPCRs are highly dynamic proteins. It is believed to 

be this dynamic behaviour that biased ligands are able to exploit to be able to create different 

patterns of activation and conformation that lead to the ability of receptors to couple to multiple 

transducers, to promoted differential activation (ie full vs partial agonism), and for ligands to 

promote differing signalling profiles (biased agonism). Studies assessing receptor dynamics 

and conformation associated with different classes of ligands has been explored most 

extensively for class A GPCRs. Around the turn of the century, the Kobilka group was using 

fluorescent spectroscopy with thiol reactive, environmentally sensitive probes to demonstrate 

how ligand activation results in movements of TM6 as well as movements in TM3 (Gether et 

al., 1997). Further studies using this technique determined ligand-specific conformations for 

the β2 adrenoreceptor (Seifert et al. 2001).  

Studies in multiple class A GPCRs have shown through NMR methods that an active state of 

a receptor can only be stabilised in the presence of both a G protein or G protein mimicking 

nanobody and a ligand. In complex with the ligand alone, the receptor adopts an intermediate 

state (reviewed in Sounier et al., 2015). Other techniques such as DEER spectroscopy (Manglik 
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et al, 2015) and single molecule FRET (Gregorio et al. 2018) have also been able to distinguish 

multiple GPCR states. For example during activation b2 adrenoreceptors can adopt three, 

potentially four different states of activation between the active and inactive state (Liu, et al. 

2013).  These same approaches have been applied to many class A receptors including 

members of the 5-HT family (Shan, Khelashvili, Mondal, et al, 2012), α2A adrenoreceptor 

(Zurn et al., 2009) and the μ opioid receptor (Sounier et al., 2015) to name a few. A recent 

study using DEER spectroscopy by Wingler et al. in 2019 used probes in multiple positions of 

the AngII receptor to explore the conformational signature adopted within the receptor in the 

presence of a suite of biased ligands. They revealed four major conformational states induced 

in this receptor including a ‘closed’ inactive state, an ‘open’ active state and two intermediate 

states in which TM6 is not fully open to allow full opening of the G-protein binding cavity 

within the receptor, which they termed ‘occluded’ 1 and 2. Antagonists mostly occupied the 

closed state, G-protein biased agonists mostly occupied the open state, while arrestin biased 

ligands occupied mostly one of the occluded states. This is consistent with the recent arrestin-

bound structures that exhibit a TM6 conformation that was not closed but not as open as the G 

protein-bound state (Kang et al 2015). Single molecule FRET technology has also shown that 

the extent to which TM6 shifts correlates with efficacy (Gregorio et al 2017). 

 

Evidence is also emerging for TM7 as a key area for arrestin interaction and potentially a key 

mediator in biased signalling. Recent structures of GPCRs in complex with arrestin’s 

confirmed key interactions between the finger loop of the arrestin and TM7 of the receptor. 

Earlier NMR data assessing arrestin biased ligands at the β2 Adrenoreceptor revealed the 

importance of movements in this helix for arrestin recruitment for ligands biased in favour of 

arrestin recruitment (Kang et al., 2015). H8 and the C-terminus of GPCRs have also been 

demonstrated to be key in arrestin binding (Kirchberg et al., 2011) and NMR data from the μ-

opioid receptor has also been used to demonstrated movements in H8 are part of a fully active 

receptor complex and are also required for arrestin coupling (reviewed in Sounier et al., 2015).  

1.2 Class B GPCRs 

 

Class B GPCRs, also known as secretin/adhesion like receptors, are the second largest class of 

GPCRs and contain two subclasses of receptors. Of the mammalian family, 33 receptors are 

adhesion-like and 15 are secretin-like. Class B GPCRs are recognisable by their large 

glycosylated ECD, which plays a major role in the recognition and binding of peptide ligands. 
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These receptors are activated endogenously by large peptide hormones (Bjarnadóttir, 

Fredriksson, & Schiöth, 2007). 

  

1.2.1 Secretin-like receptors 

Class B secretin-like receptors include; calcitonin and calcitonin receptor-like receptors 

(CALCR, CALCRL); corticotrophin-releasing factor receptors (CRFR1, CRFR2); the 

glucagon receptor (GCGR); the gastric inhibitory polypeptide receptor (GIPR); the glucagon-

like peptide receptors (GLP-1R, GLP-2R); the growth-hormone-releasing hormone receptor 

(GHRHR); the adenylate cyclase activating polypeptide receptor (PAC1/ADCYAP1R1); the 

parathyroid hormone receptors (PTHR1, PTHR2); the secretin receptor (SCTR) and the 

vasoactive intestinal peptide receptors (VPAC1R/VPAC2R) (reviewed in Poyner & Hay, 

2012). Class B receptors bind peptide hormones and mediate a large range of physiological 

effects, such as bone maintenance, and glucose homeostasis, body weight, appetite, 

neurological effects (reviewed in Poyner & Hay, 2012). These receptors are characterised by a 

long N-terminus that forms a structured ECD containing six conserved cysteine residues, that 

form three disulphide bonds. These are essential for correct folding that allow binding of their 

large peptide ligands (Bazarsuren, et al. 2002). Due to their wide range of important 

physiological effects, this subclass of class B receptors are promising targets for development 

of novel therapeutics for many diseases, including neurodegenerative disorders and 

inflammation (VPAC1R, PAC1R), type II diabetes mellitus (GLP-1R, GCCR) and bone 

disease (PTHR, CTRs). For the purpose of this thesis, class B GPCRs will refer to secretin-like 

receptors. 

1.2.2 Class B GPCR ligand binding 

In solution, native class B GPCR peptide ligands do not contain secondary structure, however 

they adopt secondary structure upon binding to their receptor. These peptides adopt helical 

structures as observed in crystal and cryo-EM structures of peptides bound to either isolated 

ECDs or full-length structures of their respective class B GPCR (Liang et al., 2017)(Liang et 

al., 2018b). A key feature of class B GPCR function is their two-domain mode of binding 

peptide ligands. (Figure 1.6)(reviewed in Hoare, 2005). Initially, the C-terminus of the ligand 

forms a high affinity interaction with the ECD of the receptor creating an affinity trap to tether 

the ligand in place, which then allows the N-terminus of the ligand to interact with the upper 

portion of the receptor TM domain. The interaction between the peptide ligand and TM domain 

is of vital importance for activation of the receptor by full-length peptides ligands (Pal, 
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Melcher, & Xu, 2012). A deep cavity located at the extracellular surface of the TM bundle is 

the pocket that engages of the N-terminus of the ligand. This pocket was first visualised in 

crystal structures of the inactive TM bundle of these receptors, and has been confirmed in recent 

full length active CryoEM structures (Liang et al., 2017)(Liang et al., 2018). Molecular 

modelling and structural studies of activated Class B GPCRs, along with photoaffintiy and 

mutagenesis studies (Yang et al., 2016), have determined that the N-terminus of peptide ligands 

bind within this cavity, with the highly conserved histidine residue at position one of class B 

GPCRs lignads binding deep within this pocket (Lee, Booe, & Pioszak, 2015). However, to 

date, the importance of the residues within this pocket have not been fully explored. There have 

been a limited number of small molecule ligands identified for class B GPCRS. Those that are 

available are limited to a few receptors, including agonists for the GLP-1R (Chen et al., 

2007)(Freeman et al., 2016)(Thompson, et al. 2016) and antagonists for the GCGR (Sammons 

& Lee, 2015), CGRP (Doods et al., 2000), ADMR (Ochoa-Callejero et al., 2017) and GLP-1R 

(Nance et al., 2017). For a number of receptors there have also been allosteric ligands identified 

(GLP-1R, GCGR and CTR)(Hoare 2007). 

1.2.3 Class B GPCR signalling and regulation of activity 

 

Class B GPCRs predominantly signal through Gαs to promote cAMP signalling. However, 

these receptors are also promiscuous and are capable of coupling to other classes of Gα proteins 

including; Gαq/11, Gαi/o/z and Gα12/13 as well as coupling to non-visual arrestins, β arrestins 

1 and 2 (reviewed in Karageorgos et al., 2018). Because of this ability to couple to multiple 

signalling effectors this class of receptor is highly susceptible to biased agonism. The majority 

of class B GPCRs are capable of recruiting arrestins. Most class B GPCRs have also been 

reported to undergo internalisation and many have also been shown to exhibit endosomal 

signalling (Ismail et al., 2016). 

1.2.4 Class B GPCR structural information 

 
Until recently structural information for class B GPCRs has been limited. Crystal structures 

have been solved for the extracellular domain of many class B GPCRs, many in complex with 

peptide ligands (e.g. Underwood et al., 2010)(e.g. ter Haar et al., 2010). These structures 

revealed how peptides interact with their respective receptor ECDs, with the C-terminus of the  
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Figure 1.6: The two domain binding mode of class B GPCRs where the C-terminus binds first 

to the ECD (A) allowing engagement of the peptide N-terminus with the top of the TM bundle 

(B). (adapted from Hoare 2007) 
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peptides engaged in a conserved cavity and the N-terminus sitting below the isolated ECD not 

forming any interactions. In 2013 crystal structures of the isolated TM domains of the glucagon 

receptor (GCGR) (Siu et al., 2013) and the corticotrophin releasing factor 1 receptor (CRF1R) 

(Hollenstein et al., 2013) in their inactive states were solved. There are now x-ray structures of 

full-length class B GPCRs bound to antagonist antibodies (GCGR) (Jazayeri et al., 2016) and 

peptide agonists (PTH1R, GCGR and GLP-1R), albeit these receptors are stabilised in 

predominantly inactive conformations (Jazayeri et al., 2017)(Ehrenmann, et al., 2019)(Siu et 

al 2013) 

 

The use of single particle cryogenic electron microscopy (Cryo-EM) has recently allowed full 

length fully active (with ligand and heterotrimeric Gs-protein) structures to be solved for class 

B GPCRs. The first of these structures was published in 2017, that of the calcitonin receptor 

(CTR) coupled to salmon calcitonin and Gαsβ1γ2 (Liang et al., 2017). This receptor was 

essentially wildtype, with the exception of cleavable affinity tags required for purification. 

Stabilisation of the complex was achieved by using nanobody 35 to stabilises the nucleotide 

free form of the G protein bound to the receptor. In addition to the CTR structure, there are 

now published structures of the GLP-1R bound to two different peptides (Y. Zhang et al., 

2017)(Liang et al., 2018a) and one to a small molecule agonist (Zhao et al., 2020), the 

calcitonin receptor-like receptor (CLR) with an accessory protein, receptor activity modifying 

protein (RAMP) (Liang, et al., 2018c), the CRF1 and CRF2 receptors, GCGR and the PAC1 

receptor (Wang et al., 2020). These are all in complex with heterotrimeric Gαs and combined 

with the inactive structures reveal a common activated pose for this class of receptors. 

 

1.2.4.1 Class B GPCR structure comparison  
 

The recent expansion of class B GPCR structures has also allowed investigation of similarities 

in active state class A and class B GPCRs. Due to the key difference in ligand properties and 

the large extracellular domain found in class B GPCRs, but not in the Class A GPCRs where 

structures have been solved, there are many conformational differences in the extracellular 

surfaces of the receptors that are linked to the types of ligand that they interact with. However, 

at the intracellular surface, there are structural similarities between the two classes with TMs 

1-3 and 5-7 all adopting similar positions when coupled to G protein. TM5 extends further into 

the cytoplasm in the class A structures relative to class B GPCRs. In contrast, the class B 
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structures have an extended helix 8 which forms interactions with the β subunit of the 

heterotrimeric G protein that was not evident in the class A structures. There is a difference in 

the relative positioning of TM4, which is the dimerization site for class B GPCRs and mutations 

to residues in this domain impact the g-protein mediated signalling. Similarly, activation of 

both classes of receptors is associated with an outward shift at the intracellular face of TM6. In 

class A GPCRs this is associated with a pivot around a conserved proline motif where the top 

of TM6 moves in and the bottom moves out. In contrast, in class B GPCRs, TM6 moves 

outwards at both the extracellular face (required to accommodate peptide agonists) and the 

intracellular face. This is facilitated by a partial unwinding the highly conserved PXXG motif, 

which leads to a very sharp kink in the middle of TM6 (Figure 1.7). 

 

There are conserved motifs in the peptide binding site within the TM of class B GPCRs, but 

large differences in the conformation of the ECD. This suggests an evolutionary link between 

the activation by peptide ligands for class B GPCRs (via their interaction with their respective 

TM bundles), but their specificity may be determined by interactions of the C-terminus of the 

ligand with the receptor ECD (reviewed in Pal, Melcher and Xiu, 2013). Comparisons between 

different class B GPCR structures revealed there are a number of important structural 

differences in these receptors. This includes differences in the location of the ECD, TM1, 

ECL1, TM6-ECL3, TM7 and in the arrangement of ICL-2. There is one structure of the GLP-

1R bound to an 11mer peptide (Jazayeri et al., 2017). This receptor displays a much less 

pronounced kink in TM6 compared to inactive structures that could potentially due to 

accommodating a smaller ligand, however this was a modified receptor with mutations in TM6 

that likely contributed to these differences.  

 

The G protein binding site and residues important for receptor activation appear to be conserved 

between class B GPCRs (but not class A) suggesting a universal mechanism of action for 

receptor activation and coupling of G-protein by this receptor class. However, despite class B 

GPCRs binding preferentially to Gαs there is not an absolute conservation of the space in which 

the G-protein couples or the residues that interact with the G-protein when comparing available 

structures.  
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Figure 1.7: An overlay of the active b2 adrenoreceptor (yellow) and active calcitonin 

receptor (purple) (A) highlighting differences in the kink in TM6, and arrangement of 

TM5 and ECL3. An extracellular view (B) highlights extensive conformational 

differences within the extracellular face of these receptors, due to the nature of the 

different ligands that they bind (ie small molecules vs large peptides). Intracellular view 

(C) reveals a similar overall intracellular arrangement of the TM helices, however there is 

an extended helix 8 in the calcitonin receptor relative to the b2 adrenoreceptor, as well as 

differences in the conformations of the intracellular loops between the two structures. The 

kink in TM6 (D) is more pronounced in the class B structure due to the unwinding of the 

PXXG motif (in the red box). 
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1.2.5 Structure function studies of class B GPCRs 

  

Understanding how ligands dock into their receptor has been the focus of many groups to 

elucidate the structural mechanisms underlying receptor activation in class B GPCRs. 

Techniques such as photoaffinity labelling, mutagenesis and receptor chimeras have been used 

to probe ligand interaction with their receptors for a large range of class B GPCRs such as the 

secretin receptor (Dong et al. 2012)(Te et al. 2012)(Dong et al. 2020) vasoactive intestinal 

peptide 1 (VPAC1) receptor (Chugunov et al. 2010), the calcitonin receptor (Dal Maso et al 

2018)(Dal Maso et al 2019), calcitonin gene related peptide receptor (Booe et al 2015)(Qi et 

al. 2018)(Conner et al. 2015)(Vohra et al. 2013)(Qi et al. 2010)(Wolley et al. 2013), 

adrenomedullin receptors (Qi et al 2008)(Watkins et al 2013), as well as the GCGR (Yang et 

al 2016) and GLP-1R (Dong et al. 2014). Collectively, combined with molecular modelling 

and docking studies, these data revealed class B peptide agonists bind to a similar pocket within 

their respective receptors. This binding site was identified to extend deep into the receptor core 

to accommodate the N-terminal activation domain of the respective ligands, where they form 

interactions with common receptor residues (albeit the specific nature of some of these side 

chains differ with different receptors) within TM1, TM2, TM3, TM5 and TM7, as well as ECL2 

and ECL3. Emerging structures of many of these receptors in recent years have confirmed 

many of these predicted interactions (Liang et al 2017)(Liang et al 2018a)(Liang et al 

2018b)(Zhang et al. 2017)(Zhang et al 2018)(Liang et al 2020)(Ma et al 2020)(Zhao et al 

2020)(Dong et al 2020). 

 

Cysteine cross linking studies have also been employed for probing secretin interactions with 

its receptor, specifically the extracellular loops (ECLs) (Dong et al., 2014). These studies 

identified strong interactions between residues in the N-terminus of the ligand and ECLs 2 and 

3 and additional weaker interactions that potentially arise due to transient interactions that 

could be responsible for intermediate conformations between ligand and receptor, similar to 

those observed in Class A GPCRs (Dong et al., 2016). Work on the CRF1R receptor using 

photo crosslinking showed agonist activity could also be linked to bends in helices six and 

seven (Siedel et al 2017), which recently confirmed in cryo-EM structures of these receptors. 

  

The GLP-1R has been by far the best studied of the class B family when it comes to probing 

receptor-ligand interactions and receptor activation by mutagenesis (reviewed in de Graaf et 
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al., 2016). This receptor is the focus of this thesis and the literature around this is discussed 

more extensively in later sections.  

 

Unlike Class A GPCRs, comparatively little work has been performed in class B GPCRs to 

understand conformational dynamics/changes upon ligand activation. There have been limited 

molecular dynamics studies performed on the GCGR and GLP-1R that show an interaction 

between the receptor extracellular domain and the top of the TM that maintain the receptor in 

an inactive state (J. Zhang et al., 2016) and more recently these methods have been used to 

compare peptide and non-peptide receptor activation of the GLP-1R (discussed in further detail 

below). 

1.3 The Incretin System  

1.3.1 Glucose homeostasis and the incretin system  

 
Glucose homeostasis in humans is tightly regulated and involves peptide incretin hormones 

that are produced in the L cells of the ileum and colon, and act on receptors in the pancreas. 

Upon meal ingestion blood glucose is increased promoting glucose-dependent release of 

insulin from the pancreas, which acts at various tissues around the body (reviewed in Holst, 

Vilsbøll, & Deacon, 2009). Insulin promotes an increase in glucose uptake in adipose tissue 

and muscle, while decreasing glucose production in the liver. These effects combined lead to 

a decrease in plasma glucose. The amount of insulin released upon an oral glucose load is 

considerably larger than an intravenous glucose load (Lindgren et al., 2011). This implies that 

glucose sensing within the gastrointestinal tract results in potentiated insulin secretion 

(Lindgren et al., 2011). This effect was shown to occur due to gut-derived hormones, known 

as incretins that are secreted in response to a meal and make a significant contribution to 

postprandial insulin release. This is termed the incretin effect, which is caused by two 

hormones, Gastric Inhibitory Peptide (GIP) and Glucagon-Like Peptide 1 (GLP-1) (reviewed 

in Holst et al., 2009).          
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1.3.2 Glucagon-Like Peptide 1  
     

The glucagon-like peptide 1 (GLP-1) is an incretin hormone released from the gastrointestinal 

tract upon ingestion of nutrients and travels along the entero-insular axis where it acts on the β 

cells of the pancreas to causes an increase in insulin biosynthesis and secretion, while also 

stimulating β cell proliferation and promoting β cell survival (Edwards et al, 1999). It also 

decreases glucagon secretion, which results in the reduction of glucose production in the liver. 

All of these effects help to decrease plasma glucose but importantly only occur in the presence 

of high glucose. GLP-1 also has effects outside of the pancreas that lead to decreases in blood 

glucose (Edwards et al, 1999). The vagal nerve controls gastric emptying and GLP-1 is 

expressed in vagal neurons and is known to decrease gastric emptying (Lu et al., 2018). Up to 

50% of GLP-1’s ability to control glucose homeostasis has been linked to the hormone’s 

capability to decrease gastric emptying (Moore et al, 2013) limiting the release of 

carbohydrates into the small intestine and slowing glucose uptake into the blood. In addition, 

GLP-1 also decreases appetite, increasing satiety, which may occur through centrally mediated 

mechanisms (reviewed in Drucker 2018). Due to its short half-life in the blood, it is unclear 

how GLP-1 released from the gut mediates these functions. One proposed mechanism of action 

is that this occurs via vagal nerve innervation (Krieger et al 2016). GLP-1 also has effects 

outside the control of glucose homeostasis; it can reduce weight (e.g. Dar, Tahrani, & Piya, 

2015) and has neuroprotective effects (e.g. Gault & Hölscher, 2018). GLP-1 also has 

cardioprotective effects in the heart (e.g. Boyle, Livingstone, & Petrie, 2018) (Figure 1.8). All 

of the these effects of GLP-1 are caused through its binding to the GLP-1 receptor (GLP-1R).  

1.3.2 Targeting the GLP-1 system in disease 

 

Due to its role in controlling blood glucose, the GLP-1R is a major therapeutic target for Type 

II diabetes mellitus. Also referred to as non-insulin dependent diabetes, Type II diabetes 

mellitus is characterised by impaired function of β cells in the pancreas, desensitisation of 

peripheral tissues to insulin and a high level of plasma glucose. Type II diabetes affects 

approximately 340 million people worldwide and the World Health Organisations attribute 1.5 

million deaths yearly to diabetes (I & II) (WHO, 2017). Current treatments for diabetes include 

insulin mimetics such as Sulfonylureas that target the insulin receptor and other drugs such as 

Metformin and Thiazolidinedione (TZD’s) that target sensitivity to insulin in peripheral tissues  
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Figure 1.8: Physiological effects of GLP-1 on various tissues throughout the body (adapted 

from Drucker et al 2012)  
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and drugs that target the GLP-1 system (reviewed in Drucker, Habener, & Holst, 2017). 

Although GLP-1 injections can restore normal glucose levels in diabetic patients, its 

therapeutic potential is limited due to its short half-life (<2 mins in plasma). Available clinical 

options for treatment of diabetes that target the GLP-1 system include dipeptidyl dipeptidase 

IV (DPPIV) inhibitors, which extend the plasma half-life of GLP-1 by inhibiting its breakdown 

by DPPIV, and GLP-1 mimetics, which are analogues of GLP-1 that have an extended half- 

life due to their resistance to be degraded by DPPIV (reviewed in Drucker et al., 2017). To 

date, a number of GLP-1 based drugs have been approved for clinical use, with many more in 

clinical trials. There are now 6 FDA approved drugs that target the GLP-1R for type 2 diabetes,  

with one also being approved for treatment of obesity. Some of these approved therapies are 

also undergoing trials for neurological disorders including Alzheimer’s and Parkinson’s 

diseases (reviewed in Drucker et al., 2017). 

 

Approved (by FDA) GLP-1R targeting peptides include exendin (half-life 2hrs), lixisenatide 

(4 hours), liraglutide (half-life 10hrs), dulaglutide (4.7 days) and semaglutide (7 days). Long 

acting Exendin-4 has also been developed extending the half-life of the therapeutic to 7 days 

(reviewed in Sharma, et al. 2018). While these are used both in monotherapy and in 

combination therapy in conjunction with other diabetic treatments, their route of administration 

(subcutaneous injection) has led screening programs to pursue small molecule drug 

development that can be used orally.  To date, at least three small molecule ligands are in 

clinical trials targeting the receptor for the treatment of Type II diabetes mellitus (Willard, 

Beuno and Sloop 2020). 

 

Approved GLP-1R peptide mimetics have been associated with adverse gastrointestinal  

symptoms, however therapeutics with longer half-lives requiring fewer administrations have 

less reported side-effect profiles. While this led to the hypothesis that nausea and GI effects 

were associated with their route of administration, Semaglutide available in an oral formulation 

has similar gastroinestinal (GI) effects to the injectable form of the same peptide, suggesting 

these are on target side effects (Davies et al., 2017). There are also a number of concerns 

regarding the long-term use of incretin mimetics, as they have been reported to be associated 

with serious side effects, such as an increased risk of pancreatitis and various cancers (including 

pancreatic and thyroid cancers) (reviewed in Filippatos et al. 2014). However, the general 

consensus is that these reported side effects are not well-supported in the patient data, albeit 

the longer term implications of these drugs are yet to be realised. In addition, diabetes itself is 
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a risk factor for pancreatitis and pancreatic cancer so the incidence of these might be linked to 

the disease rather than the treatment (reviewed in Filippatos et al., 2014).  

 

The GLP-1 mimetic liraglutide was recently approved in Europe as a weight loss agent (Mehta, 

Marso, & Neeland, 2017) and is also currently in clinical trials for both neurodegenerative 

diseases and cardiovascular diseases (Clinical trial NCT01843075), however, the signalling 

mechanisms through which GLP-1R activation mediates these actions in the brain and heart 

are currently unclear. Knowledge of how the GLP-1R signals in these different tissue types is 

important to understanding how incretin mimetics may mediate their therapeutic actions and 

how to avoid the side effects associated with these treatments in the same way it is important 

for research into GLP-1s action in diabetes.  

1.4 The Glucagon-Like Peptide 1 Receptor 

      

The GLP-1R is a GPCR that belongs to the class B subfamily. It contains the characteristic 

seven transmembrane α helices and a large ECD, and there are a large array of peptide agonists 

that have been developed for this receptor, all of which are predicted to engage the TM domain 

of the receptor to promote activation. This receptor also has a few non-peptide agonists  

identified and a number of allosteric ligands, which bind at a topographically distinct sites to 

peptide agonists within the TM domain.  

 

1.4.1 GLP-1R Ligands 

      

Endogenous ligands of the GLP-1R are derived from the pre-proglucagon gene from which 

glucagon is also derived. There are multiple endogenous ligands that can activate the GLP-1R 

including 4 variants of GLP-1; the predominant form GLP-1(7-36)NH2, as well as GLP-1(1-

37), GLP-1(1-36)NH2, GLP-1(7-37). Oxyntomodulin, which is derived from the same gene as 

GLP-1 and is structurally very similar, acts predominantly at the GLP-1R but also has activity 

at the glucagon receptor. Multiple peptides have also been developed as therapeutic ligands  

for the GLP-1R (Figure 1.8). The first developed was exendin-4, derived from the saliva of the 

gila monster. Since then a series of peptides based on the endogenous peptide with various 

alterations to extend the half-life have been developed including; liraglutide, lixisenatide, 

albiglutide, dulaglutide and semaglutide (Figure. 1.9). Taspoglutide was also in clinical trials  
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Figure 1.9: Endogenous and therapeutically used peptide ligands of the GLP-1R. 
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as a potential therapeutic, however failed due to unacceptable side effect profiles. There are 

also a number of other peptides in clinical development, some that solely act on the GLP-1R, 

while others are being developed to co-target the GLP-1R and the GIPR and/or GCGR, as dual 

agonism at these receptors is proposed to have therapeutic advantages over activation of the 

GLP-1R alone (Usui, Yabe and Seino 2019).   

 

The metabolite of GLP-1, GLP-1(9-36)NH2, which was previously thought to be biologically 

inactive, has some weak biological action at the GLP-1R (Wootten, Reynolds, Smith, et al., 

2016) and can be modulated by positive allosteric modulators of the  

receptor (Nolte et al., 2014). Also, GLP-1(28-36) (produced as a result of neutral endopeptidase 

24.11) has also been shown to have biological effect however it may be via receptor 

independent mechanisms (Li et al., 2019).  

 

11mer peptides based on the N-terminus of the native GLP-1 peptide are being explored for 

their ability to activate the GLP-1R, several being developed and having efficacy at the receptor 

despite only interacting with the top of the TM domain (Haque et al., 2010)(Hoang et al., 2015). 

Several small molecule ligands have also been developed for the receptor, some of which bind 

in an overlapping site to that of peptides, others that bind at an allosteric site. These have an 

 

allosteric effect while also having intrinsic efficacy for GLP-1R, including compound 2 (6,7-

dichloro-2-methylsulfonyl-3-N-tert-butylaminoquinoxaline) and 4-(3-benzyloxyphenyl)-2-

ethylsulfinyl-6-(trifluoromethyl) pyrimidine (BEPT) (Nolte et al., 2014), which binds at an 

intracellular site at the bottom of TM6 on the receptor (Knudsen 2007). Newer small molecule 

ligands are now in clinical development, such as Transtech pharma compound 273, OWL33 

from Chugai and Eli Lilly and a series of small molecules from Pfizier (Willard, Beuno and 

Sloop 2020). These are predicted to bind to residues which overlap with the peptide orthosteric 

site.  

1.4.2 GLP-1R signalling  
      

The GLP-1R binds preferentially to Gαs proteins promoting the production of cAMP, however 

it is pleiotropically coupled and can bind and activate, to a lesser extent, Gαi/o, Gαq and 

Gα12/13 proteins. Activated G proteins and/or β arrestins promote the generation of second 

messengers such as cAMP, Ca2+ or phosphoinositides and the phosphorylation of MAP kinase 
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pathways, but the relative contributions of each individual effector to many of these signalling 

pathways is not well understood. The receptor can also recruit regulatory proteins, such as 

GRKs and β arrestins  that also promote and influence downstream cellular signalling 

(reviewed in Pabreja et al., 2014). 

 

GLP-1R mediated signalling and the downstream physiological consequences have been most 

extensively studied in pancreatic β cells (Figure 1.10). Activation of Gαs by the GLP-1R 

stimulates adenylate cyclase to increase cAMP levels, promoting activation of protein kinase 

A and exchange protein activated by cAMP (EPAC) (Fletcher et al., 2016). In the pancreatic β 

cells, this is directly involved in the transcription of the proinsulin gene and its subsequent 

secretion (reviewed in Fletcher et al., 2016). PKA, once activated, can also inhibit K+ATP 

channels, which increases cytosolic Ca2+ and subsequent membrane depolarisation, resulting 

in the exocytotic release of insulin. A number of additional signalling mechanisms can also 

contribute insulin secretion, including roles for pERK1/2 and β arrestins (e.g. Sonoda et al., 

2008).    

 

A number of cellular signalling pathways also contribute to observed effects of GLP-1 on β 

cell proliferation, survival and differentiation. This includes CREB activation downstream of 

cAMP accumulation which promotes Bcl-2 and Bcl-xl leading to proliferation, and activation 

by PKA downstream of cAMP which promotes activation of MAP kinases linked to neogenesis 

. Inhibition of caspase activity, NFκB and Fox1 by pAkt contributes to protection against β cell 

apoptosis (reviewed in Fletcher et al., 2016). ERK 1/2 activation has also been implicated in β 

cell proliferation and differentiation. β arrestin-1 is also important in the activation of ERK1/2 

and CREB related gene transcription that leads to β cell survival (reviewed in Pabreja et al 

2014) (Figure 1.10). 

1.4.3 GLP-1R and biased agonism 

Like all GPCRs, distinct ligands activating the GLP-1R can give rise to different receptor 

conformations that eventuate in differential signalling profiles. Of all the GLP-1R ligands 

assessed for biased agonism behaviour to date all are able to promote secretion of insulin from 

β cells, albeit some are not as efficacious as others. To date, the evidence suggests that all 

ligands differentially activate various signalling pathways downstream of GLP-1R activation, 

albeit with the evidence to hand, some profiles are only subtly different to that of the primary 

endogenous ligand GLP-1(7-36)NH2 (reviewed in Koole et al., 2013). 
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Figure 1.10: Basic overview of signalling of the GLP-1R in a beta cell (adapted from Pabreja 
et al 2016)  
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For the GLP-1R, biased signalling has been routinely studied across five major signalling 

pathways that are activated post receptor activation; cAMP, pERK1/2, iCa2+ and recruitment 

of the two regulatory proteins β arrestin-1 and β arrestin-2. When compared to the native GLP-

1 ligand, the endogenous agonist oxyntomodulin preferentially activates pERK1/2 as well as 

recruitment of regulatory proteins over the cAMP pathway (reviewed in Koole et al., 2013). 

Therapeutic ligands such as exendin-4 and liraglutide are also biased ligands but to a lesser 

extent than oxyntomodulin (reviewed in Fletcher et al., 2018). Similar to oxyntomodulin, 

exendin 4 is biased towards regulatory protein recruitment compared to cAMP, however it has  

a similar profile to GLP-1 when accessing MAP kinases. Liraglutide preferentially activates 

pERK1/2 over cAMP compared to GLP-1, however is biased away from regulatory protein 

recruitment. Small molecule ligands of the GLP-1R, including BETP and Compound 2 are also 

biased ligands at the receptor in comparison to GLP-1 (Fletcher et al., 2018). For these ligands, 

relative to equivalent amounts of cAMP, β arrestin recruitment was much more heavily 

favoured in comparison to the primary endogenous ligand GLP-1(7-36)NH2 (Koole et al., 

2013). Looking to delve further into the role bias might play in a therapeutic setting, novel 

ligands with unique chemistries have been synthesised with the express purpose of inducing 

bias in full length ligands. The substitution of β amino acids into the native GLP-1 sequence 

induced various ways different biased agonism profiles relative to GLP-1 that were dependent 

on the unnatural amino acid introduced and the position of the substitution within the peptide 

(Hager et al. 2017). This included both G protein biased and arrestin biased peptides. 

Additional studies describe the development of biased agonists that favour G protein (Gαs and 

Gαq) activation over β arrestin recruitment. These include exendin P5 and exendin-Phe1. 

Exendin-P5 is a novel biased agonist that was synthesised based on C-terminal sequence of 

exendin-4, (Ex4(9-39), but with a 10 amino acid N-terminus that was distinct from the parental 

peptide. This peptide had differential in vitro signalling compared to the exendin-4 where it 

was biased towards G protein signalling over arrestins (Zhang et al. 2015). Interestingly, in 

vivo, it was a weaker insulin secretagogue then exendin-4, but had greater efficacy in correcting 

blood glucose. It also displayed increased adipogenesis (but decreased adipocyte size) relative 

to exendin-4 (Zhang et al 2015). Collectively this data suggests a novel mechanism by which 

this peptide controls blood glucose levels in the absence of raising insulin levels. 

 

A second modified exendin-4 peptide, exendin–Phe1, contains a substitution of the N-terminal 

histindine residue at position 1 with phenylalanine. This peptide did not recruit arrestins as 

strongly as exendin-4, but was able to promote cAMP accumulation to a similar extent, 
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therefore relative to exendin-4 was classified as a G protein biased agonist (Jones et al., 2018). 

The trafficking of the exendin-Phe1 peptide was also reduced significantly compared to 

exendin-4 and a higher percentage of those receptors that were internalised, were then recycled 

back to the cell surface. In vivo profiling in repeat glucose tolerance tests revealed Exendin-

Phe1 was able to maintain glucose control up to 8 hours after injection in response to a glucose 

challenge, compared with exsendin-4 which displayed a less prolonged response, and this was 

also correlated with higher insulin levels. This study suggested that a ligand that spends more 

time at the plasma membrane (by undergoing less internalisation and greater recycling) may 

provide greater therapeutic output with respect to glucose control compared to other ligands 

(Jones et al., 2018). 

 

These studies highlight the potential to exploit biased agonism to provide therapeutic 

advantages, where new GLP-1R therapies could be developed that have a different mechanism 

to existing therapies and may offer greater efficacy, as well as the potential to reduce on-target 

side effects. However, to exploit biased agonism requires a full understanding of the ideal 

profile of activation to provide the best in vivo profile. To establish this will require a large 

library of compounds with novel bias to be able to elucidate which bias profiles are most 

beneficial in a therapeutic setting.  

1.4.4 Structural studies on the GLP-1R  

 
There are now multiple structures of the GLP-1R, including both active and inactive states. 

The first structure of the TM domain was an inactive structure of the isolated TM domain with 

various changes made to stabilise the construct (Song et al. 2017) with many thermostabilising 

mutations. Later, there was also a full-length crystal structure of the receptor bound to an 11mer 

ligand (named Heptares P5) but without G-protein present (Jazayeri et al., 2017). This receptor 

was also heavily modified by mutations. More recently three full length fully active structures 

were published, one bound to the native ligand, GLP-1 (Y. Zhang et al., 2017), one to a biased 

agonist, Exendin-P5 (Liang et al., 2018b) and one to a small molecule non-peptide agonist 

TTP-OAD2 (Zhao et al., 2020), all in complex with Gαs. The three peptide bound structures 

contained many similarities while the small molecule bound structure had more differences 

(Figure 1.11). 
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Figure 1.11: Overlay of 4 active GLP-1R structures bound to GLP-1 (Orange) (Zhang et al 

2018), Exendin-P5 (Purple) (Liang et al 2018b) and Heptares-P5(light Green) (Jayazera et al 

2018), small molecule agonist TT-OAD2 (Teal) (Zhao et al 2020).  
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Figure 1.12: Overlay of the active GLP-1R structure bounds to GLP-1 (orange) (Zhang et al 
2018) and Exendin-P5 (purple) (Liang et al 2018b) (A) highlighting differences in ECL2 (B) 
and ICL2 (C) 
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Figure 1.13: Comparison of the GLP-1 bound GLP-1R (orange) (Zhang et al 2018) to the TT-

OAD2 bound structure (teal) (Zhao et al 2020) showing differences in ligand orientation (A) 

and the extracellular surface (B). 
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Comparison of the two full length unmodified receptor structures that contain full-length 

peptides revealed little difference in the position of the ligand, N-terminal domain, ECD or the 

G-protein binding site. However, large conformational differences were observed in the 

arrangement of the tops of TM1, TM6, TM7, as well as ECL3 and ICL3 on the exendin-P5 

bound structure compared to the GLP-1 bound structure (Liang et al 2018b)(Figure 1.12).  

 
The non-peptide (TTP-OAD2) bound GLP-1R structure bound to Gαs revealed limited overlap 

between the TTP-OAD2 and the peptide binding site. The non-peptide bound high up in the  

TM bundle in a pocket where it forms multiple interactions with residues in TM1, TM2, TM3, 

ECL1 and ECL2, as well as extending to form interactions with the bilayer (Zhao et al. 

2020)(Figure 1.13). This ligand induces a very distinct profile of signalling to peptide ligands, 

inducing only cAMP signalling with very different kinetics to that of peptide ligands (Zhao et 

al 2020). This ligand induced similar conformational transitions in the intracellular face of the 

GLP-1R that interacts with Gαs, but very different conformations at the extracellular face, 

including differences in the ECD conformation, TM1-3, TM6-7 and all three extracellular 

loops (Zhao et al 2020)(Figure 1.13). 

1.4.5 Structure-function studies on the GLP-1R 

Extensive mutagenesis studies have been performed on the GLP-1R to understand how the 

residues on the extracellular surface of TM bundle interact with agonists. The majority of data 

has focussed on the main endogenous peptide GLP-1, however there is also extensive profiling 

of oxyntomodulin and exendin-4 characterising residues within the ECLs (Lei et al 

2018)(Wootten et al 2016)(Yang et al 2015)(Coopman et al 2011)(Dodds & Donnelly 2015). 

These data revealed the importance specific residues of the receptor in influencing receptor 

signalling by these agonists. Included in this data is a full alanine scan of the ECLs 

characterising GLP-1(7-36)NH2 (the native ligand), oxyntomodulin and exendin-4 that 

revealed the global importance of regions within the extracellular surface for pathway specific 

efficacies, with ECL2 being important for intracellular Ca2+ mobilisation and cAMP signalling 

and ECL3 important for pERK1/2 signalling (Wootten, et al. 2016). However, there are also 

residues within these domains responsible for ligand-specific differences in peptide binding 

and transmission of efficacy, for example E387 had no significant impact on ligand binding for 

those assessed but selectively reduced cAMP efficacy for exendin 4 with no significant effect 

on GLP-1 or oxyntomodulin. In addition, a cluster of polar residues that lie deep within the TM 

bundle, at the base of the peptide ligand binding site are integral for transmission of signalling 
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and biased agonism (Wootten et al., 2015). Mutation of these important amino acids to alanine 

revealed key residues within this network for binding GLP-1 and exendin-4, but not 

oxyntomodulin (Wootten et al., 2015). In addition, these mutations altered GLP-1(7-36)NH2 

and exendin-4 efficacy differentially to that of oxyntomodulin. For example, GLP-1(7-36)NH2 

and exendin-4 cAMP and Ca2+ signalling, and to a lesser extent pERK1/2 signalling was 

negatively affected by mutation of arginine at position 190, conversely oxyntomodulin cAMP 

efficacy was improved and iCa2+ and pERK1/2 unaffected by this mutation (Wootten et al., 

2015). This difference in response was attributed to variance in ligand sequence at position 

nine (position 3 of the mature peptide). GLP-1(7-36)NH2 and exendin-4 have a negatively 

charged glutamic acid at this location, which forms a salt bridge interaction with arginine 190 

upon its binding, disrupting the inactive receptor hydrogen bond network,  potentially allowing 

for rearrangement of TM6 and receptor activation. Oxyntomodulin, however, has a neutral 

charged glutamine residue at this position that is not required for oxyntomodulin affinity, yet 

disruption of ground state interactions upon agonist binding could account for the increased 

efficacy of the mutation. Chimeric peptides with swaps at residue 9 between GLP-1(7-36)NH2 

and oxyntomodulin reverses the profile of the two peptide ligands, such that R190 becomes a 

crucial residue for the affinity and signalling of oxyntomodulin with glutamic acid at position 

9, but not for GLP-1(7-36)NH2 with glutamine at position 9 (Wootten, et al. 2016). Polar 

residues near the intracellular surface of the receptor have also been shown to have key roles 

in stabilising the ground state of the receptor, where alanine mutations either induced 

constitutive activity or enhanced cAMP potency (Wootten, et al. 2016). These residues could 

also impact effector specificity, which has the potential to alter ligand bias profiled. Residues 

at the top of TM1 have also been found to be important in both binding and signalling in a 

ligand specific manner (Lei et al 2018). Mutagenesis data, combined with novel structural 

information is beginning to provide unique insights into how biased agonism occurs at the 

structural level. However, there is still additional information required to fully understand how 

this occurs and how distinct ligands engage and activate this receptor. 

1.5 Scope of thesis 

 
While many biased ligands for the GLP-1R have been identified, there are many potential 

signalling complements possible from activation of this receptor. To ultimately be able to 

understand the biased profiles of ligands and relate to their physiological requires a wide range 

of ligands with unique bias profiles and to be able to identify mechanistically how these profiles 
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arise.  My thesis is focuses at generating a greater understanding of the mechanistic basis for 

which bias arises at this receptor. 

 

To attempt to identify ligands with more extreme bias profiles than those previously assess, the 

first part of my project focuses on profiling a range of novel ligands and assessing their how 

their differing structures activate the GLP-1R,  in terms of efficacy and biased agonism. To 

address this a series of novel 11mer ligands with distinct chemistry were synthesised based on 

the N-terminus of the native peptide (GLP-1(7-36)NH2) with the intention of creating a smaller 

ligand still capable of acting at the GLP-1R, but with more limited engagement with the ECD 

were selected for the study. These ligands were tested in a CHO FlpIn cell system for a series 

of pharmacological assays that are associated with signalling that is important for the 

physiological outputs mediated by the GLP-1R.  

 

In the second results chapter of my thesis, I have utilised HEK293 cells where individual 

effector proteins have been deleted (via CRISPR/Cas9) to understand the contribution of 

individual G protein subtypes or beta arrestins1 and 2 to signalling mediated by both full length 

biased agonists and biased 11mer peptides (relative to GLP-1).  

 

The last section of my thesis uses a large scale alanine mutagenesis to explore the role of 

individual residues within the deep TM binding pocket to understand the importance of these 

residues in peptide affinity and efficacy for a range of biased agonists. With the availability of 

new structural data, this data is beginning to explain which receptor-ligands interactions drive 

affinity, which drive efficacy and how these differ between ligands with different efficacies 

and bias profiles.   
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Peptide ligands - GLP-1(7-36)NH2, Exendin-4, Oxyntomodulin and Exendin-P5 were all 

purchased from China Peptides (Hangzhou, China), Liraglutide was purchased from Bachem 

(Bubendorf, Switzerland). Exendin(9-39) was purchased from Mimotopes. 11mer peptides 1B, 

3 and 14 were synthesised by Phil Thompson’s group within the medicinal chemistry 

department at the Monash Institute of Pharmaceutical Sciences. Heptares P5 was a gift from 

Heptares and the remaining 11mer peptides and GLP-1 A13 were synthesised in collaboration 

with Pfizer solubilised in DMSO to a stock concentration of . 

 

General Reagents – Dulbecco’s Modified Eagle Media (DMEM – low glutamate no sodium 

pyruvate), Fluo8 acetylmethylester (fluo8 AM), coelenterazine h and hygromyocin B were 

purchased from Invitrogen (Carlsbad, CA, U.S.A). Fetal bovine serum (FBS) was purchased 

from the Thermo Electric company (Melbourne, Vic, Australia). LANCE cAMP assay and 384 

well optiplates were purchased from PerkinElmer Analytical sciences (Walthorn, MA, U.S.A). 

SurefireTM ERK1/2 reagents were obtained from TGR Biosciences (Adelaide, SA, Australia). 

I125 Mono-iodinated Bolton-Hunter reagent was purchased from Perkin Elmer Life Science 

(Walthorn, MA, U.S.A). SigmaFast o-phenylenediamine dihydrochloride tablets (Catalogue # 

and antibodies were purchased from Sigma-Aldrich (St. Louis, MO). CRISPR KO HEK293 

cells were a gift from Dr. Asuka Inoue (Tokyo University).       

2.2 Cell Culture      

 

Cell culture was performed in PS2 laminar flow hoods under sterile conditions. Chinese 

Hamster Ovary FlpIn, (CHOFlpIn) cells with a stable expression of the human (or mutant) 

GLP-1R or HEK293 cells (parental WT and CRISPR KO) were maintained at 37°C and in 5% 

CO2 in (DMEM) supplemented with 1 mM sodium pyruvate, 2.5mM d-glucose and 4mM L-

glutamine, containing 10% (v/v) Fetal Bovine Serum. When cells reached confluency, they 

were washed with Phosphate Buffered Saline (PBS) and detached from the flask using the 

chelating agent, versene (0.53 mM EDTA in PBS), pelleted by centrifugation at 350g for 3 min 

and the supernatant removed. Cells were resuspended in DMEM and either seeded to a new 

flask to maintain the cell line or counted and seeded for assays. For cell counting, 20μl of the 

suspension was added to 160μl of DMEM and 20μl of trypan blue giving a 1:10 dilution of 

cells and cells were counted using a hemocytometer.  
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2.3.1 Transient transfections 

 

HEK293 CRISPR cells were incubated in T75 cell culture flasks with 5ug 2xcMychGLP-1R 

or 2.5μg 2xcMychGLP-1R-Rluc8 and 2.5μg β arrestin-1-YFP prepared in sterile 150mM NaCl. 

30 μg of PEI was prepared in sterile 150mM NaCl, combined with DNA and co-incubated for 

15 minutes and then added dropwise to the cells. 24 hours later the cells were seeded in 96 well 

plates at 30,000 per well. Experiments were performed 24 hours later (48 hours post 

transfection). 

2.3.2 Generation of stable cell lines  

 

Parental CHOFlpIn cells were seeded in T25 cell culture flasks in 10% FBS DMEM + 600μg 

of zeocin and allowed to reach ~80% confluence. 0.5μg of WT or mutant 2xcMychGLP-1R 

and 4.5ug of pOG44 was made up in 250μl of sterile 150mM NaCl. 30μl of PEI (1mg/ml) was 

diluted to 250ul of sterile 150mM NaCl. DNA and PEI solutions were combined and incubated 

for 15 mins. This solution was added dropwise cells and incubated for 48 hours. After 48 hours 

the media was removed and replaced with selection media (DMEM, 10%FBS, 600μg/ml 

Hygromyocin) (a no DNA negative control was also included to ensure untransfected cells 

were killed by the treatment). After 48 hours cells were detached and reseeded back to the same 

flasks. Some cell lines used in chapter 5 were generated by Wootten et al 2016 using the same 

method 

2.3 Cell based assays 

 
To minimise any systematic errors in cell based assays, the plate layout was varied with a 

different plate layout used for each independent experimental repeat, in terms of the location 

of mutant vs wildtype cell lines (Chapters 3 and 5) and in the location of different drug 

concentrations and controls. For chapter 5, where >50 cell lines were used, only WT and 5 

other cell lines were in culture at any one time to ensure there was no cross contamination of 

cell lines due to handling too many different lines in each subsets of experiments. All mutant 

receptor studies included a wildtype control. 

2.3.1 cAMP accumulation 
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All cAMP studies were performed using a LANCE-cAMP assay kit with a modified protocol 

to the manufacturers’ recommendations (PerkinElmer life sciences, Melbourne). CHO FlpIn-

GLP-1R cells were seeded in Falcon clear 96 well flat bottom plates at a density of 3x104 cells 

per well in DMEM, 10 % FBS and incubated overnight at 37°C in 5% CO2. Media was 

removed from cells and replaced with 90μl pre- warmed stimulation buffer (phenol red free 

DMEM, 0.1% (w/v) bovine serum albumin (BSA) and 0.5mM IBMX, pH 7.4). Cells were 

incubated at 37°C and 5% CO2 for 30 min. Cells were stimulated with 10μL of increasing 

concentrations of ligand from 1pM to 10μM (depending on ligand). Vehicle (stimulation 

buffer) was used for a negative control and forskolin (100 μM) for a positive control. Cells 

were incubated for 30min at 37°C in 5% CO2 following ligand addition. This reaction was 

quickly terminated by rapid removal of stimulation buffer and addition of 50μl of ice cold 

100% ethanol. Ethanol was evaporated off and replaced with 75μl lysis buffer (0.3% Tween20 

(v/v), 5mM HEPES and 0.1% BSA(w/v) pH7.4). Lysates were frozen and thawed to increase 

cell lysis. 5μl of lysate was added to a corresponding well in a 384 well optiplate (Perkin Elmer, 

life and analytical sciences). A cAMP standard curve was prepared in the range 0.1nM-10μM 

and added to additional wells of the 384 well plate. 5μl of Alexa anti-cAMP antibody mixture 

(0.5% Alexa fluor-647 anti cAMP in detection buffer supplied by the manufacturer) was added 

to each of the wells in the optiplate containing lysate or cAMP standard and incubated for 30 

min at RT in reduced lighting conditions. 10μl of Eu-SA and biotinylated cAMP mix (0.02% 

(v/v) EuW8044 labelled streptavidin (Eu-SA) and 0.07% biotinylated cAMP (v/v) diluted in 

kit detection buffer and pre-incubated for a minimum of 15 min) was added to each well and 

incubated at RT for 1 hr before detection of HTRF using a top read on the Envision plate reader 

system. Raw RFU values were then converted using the standard curve to give absolute cAMP 

levels. All data was normalised either to forskolin or to the GLP-1(7-36)NH2 response, 

performed in parallel in all experiments. Plate layout was randomised in each experiment to 

control for plate effect. All experiments were initially normalised to forskolin as an internal 

control and then to a reference ligand/cell line 

 

2.3.2 pERK1/2 assays. 
     

All ERK1/2 phosphorylation studies were performed using an ALPHAscreen Surefire ERK1/2 

phosphorylation kit with ALPHAscreen anti-ERK acceptor beads and streptavidin donor beads. 

CHO FlpIn cells were seeded in Falcon clear 96 well flat bottom plates at a density of 3x104 

cells per well in DMEM, 10% FBS and placed in an incubator at 37°C in 5% CO2 overnight. 
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Media was removed carefully and replaced with 90 μl FBS free DMEM and incubated at 37°C 

in 5% CO2 for a minimum of six hours before experiments were performed. 

      

Initially, for each peptide, pERK1/2 reverse timecourse experiments were performed by adding 

10 μl of ligand, to give a final concentration of 1 μM. Cells were stimulated for 0, 1, 2, 4, 6, 8, 

10, 15, 30, 45 or 60 min in separate wells of a 96-well plate. Vehicle was added as negative 

control and 10% FBS was added to separate wells at 7 minutes as positive control (the FBS 

pERK1/2 response is known to peak around 6 minutes and stay sustained). Reactions were 

terminated by removal of media and addition of 50μl surefire lysis buffer. Lysates were frozen 

and thawed before pERK1/2 was detected. 

      

For pERK1/2 detection, 5μl of lysate was transferred from each well in the 96 well to 

corresponding wells in a 384 well OptiPlate. Detection solution was prepared containing 60 

parts surefire reaction buffer, 10 parts Surefire activation buffer, 0.3 parts Protein A acceptor 

bead and 0.3 parts Steptavidin coated donor bead. 8.5μl of this solution was added to each well 

containing lysate in reduced light conditions. Lysates with detection mix were incubated for 1 

hr at 37°C. Plates were then rested for 15 minutes after removal from the incubator to allow 

the reactions to calibrate to room temperature. Plates were read using a top read on the Envision 

plate reader using the ALPHAscreen protocol with excitation filter 485/20 and emission filter 

532/25. 

      

Following initial time course experiments, data were analysed and the peak response time was 

identified. This timepoint was used to generate full concentration response curves for each 

peptide ligand. Cells and assays were prepared in the same way as above, however, cells were 

stimulated with 10μl of increasing concentration of ligand from 10pM to 1μM in full log units. 

Vehicle was used for a negative control and FBS as a positive control. Cells were incubated 

for the relevant time determined in timecourse experiments before being lysed and pERK1/2 

detected. Data was normalised to positive control as an internal control and then to a reference 

ligand. 

      

2.3.3 iCa2+ mobilisation assay. 
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The Flexstation Ca2+ mobilisation assay (Molecular Devices) is a fluorimetric assay that 

quantifies the elevation of intracellular calcium concentration in response to receptor agonists. 

It is a real time, live in vitro assay using a Ca2+ sensitive fluorescent dye to report the calcium 

concentration within the cell. CHO FlpIn GLP-1R or transiently transfected HEK293 cells were 

plated in Falcon clear 96 well flat bottom plates at a density of 3x104 cells per well in DMEM, 

10% FBS and incubated at 37°C in 5% CO2 overnight. Media was removed and replaced with 

90μl of pre-warmed iCa2+ buffer (150nmM NaCl, 2.6mM KCl, 1.18mM MgCl2.6H2O, 10mM 

D-Glucose, 10mM HEPES, 2.2mM CaCl2.2H2O, 0.5%w/v BSA 4mM Probenecid, pH7.4) 

supplemented with 1μM Fluo-8 AM in light sensitive conditions. Cells were incubated for 1hr 

at 37°C without CO2. Receptor-mediated calcium mobilisation was determined in a Flexstation 

where increasing concentrations of ligand were added in the instrument. Fluorescence was 

determined throughout the entire read in the Flexstation. The plates were read in the Flexstation 

with a 14 second baseline read before ligand addition. Ligand concentration ranged from 10nM 

to 10μM in full log units, and subsequent reads every 1.36 seconds for 120 seconds. Cells were 

excited at 485 nm and the corresponding response was recorded at 525nm. A curve was created 

using a 9 point smoothing. As all peptide ligands assessed in the study displayed similar kinetic 

profiles, the peak response was recorded for each concentration of peptides. Ligands were 

prepared in iCa2+ buffer, vehicle was used as a negative control and 100μM ATP was used as 

a positive control in CHO studies and 1μm of Ionomycin for HEK293 studies. Data was 

normalised to the positive control and then normalised to the WT response for each ligand. The 

data was normalised to the positive control as 100% as an internal control and then to a 

reference ligand/cell line. 

    

   

2.3.4 Bioluminescence Resonance Energy Transfer 
      

CHO FlpIn expressing transiently expressing GLP-1R-Rluc8 and β arrestin 1-venus or β 

arrestin 1-YFP were seeded in Falcon clear 96 white flat bottom plates at a density of 3x104 

cells per well in DMEM and incubated at 37°C in 5% CO2 and left overnight. Media was 

removed, cells were washed and replaced with 80μl 1X Hanks balanced salt solution (HBSS) 

with 0.1%(w/v) BSA, pH 7.4 and incubated at 37° for 30 min. 10μM of the Rluc8 substrate 

Coelenterazine h (final concentration 5μM) was added in reduced lighting coniditions to each 

well and incubated for a further 10 mins. Plates were read in a Lumistar (Omega), which allows 
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for simultaneous reading of signals at 475nm (Rluc8) and 535nm (venus). Wells were read for 

4 cycles before addition of 10μl of ligand (final concentration 1μM) or negative control 

(vehicle) and read for a further 12 min with a 10 second delay in each read. The BRET signal 

for each time point measured, was calculated by dividing ratio of 535 by 475. The vehicle ratio 

was then subtracted to give the ligand-induced BRET signal. From these time course 

experiments, the time to reach a peak response was calculated. Concentration response curves 

were generated at this time point. For these, cells were prepared in the same way, however after 

addition of coelenterazine h but before collection of data ligand or negative control (vehicle) 

was added and allowed to incubate for 2.5mins prior to detection using a single read on the 

Omega Lumistar. Data was analysed as ratio of 535nm to 475nm and corrected for baseline 

values to calculate ligand induced BRET. For chapter 4 BRET data was read in a kinetic format 

and the total AUC was taken and then plotted as a concentration response curve. Data was 

normalised to maximum response of a reference ligand for analysis 

 

2.4 Whole cell radioligand binding. 

 

To create the tracer ligand, mono-iodinated Iodine, Bolton Hunter, was incubated with 

Exendin(9-39) overnight and then run through a HPLC and fractions corresponding to the 

labelled ligand were collected and tested to ensure ligand was still able to bind to the GLP-1R. 

CHO FlpIn-GLP-1R cells were seeded in Falcon clear 96 well flat bottom plates at a density 

of 3x104 cells per well in DMEM, 10 % FBS and incubated overnight at 37°C in 5% CO2. Cells 

were cooled to 4°C to minimise internalisation. Cells were then washed twice in ice cold 1x 

PBS and placed in 80ul of ice cold binding buffer (1x HBSS, 25mM HEPES, 0.1% BSA pH 

7.4) and kept at 4°C. 10ul of tracer diluted in binding buffer was added to each well, calculated 

to be at ~25000 counts (approx. 25 pM) per well. 10μl of competing ligand (made up in binding 

buffer) was added to each well and incubated at 4°C overnight. The next day buffer was 

removed, then quickly washed with ice cold PBS 3 times before the addition of 50μl of ice cold 

0.1M NaOH was added to each well. Contents of wells were added to 6ml poly tubes and read 

on wizard gamma counter (perkin-elmer)(80 % counting efficiency)(Wootten et al 2016a/b). 

Data was normailsed to the bottom of the curve for exendin (9-39) to determine non-specific 

binding. 
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2.5 ELISA  

Receptor expressing and parental CHO-FlPIn cells were plated in a 24 well plate at a density 

of 250,000 cells per well, with 500μl of DMEM + 10%FBS and incubated overnight at 37ºC 

and 5% CO2. Media was aspirated and cells washed three times with PBS. 250μl of 3.7% 

paraformaldehyde (PFA) was added to each well and incubated at 4ºC for 15mins. PFA was 

aspirated and then cells were washed with PBS and each cell was then ‘blocked’ using a 

solution of 2% BSA and 0.05% Tween20 and incubated at RT for 45mins. The blocking 

solution was removed and the 125μl of primary antibody diluted (1:2000) in PBS and 2% BSA 

and incubated at RT for 1hr with gentle agitation. The primary antibody was aspirated and cells 

were washed three times in PBS with 0.05% Tween20. Blocking mix was again applied for 

15min at RT. Blocking solution was aspirated and 125μl of secondary antibody was applied at 

a 1:2000 dilution in PBS with 2% BSA. Plates were incubated for 1hr at RT with gentle 

agitation. Secondary antibody was aspirated and wells were washed three time with PBS with 

2% BSA and 0.05% Tween20. Substrate was prepared (SigmaFast OPD) by dissolving 1 gold 

and 1 silver tablet in 20ml of water in the dark. To each well 100μl of substrate solution was 

added and incubated in the dark for 5 min (positive wells develop a yellow colour). 100μl of 

3M HCl was added to stop the reaction, the solution was transferred to a 96 well plate and read 

on the Envision at 492nM. 

2.6 GLP-1R Mutagenesis 

2.6.1 Primer generation  
 
Using the known sequence of the hGLP-1R, primers were designed to mutate each of the 

residues of interest to alanine in a manner that required the least number of nuceleotide changes 

(1-2 nucleotides). Primers were extended up to 15 amino acids on both sides of the region of 

mutation and ended with cystosine or guanine. Primers were purchased from Geneworks. 

 

2.6.2 Quikchange site directed mutagenesis 

 

200µg of primer (both sense and anti-sense) were incubated with 50µg of 2xcMychGLP-1R 

template, 0.5μl of Q5 DNA polymerase (New England Biolabs), 10µl of free nucleotides 

(dNTPs), 2.5μl of DMSO and made up to 25µl with reaction buffer. Solution was heated to 
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96°C for 30 secs (to allow DNA denaturing), cooled to 55°C for 30 secs (to allow primer 

annealing) and then heated back to 72°C for 6 minutes (to allow extension). The reactions were 

cycled 18 times. At the end of the cycle, 1µl of Dpn-1 (New England Biolabs) was added to 

degrade the parental methylated template DNA and inclubated at 37°C overnight. Reactions 

were then stored at 4°C or used for transformations.  

2.6.3 DNA expansion (transformation and minipreps) 

 

3µl Newly mutated DNA (in pE5/Frt/V5 vector) was placed in a 15ml round bottom tube and 

incubated with 30μl of competent bacterial cells on ice for 15 mins. These cells were then heat 

shocked at 42°C for 45 sec and then placed back on ice for 2 min. 250µl of SOC buffer was 

added before being shaken for 1 hour at 37°C. After 1 hr solution was pipetted onto an 

ampicillin containing agar dish and left to incubate overnight at 37°C. 12 hours later single 

bacteria colonies were picked and placed into 5ml of LB broth containing 50μl/ml ampicillin 

and incubated overnight at 37°C. DNA was extracted from culture 12 hours later using the 

Promega Wizard Plus SV Minipreps DNA Purification System following the manufacturers 

instructions.  

2.6.4 DNA sequencing 

 

Purified DNA (60μg) was incubated with either a forward (T7) or backward (BGH long) 

sequencing primer in 12 μl total solution and supplied to Australian Genomic Research Facility 

for Sanger sequencing on the plasmid. Mutation was confirmed to be present using 4peaks 

software for mac and then the remaining sequence was confirmed using San Diego 

Supercomputer biology workbench compared against the known hGLP-1R sequence. 

 

2.7 Data and statistical analysis      
 

All data analysis was performed using GraphPad Prism 6. Concentration response curves were 

analysed using a three-parameter curve fit (equation 1).  

       

Equation 1: 
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where, bottom represents y value in the absence of ligand, top represents the maximal 

stimulation in the presence of ligand, bottom represents the basal response in the absence of 

ligand, [A] is the molar concentration of ligand and EC50 represents the molar concentration 

required to generate a response halfway between top + bottom. 

      

To quantify signalling bias, which may be manifested as selective affinity (KA) and/or efficacy 

(τ) of an agonist for a given pathway, agonist concentration curves were analysed with an 

operational model of agonism (Gregory et al 2007) but modified to directly calculate the ratio 

of τ/KA in a manner similar to that described by Figeuro et al 2009 for each pathway using 

equation 2. 

      

Equation 2: 

   ! = 	 .)/0	×	(2 30)2×	[']2⁄
[']2	×	(2 3/)2	,	⁄ (+,	[']/33)2

	 

 

Where Emax is the is the maximal possible response of the system (not the agonist), basal is 

the basal response in the absence of agonist (vehicle), KB denotes the functional equilibrium 

dissociation constant of the agonist (B), τ is an index of the coupling efficiency (or efficacy) if 

the agonist and is defined as the total concentration of receptor required to elicit a given 

response divided by the concentration of agonist- receptor complex that yields half the maximal 

system response (Emax) and n is the slope of the transducer function that links occupancy to 

response. 

      

τ/KA ratios were then normalised to that of a reference ligand (GLP-1(7-36)NH2 or 1B) and a 

reference pathway (cAMP) to calculate ΔΔτ/KA ratios for comparison of signalling bias from 

novel peptide ligands and liraglutide relative to GLP-1(7-36)NH2. 

 

Inhibition binding data were fitted to the three parameter logistic equation in equation 3. 

 

Equation 3.  
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Where bottom is binding of the radioligand in the presence of a saturating concentration of 

competition ligand that is equivalent to non-specific binding, Top is the specific binding of the 

radioligand in the absence of any competing ligand, [A] is the molar concentration of the 

competing unlabelled ligand and IC50 is the molar concentration of the unlabelled ligand that 

generates a response halfway between Top and Bottom. 

 

The Black-Leff operational model of agonism (equation 4) was also applied to concentration 

response data in chapter 5 to determine functional affinity and efficacy. 

 
Equation 4. 

Y = Bottom +	 E? − Bottom
1 + 10

89:@4 + 1089:[A]
1089:B,89:	[A]

							 

where Bottom represents the y value in the absence of ligand(s), Em represents the maximal 

stimulation of the system, KA is the agonist-receptor dissociation constant in molar 

concentration, [A] is the molar concentration of ligand and τ is the operational measure of 

efficacy in the system, which incorporates signalling efficacy and receptor density. All 

estimated τ values were then corrected to cell surface expression (τc) determined by whole cell 

ELISA as previously reported . 

Equation 5. 
√((7. 9.:1)C	 + 7. 9.:2)C) 

 
To determine propagated error of the ΔΔτ/KA ratios, S.E.M1 refers to the standard error of 

the mean of ligand 1 and S.E.M2 refers to the standard error of the mean of ligand 2  

2.8 Statistical tests 

All data/estimated parameters were assessed by one way analysis of variance with a Dunnett’s 

post hoc test was used to assess significance of ligands relative to the control ligand GLP-1(7-

36)NH2, or mutant receptors relative to the wildtype receptor. Statistical significance was 

accepted at p<0.05. Normalised data was analysed for statistical difference  



 54 

2.9 Graphical Software 

Figures were created in either Biorender (Biorender.com), PyMol or Graphpad Prism. 
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3.1 Introduction 

 

The GLP-1R is an important target in the treatment of type 2 diabetes mellitus with multiple 

approved therapeutics targeting the receptor available. However, these therapeutics are 

associated with side effects, the most common of which is gastrointestinal discomfort and 

nausea, which has caused some patients to cease treatments with these therapeutics (Aroda, 

2018) 

 

The GLP-1R is a pleiotropically linked receptor that couples to multiple canonical and non-

canonical signalling transducers, and thus is particularly prone to biased agonism, a 

phenomenon that describes the ability of a ligand to preference one signalling pathway over 

another relative to a reference agonist (e.g Koole et al., 2013). The GLP-1R has many known 

biased ligands, including the endogenous peptide oxyntomodulin as well as therapeutics such 

as exendin-4 and liraglutide, which display differing levels of bias relative to the native GLP-

1 peptide and also relative to each other (Koole et al., 2013). Similar to other therapeutics that 

benefit from biased agonism (Whalen, Rajagopal, & Lefkowitz, 2011), there is potential that 

biased agonism could provide an answer to overcoming the side effect profiles of current GLP-

1R agonists. By being able to link certain physiological effects to distinct signalling pathways, 

it may be possible to develop therapeutics that target the pathways that give the desired 

therapeutic outcomes while avoiding those which lead to side effects. To be able to determine 

which pathways are beneficial and which are detrimental, a greater range of ligands with novel 

bias profiles are needed to be able to test the physiological implications of biased agonism at 

the GLP-1R.  

 

The potential of GLP-1R biased agonism was highlighted by the agonist exendin-P5, a recently 

identified biased ligand with a scaffold related to exendin-4, whereby it exhibits the same C-

terminal sequence but a different N-terminal sequence (Zhang et al., 2015). Relative to 

exendin-4, this peptide favours G protein-mediated signalling events over b arrestin 

recruitment in cell-based studies, and when compared in vivo had a greater ability to correct 

hyperglycaemia while being a less efficacious insulin secretagougue, relative to exendin-4 in 

diabetic rodent models (Zhang et al., 2015). Moreover, it displayed enhanced adipogenesis. 

This data shows the potential a biased therapeutic can have in a disease setting. However, more 
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work is required to optimise this kind of ligand and also to explore how to develop such 

compounds to limit side effects while maximising positive effects. 

 

Recent cryo-EM structures solved with various ligands bound to the GLP-1R (Liang et al., 

2018b; Zhang et al., 2017) revealed that the first nine residues of these peptides reside in a 

binding pocket that extends relatively deep within the TM core of the receptor (coined the deep 

TM binding pocket). Coupled with the knowledge that the interaction between the N-terminus 

of the ligand and the extracellular portion of the TM core is critical for receptor activation 

(Hoare, 2005), short 11mer peptides were developed to specifically target the TM helical 

bundle of the receptor. These 11mer peptides containing a range of hydrophobic substitutions, 

designed to increase interaction with the TM core of the receptor. In addition, constraints to 

induce cyclisation were introduced to some of these peptides; modifications that can potentially 

enhance peptide stability, alter peptide absorption and/or enhance affinity and/or efficacy at the 

target receptor. 

 

17  peptides were synthesised based on the first 11 residues of the native peptide with a linker 

inducing cyclisation between different substituted residues and various distances along the 

sequences (Hoang et al., 2015). This resulted in a vast diversity in affinity and cAMP potency. 

Only three of those peptides had affinity under 100nM and six with cAMP EC50’s under 100nM 

with these being overlapping peptides. Of this subset, two of the peptides showed 

pharmacological properties most similar to GLP-1; peptide #3 had both affinity and cAMP 

potency approximately 10 fold less than the native GLP-1 peptide, and peptide #14, which had 

affinity approximately 30 fold lesser and equipotent cAMP response (Hoang et al., 2015). A 

series of 11mer peptides were also developed by Heptares in an effort to aid crystallisation of 

the GLP-1R (Jazayeri et al., 2017). The peptide used for structure, “Heptares P5”, had reduced 

affinity compared to the native peptide GLP-1, but similar cAMP response. These publications 

on GLP-1R 11mer peptides showed it was feasible to create a shorter peptide with full receptor 

agonism even if they exhibited lower affinity in competition binding assays. In collaboration 

with Pfizer, a more extensive series of 11mer peptides, built around the scaffold 1B from the 

original paper (Hoang et al., 2015), were synthesised and these contained a range of additional 

hydrophobic substitutions within the sequence in and attempt to increase affinity for the 

receptor. 
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Given that a range of biased profiles have been observed with GLP-1R full length agonists, 

and the likelihood that the nature of the 11mer interactions with the GLP-1R differ significantly 

from that of full length peptides, it is also very likely that these types of ligands will induce 

significant bias relative to GLP-1 and to each other. Within this chapter, two cyclised peptides 

from Hoang et al., 2015 (3 and 14) and the range of 11mers developed by Pfizer, all based on 

the 1B scaffold, were screened in ligand competition binding assays and a range of common 

signalling pathways required for the actions mediated by the GLP-1R. 11mers were separated 

by either cyclisation/linearity or the composition of their first residue, which had three forms; 

the native histidine, a double aromatic with the same charge distribution as histidine or an 

aromatic with an altered charge distribution (Figure 3.1). The extensive characterisation of 

these 11mers described in this chapter will inform creation of further short, peptides with 

potentially improved bioavailability, for therapeutic use. In this context, we discovered novel 

biased agonism amongst these chemically distinct peptides and these may be useful tools to 

further dissect the physiological implications of biased agonism.  

3.2 Results and discussion: 

 

This study utilised an immortalised CHO FlpIn cell line stably expressing the GLP-1R (as is 

standard in the field for profiling novel ligands). For all ligands, concentration response curves 

were generated for cAMP accumulation, pERK1/2, intracellular calcium mobilisation and b 

arrestin recruitment. Historical data in testing bias for GLP-1 ligands has revealed similar 

profiles for numerous ligands when assessing b arrestin1 and b arrestin2 recruitment (Koole et 

al 2013). In this study, we decided to focus on b arrestin 1 recruitment to the GLP-1R, as it is 

known to have a role in GLP-1R mediated insulin secretion and b cell survival (Sonada et al 

2014).  

 

Due to the nature of the assays, calcium was captured in real time kinetic format, whereas 

pERK and b arrestin recruitment were determined as an endpoint assay at the peak response 

time for each ligand. To determine the appropriate time point, time-courses for pERK1/2 

phosphorylation or b arrestin recruitment were first generated at a single concentration of 

peptide to assess if the kinetics for pERK1/2 and b arrestin recruitment differed from full length 

peptides, and to determine the appropriate time-point for generation of concentration response 

data (Figs S1 & S2). All peptides peaked between 6-8 mins for pERK1/2 and 2-3 mins for b  
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GLP-1(7-36)NH2
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG

Scaffold ligand
1B: H(Aib)EGTX6.1TSDX10X11.2

H1
453: H(Aib)EGTX6.1TSDX10Y
787: H(Aib)EGTX6.1TSDX10X11.1
X1/31
052: X1(Aib)EGTX6.2TSDX10X11.2
820: X1(Aib)EGTX6.2TSDX10X11.3
009: X3(Aib)EGTX6.1TSDX10X11.2
X21
646: X2(Aib)EGTX6.1TSDX10X11.2
551: X2(Aib)EGTX6.1TSDX10X11.3
667: X2(Aib)EGTX6.3TSDX10X11.2
Cyclised

3: H(Aib)EGKX6.1TSEX10X11.2

14: HhCEGhCX6.1TSDX10X11.2
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Figure 3.1: Structure of 11mer ligands. Aib = 2-aminoisobutyric acid, X1 =  3-Ethyl-5,6,7,8-

tetrahydroimidazol[1,2-a]pyridine X2 = 2-Ethylimidazole, X3 = 5-Methyl-1H-benzimidazole X6.1 = 

αmethyl-2fluro-phenylalanine, X6.2 = αmethyl-5fluro-phenylalanine, X6.3 = αmethyl-2,5fluro-

phenylalanine, X10 = biphenyl, X11.1 3-I-Y, X11.2 homo homo phenylalanine, 11.3 = 2-methylbiphenyl. 

‘R’ is used to indicate attachment point to peptide backbone 
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arrestin recruitment, and therefore concentration response curves were generated at the same 

time-point (7mins) for all peptides assessed. Only b arrestin was assessed for recruitment as 

this is the arrestin shown to have physiological effects (Sonada et al 2014) and historical data 

in testing bias for GLP-1 ligands shows the two b arrestins are recruited similarly (Koole et al 

2013). 

3.2.1 Comparison of GLP-1 full length peptide vs scaffold 11mer 1B 
 

In studying the structure activity relationship of the peptides it was observed that alanine 

substitutions to positions 1-9 (equivalent to 7-16 in GLP-1(7-36)NH2) was particularly 

detrimental to cAMP accumulation (Adelhorst et al. 1994). To more explicitly explore the role 

of those first 9 residues have in activation of the GLP-1R a series of 11 amino acid peptides 

(11mers) were synthesised where the first 9 residues were identical to GLP-1 but the C-terminal  

21 amino acids in the native peptide were replaced by two large hydrophobic aromatic residues. 

From this initial backbone, additional peptides were synthesised where an amino-isobutryic 

acid was substituted into position 2 to prevent DPPIV hydrolysis and thus extend plasma half-

life for in vivo studies, and others that included substitution with a fluoridated aromatic at 

position 6 to induce helicity in the peptide (Mapelli et al., 2009)(Haque et al., 2010). This latter 

peptide was equipotent  with GLP-1 in cellular assay of cAMP accumulation and had similar 

efficacy to  exendin-4 in promotion of insulin secretion and control blood glucose in obese 

mice (Mapelli et al., 2009). This peptide (1A) was then further modified at the C-terminal 

residue, which replaced with a smaller aromatic residue yielding peptide (1B) that had slight 

improvements in affinity and potency in cAMP accumulation assays (Hoang et al., 2015). In 

the current study, 1B had lower affinity than GLP-1 (Figure 3.2A), likely due to less contacts 

between the peptide and receptor. 1B was also a full agonist in all pathways with no significant 

differences in the maximal responses measured between the two ligands (Figure 3.2C, 3.2E; 

Table 3.1) Equally, 1B had lower potency in all pathways relative to GLP-1, consistent with 

its lower affinity (Figure 3.2B, 3.2D; Table 3.1).  

 

While the derived potency value for 1B in cAMP in this study is similar to that described in 

Hoang et al., 2016 (0.4nM vs 0.12nM), the derived binding inhibition values between the two 

studies are drastically different (approximately 500-fold). In this current study an antagonist 

probe was used for the binding studies, which will preferentially label the non-transducer 

bound state, whereas an agonist probe was used in Hoang et al., 2016, therefore preferentially 
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labelling the active state that will couple to transducer. The vast differences in observed 

pIC50/pKi values between the two studies suggests that the 11mer peptide has a higher affinity 

for the active state than the inactive state of the receptor. It also suggests that G proteins (ie Gs) 

are likely to greatly enhance the affinity of the 11mer peptide through allosteric coupling, as 

has been observed for multiple class A GPCRs (eg, Devree et al., 2016), although further 

studies will be required to confirm this. This is also likely to also be true for GLP-1, where 

studies using an antagonist probe generally provide lower affinity estimates with pKi values of 

3-10 nM, compared to those using an agonist probe (0.1-1nM) (eg Wootten et al, vs 2016, Yang 

et al., 2016). Other differences in the assay format could also affect the apparent affinity of 1B 

in the two different studies. While the assay used in this chapter was performed in whole cells, 

the previous study was performed using membrane preparations. In addition, the antagonist 

probe used here can also bind extensively within the ECD, whereas the probe used in the 

published study was an 11mer peptide, assumed to bind predominantly to the transmembrane 

bundle. It may therefore be more difficult for an 11mer peptide to displace the probe in this 

current study as the probe will only partially overlap with the assumed binding site of the 

11mer. This could therefore impact on the observed pIC50/pKi values in a competition binding 

assay. 

 

Nonetheless, Peptide 1B was the base scaffold peptide for the remaining 11mers used in this 

study and therefore provides the reference peptide used throughout the remainder of the 

chapter. 

3.2.2 1B scaffold modifications retaining linearity and H1 at the N-terminus 
 
Histidine is the native amino acid in the first position of endogenous GLP-1R agonists and for 

the majority of other native peptide ligands for class B GPCR peptides (Hollenstein et al., 

2014). The two 11mer ligands 453 and 787, are based on the scaffold of 1B, each retaining 

histidine at position 1, all with residue 2 substituted by Aib. In addition, peptide 453 has a 

tyrosine in position 11 and 787 has an iodinated tyrosine in position 11 (Figure 3..1). 

Both peptides had comparable affinities in competition for 125I-exendin(9-39) binding, and 

potencies for stimulation of cAMP, iCa2+ and pERK1/2 pathways, and the potencies in these 

assays were similar to those observed with 1B (Figure 3.2A-3.2D).
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  Affinity cAMP pERK1/2 iCa2+         b-Arr1 recruitment 
  pIC50 pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax 

NATIVE 
LIGAND 

GLP-1(7-36)NH2 8.27±0.09 10.39±0.16 100.00±4.90 8.82±0.12 100.00±4.07 7.43±0.10 100.00±4.70 7.70±0.15 100.00±5.69 

SCAFFO
LD 

LIGAND 

1B 6.53±0.17* 9.33±0.19* 110.80±8.23 7.90±0.12* 129.90±6.99 5.99±0.14* 114.90±13.88 6.03±0.26* 96.10±19.17 

CYCLISE
D 

LIGANDS 

3 7.16±0.13* 7.19±0.22*+ 124.90±21.85 7.10±0.22*+ 71.93±8.79*+ ND ND ND ND 
14 5.66±0.19* 8.10±0.20*+ 97.62±10.33 7.60±0.16*+ 95.03±6.85+ 5.84±0.15* 128.20±21.26 ND ND 

H 
453 6.07±0.23* 9.28±0.22* 94.57±8.34 7.79±0.10* 94.05±4.15+ 6.24±0.15* 101.00±10.43 ND ND 

787 6.80±0.25* 9.56±0.28 64.86±6.12*+ 7.52±0.19* 124.2±10.26 6.31±0.11* 107.70±7.40 ND ND 

X1/3 

052 5.66±0.28* 9.43±0.26 83.40±8.01 7.68±0.12* 95.92±5.21+ 6.25±0.14* 107.60±10.25 ND ND 
820 5.99±0.25* 9.01±0.22 78.91±7.59 7.22±0.16* 105.30±8.61 6.06±0.12* 115.50±11.06 ND ND 
009 6.37±0.23* 10.17±0.21 89.77±6.72 7.83±0.13* 114.90±6.56 6.88±0.09* 115.80±4.81 7.19±0.19 82.19±8.23 

X2 
646 5.42±0.49*+ 8.30±0.28* 83.02±10.95 7.22±0.29*+ 70.14±10.80*+ ND ND ND ND 
551 5.14±0.50*+ 7.99±0.19*+ 102.2±10.57 7.27±0.17*+ 78.72±6.76+ ND ND ND ND 
667 6.87±0.29* 8.17±0.21* 93.44±9.73 7.44±0.14* 79.06±5.36+ 6.41±0.66 24.67±12.87* ND ND 

Table 3.1: Affinity and activity data derived from three parameter analysis to concentration response data for radioligand binding, cAMP accumulation, ERK1/2 

phophorylation, iCa2+ mobilization and b-arrestin 1 recruitment, for 11mer ligands and GLP-1 at the GLP-1R. All experiments were performed in FlpIn CHO cells stably 

expressing the human GLP-1R. Data is normalised to the maximum response of GLP-1 in each assay and analysed using a three-parameter logistic equation. IC50 is the 

concentration of drug that inhibits 50 % of the bninding of the radioligand 125Iexendin(9-39) and is representative of the affinity for the receptor. pEC50 is the negative 

algorithm of the concentration of ligand required to elicit 50% of the maximum response and Emax represents the maximum response of the ligand, expressed as a % of 

the response elicited by GLP-1. Values are mean±s.e.m and are representative of 3-4 independent experiments performed in duplicate. Maximum responses from 

incomplete curves are predicted from curve fitting (where possible). *Statistical significantly different from GLP-1 as determined by one-way analysis of variance with 

a Dunnetts post-test (p < 0.05). ND = not determined due to incomplete curves or no detectable response. +Statistically different from 1B, using a one-way analysis of 

variance followed by Dunnett’s post-test 
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Figure 3.2: Signalling assays for 11mer ligands with histidine at position 1 (453 in red, 787 in 

green) with GLP-1 (blue) and 1B (black) for reference. 125I-exendin(9-39) radioliagnd 

competition binding (A), cAMP accumulation (B), iCa
2+

 mobilisation (C), ERK1/2 

phosphorylation (D), β Arrestin 1 recruitment (E) and web of bias (F) with ΔΔτ/KA values 

derived from operational fitting of the concentration response data and normalsed to 1B (ligand) 

and the cAMP accumulation (pathway). Dashed lines represent no bias detected at that pathway. 

Radioligand binding normalised to specific binding minimum and signalling normalised to 

GLP-1 Emax. A-E are mean + S.E.M and representative of 3-4 independent experiments 

performed in duplicate. Solid data points on F represent significant bias assessed by One Way 

ANOVA with Dunnetts post-test (p<0.05) compared to the 1B cAMP value 

F 
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However, neither 453 nor 787 recruited b arrestins in the concentration range tested. Not 

surprisingly, when calculating bias there was little difference between the three 11mers and 1B 

for iCa2+ mobilisation and pERK1/2 compared to cAMP accumulation. As 453 and 787 did not 

recruit arrestin but were equipotent in all other pathways, these 11mer are biased away from b 

arrestin recruitment towards each of the second messenger pathways, however, this bias could 

not be quantified as a β-arrestin recruitment concentration-response curve could not be 

established for 453 and 787 (Figure 3.2; Table 3.1).  

 

Considering the similarity within these peptide sequences this difference in ability to recruit b 

arrestins is extremely interesting; the three ligands differ only in the final (11th) residue where 

1B has a homo homo phenylalanine (hhf), 453 has a tyrosine and 787 has a tyrosine with an 

iodinated third carbon (Figure 3.1). In contrast to these peptides, the Heptares P5 11mer 

promotes arrestin recruitment with very similar potency to the native GLP-1 peptide and 1B. 

Interestingly, this peptide contains a residue similar to the hhf in peptide 1B. In the solved X-

ray crystal structure of Heptares P5 bound to the GLP-1R (Jazayeri et al., 2017), the C-terminus 

of the peptide is located within a hydrophobic pocket between TM1 and the TM2 ECL-1 

boundary, but may also form interactions with the lipid bilayer. Both the 1B and Heptares P5 

11mers have an extended 3 carbon linker between the aromatic ring at this position and the 

peptide backbone, whereas the two tyrosine-containing 11mers only have a single carbon 

linker. Interestingly, in the Heptares P5 11mer bound GLP-1R crystal structure, the additional 

length of this linker places the aromatic headgroup in close proximity to ECL1, ECL2 and the 

N-terminal helix of the GLP-1R extracellular domain, where it forms interactions with residues 

in each of these domains, thus stabilising these  

regions (Jazayeri et al., 2017) (Figure 3.3).  In contrast, a shorter linker would place the tyrosine 

in a distinct position where it would be unable to form interactions with all  

three domains. 11mers with the shorter linker would therefore stabilise a distinct conformation 

of the bundle and ECD relative to those with the longer linkers, such that the receptor can still 

efficiently activate Gas recruitment, but has impaired arrestin recruitment. Interestingly, GLP-

1 and exendin-P5 peptides have a serine, a small uncharged sidechain, in the equivalent position 

(amino acid 11) of their sequences that forms multiple contacts with the extracellular domain 

and extracellular loops, as observed in the recent exendin-P5 cryo-EM structure (Liang et al., 

2018b). However, exendin-P5 and GLP-1 are full-length peptides that form extensive 

interactions with the ECD, ECL1 and ECL2 stabilising these domains and the biased agonism 
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that occurs between these peptides is likely to be driven by a distinct mechanism to the biased 

agonism of 453 and 787. 

 

3.2.3 Cyclised peptides. 
 
Peptides 3 and 14 (Figure 3.1) were first reported in Hoang et al., 2016. These peptides were 

built upon the scaffold 1B but have different primary sequences to each other. Cyclisation to 

further induce tertiary structure in the peptides was induced either by adding a lactam bridge 

between a lysine at position 5 and a glutamic acid at position 9 in the 11mer peptide 3, or a 

disulphide bond between two homo-cysteines substituted at positions 2 and 5 in the 11mer, 

peptide 14 (Figure 3.1). These peptides, as well as the scaffold 11mer peptide 1B have 

previously been published with parameters reported for affinity and cAMP signalling (Hoang 

et al., 2015). In concordance with the original paper, the scaffold peptide 1B displayed nM 

potency for cAMP production despite only having an affinity of ~300nM (Figure 3.2A, Table 

3.1). Both peptide 3 and peptide 14 displayed lower potency for cAMP accumulation than the 

scaffold 1B (Figure 3.4 Table 3.1). Interestingly, peptide 3 displayed a 3-fold higher affinity 

than 1B, but was 100-fold less potent in inducing cAMP signalling. In contrast, peptide 14 

displayed ~10-fold reduced affinity and cAMP potency, relative to 1B (with no significant 

change in Emax) (Figure 3.4A, 3.4B; Table 3.1). Interestingly, while peptide 14 was 

approximately 10-fold  more potent in cAMP accumulation assays than peptide 3, it displayed 

10-fold lower affinity. The rank order of potency in cAMP accumulation assays, 1B>14>3, 

was the same as described in the original paper, however, the rank order of affinity was distinct 

from that reported in the original article (1B>3>14) compared to our data (3>1B>14) but the 

difference may be due to a difference in radioligand used in the Hoang et al paper they use a 

radiolabelled 11mer agonist. . The distinction in affinity-cAMP potency ratio between peptide 

3 and peptide 14 suggests that peptide 14 has much higher efficacy for the cAMP pathway 

compared to peptide 3. Extending the analysis beyond that in the published paper, the profiles 

of these peptides were assessed using other signalling endpoints (Figures 3.4C-E). While the 

scaffold ligand 1B was able to promote calcium mobilisation and recruit b arrestin-1 with a 

similar potency to its observed affinity, neither cyclised 11mer was able to recruit b arrestins, 

and peptide 3 was also unable to stimulate intracellular calcium mobilisation at the 

concentration range tested (Figure 3.4C). 
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Figure 3.3: Binding pose of the X11 residue of the Heptares P5 modelled into a crystal structure of the 

GLP-1R bound to the 11mer ligand and the residues that are within 5 Å of the X11 residue. Side chains of 

the receptors are shown in white, the ligand is in red. Hydrogen bonds formed between the ligand and 

receptor are shown in green. Residues in the ECD are shown in brown as they are not part of the original 

structure but part of the ECD crystal structure solved by Underwood et 2011 modeled onto the crystal 

structure by Jazayeri et al., 2017. 
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Figure 3.4: Signalling assays for 11mer ligands with cyclic constraints (3 in red, 14 in green) with GLP-

1 (blue) and 1B (black) for reference. 125I-exendin(9-39) radioliagnd competition binding (A), cAMP 

accumulation (B), iCa
2+

 mobilisation (C), ERK1/2 phosphorylation (D), β Arrestin 1 recruitment (E) and 

web of bias (F) with ΔΔτ/KA values derived from operational fitting of the concentration response data 

and normalsed to 1B (ligand) and the cAMP accumulation (pathway). Dashed lines represent no bias 

detected at that pathway. Radioligand binding normalised to specific binding minimum and signalling 

normalised to GLP-1 Emax. A-E are mean + S.E.M and representative of 3-4 independent experiments 

performed in duplicate. Solid data points on F represent significant bias assessed by One Way ANOVA 

with Dunnetts post-test (p<0.05) compared to the 1B cAMP value 
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In contrast, peptide 14 was able to stimulate intracellular calcium, with an EC50 equivalent to 

1B (Figure 3.4C, Table 1). All 3 11mers stimulated ERK1/2 phosphorylation with the same 

rank order of potency to that observed in cAMP accumulation assays (1B>14>3) (Figure 3.4D 

versus 3.4B, Table 3.1). 

 

As both the 1B scaffold and peptide 14 are full agonists in cAMP, pERK1/2 and calcium 

mobilisation assays, comparison of their EC50 and IC50 values provide an indication of their 

efficacy in each pathway. Comparisons of these parameters suggest that while 1B may be more 

efficacious in promoting cAMP accumulation than peptide 14 (ratios of 1:75 and 1:250, 

respectively), peptide 14 is more efficacious in pERK1/2 and iCa2+ mobilisation assays (ratios 

of 33:1 and 1:2, and 10:1 and 1:1, respectively) (Table 3.1). This suggests that peptide 14 is a 

biased agonist relative to 1B. Application of the operational model to the concentration 

response data enabled the ΔΔτ/Ka that describes the relative bias relative to 1B and the cAMP 

accumulation assay to be derived. This analysis confirmed that peptide 14 had significant bias 

towards iCa2+ mobilisation and showed a trend in bias towards the pERK1/2 pathway, relative 

to 1B and cAMP response (Figure 3.4F and Table 3.2).  

 

While the peptide 3 11mer clearly has lower efficacy (despite higher affinity) across all 

pathways relative to 1B and peptide 14, when comparing the two pathways where peptide 3 

was able to induce a robust response (cAMP and pERK), the peptide pEC50 values were similar 

to its measured affinity (approx. 100nM). Interestingly, this ligand was a full agonist for cAMP 

signalling where the maximal response measured was not significantly different to 1B, but in 

contrast, it was a partial agonist for pERK1/2 where the maximal response for pERK1/2 was 

significantly lower for peptide 3 relative to 1B (Table 3.2). This suggests that peptide 3 is a 

more efficacious cAMP agonist than it is for pERK1/2. Nonetheless, this is also true for 1B 

and peptide 14, and calculation of bias factors revealed that peptide displays bias towards ERK 

phosphorylation relative to cAMP accumulation when compared with the scaffold ligand 1B, 

and this bias is larger than that observed with peptide 14, albeit that it did not reach statistical 

significance (Figure 3.4F, Table 3.2). Neither peptide 3 or peptide 14 were able to recruit 

arrestin in the concentration range tested so the potential for bias at this pathway could not be 

quantified.  

 

It is known that the first five residues of GLP-1R full length peptide agonists sit deep within 

the transmembrane bundle. But given the added bulk of the cyclised peptides in this N-terminal 
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segment, it is unlikely these peptides would fit inside the same cavity on the GLP-1R structure. 

The loss of affinity is most likely explained by a reduction in interactions between ligand and 

receptor compared to full length peptides. There are multiple ligands for class B GPCRs that 

have a ‘cyclised’ N-terminus, such as calcitonin, and structures of this (Liang et al., 2017) and 

other ligands with novel N-terminal chemistry (exendin-P5) (Liang et al., 2018b) have revealed 

a larger cavity in the extracellular surface of the receptor relative to other Class B GPCR 

structures which allows these ligands to bind to equivalent depth in the pocket (Liang et al., 

2020). The 2018 Liang et al paper detailing the exendin-P5 structure revealed a difference in 

conformation of ECL3 compared to GLP-1 that led to the larger binding pocket. A similar 

outwardly shifted conformation of ECL3 was also seen in the structure of GLP-1R bound to 

small molecule agonist TT-OAD2 (Liang et al. 2020) and interestingly this ligand also exhibits 

poor arrestin recruitment. This could imply that conformation of, or  interactions with ECL3, 

are important for arrestin recruitment and generation of the bias profile for these and other 

peptides. Similarly, calcitonin, which does not promote recruitment of arrestins (Dal Maso et 

al., 2018) has a cyclised cap at the N-terminus, and in solved structures with its receptor there 

is a more open helical bundle (dal Maso et al., 2019). These ligands bind deep within the bundle 

similar to non-cyclised peptides (Liang et al., 2020)  but also alter the conformation of the 

TM6/ECL3/TM7 region, which could explain the poor arrestin coupling. Peptide 14’s ability 

to activate iCa2+ with comparable potency to 1B indicates a potentially shared mode of receptor 

interaction between the two peptides that is linked to G protein coupling. Given the differences 

in bulkiness and sequence between 1B and peptide 14 in the N-terminus of the peptides, it is 

possible that shared interactions in the C terminus could contribute to this conserved mode of 

signalling. However, by analogy to the Heptares P5 11mer-GLP-1R crystal structure these 

interactions would be primarily with ELC3, which in mutagenesis studies has limited impact 

for iCa2+ signalling, relative to mutation of the TM2/ECL1 boundary or ECL2 (Wootten et al., 

2016b). As such, this may imply that the 11mer peptides form a less stable position in the 

pocket, as indexed by their lower binding affinity, and consequently may make more transient  



 70 

 
 
 

 
 
 
 
 
 

Ligands 
   Cyclised H1 

pathway 1: GLP-1(7-36)NH2 1B 3 14 453 787 
pathway 2:       
pERK1/2       

cAMP 0±0.2(1) 0.31±0.20(0.43) 1.13±0.30(13.61)* 0.71±0.28(5.08) 0.05±0.26(1.12) -0.19±0.28(0.65) 
iCa2+ 0±0.14(1) 0.63±0.14(4.26)* ND -0.02±0.23(0.95) 0.21±0.21(1.60) -0.02±0.15(0.95) 
b-Arr1 0±0.24(1) -0.58±0.32(0.26) ND ND ND ND 

iCa2+       
cAMP 0±0.19(1) -0.32±0.21(0.47) ND 0.73±0.26(5.33)*+ -0.16±0.24(0.7) -0.16±0.28(0.69) 
pERK1/2 0±0.14(1) -0.63±0.14(0.23)* ND 0.02±0.23(1.05) -0.21±0.21(0.63) 0.02±0.15(1.05) 
b-Arr1 0±0.23(1) -0.05±0.4(0.9) ND ND ND ND 

b-Arr1       
cAMP 0±0.27(1) -0.28±0.19(0.53) ND ND ND ND 
pERK1/2 0±0.24(1) 0.58±0.32(0.26) ND ND ND ND 
iCa2+ 0±0.23(1) 0.05±0.4(1.11) ND ND ND ND 
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Table 2: Bias factors derived from (t/KA) values normalised to GLP-1 values to give (Dt/KA) values for 11mers to give value to the bias between 

pathways; cAMP against pERK1/2, cAMP against iCa2+, cAMP against b-arrestin 1 recruitment, pERK1/2 against iCa2+, pERK1/2 against b-

arrestin 1 recruitment, and iCa2+ against b-arrestin 1 recruitment. Values are the mean ± SEM of three to four individual experiments, conducted 

in duplicate. *Statistically significantly different from GLP-1, +Statistically different from 1B, using a one-way analysis of variance followed by 

Dunnett’s post-test 

 

 

 

 

 

    Ligands    
  X1/X21 X31 

pathway 1: GLP-1(7-36)NH2 052 820 009 646 551 667 
pathway 2:        
pERK1/2        
      cAMP 0±0.2(1) -0.48±0.31(1.11) -0.19±0.31(0.76) -0.61±0.23(0.25) 0.48±0.32(3.02) 0.68±0.23(4.73) 0.58±0.26(3.78) 
      iCa2+ 0±0.14(1) -0.27±0.23(0.54) -0.19±0.23(0.64) -0.3±0.21(0.50)  ND ND 

     b-Arr1 0±0.24(1) ND ND -0.08±0.28(0.84) ND ND ND 
iCa2+        
     cAMP 0±0.19(1) -0.21±0.27(0.62) 0.08±0.3(1.19) -0.31±0.31(0.59) ND ND ND 

     pERK1/2 0±0.14(1) 0.27±0.23(1.85) 0.19±0.23(1.56) 0.3±0.21(2) ND ND ND 
    b-Arr1 0±0.23(1) ND ND 0.22±0.28(1.66) ND ND ND 
b-Arr1        
    cAMP 0±0.27(1) ND ND -0.53±0.34(0.3) ND ND ND 
    pERK1/2 0±0.24(1) ND ND 0.08±0.28(1.2) ND ND ND 

    iCa2+ 0±0.23(1) ND ND -0.22±0.28(0.60) ND ND ND 
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or have fewer interactions with the extramembranous portion of the receptor resulting in a 

lower iCa2+ response relative to full-length peptides. Reduced calcium signalling for these 

11mer ligands as a whole may be due to a paucity of interactions with ECL2. 

3.2.4 1B scaffold with X1/X3 substitutions at position 1 
11mers in this subset (052, 820, 009) all have an extended aromatic in the first position with a 

double aromatic ring, that includes the imidazole ring present in histidine. 052 and 820 contain 

the same group (3-Ethyl-5,6,7,8-tetrahydroimidazol[1,2-a]pyridine), whereas 009 contains a 

slightly different group (5-Methyl-1H-benzimidazole), the difference between X1 and X3 being 

the location of the imidazole ring either on the lower aromatic (X1) or upper aromatic (X3) in 

the structure (Figure 3.1).  

 

11mer 009 is essentially the same as 1B, but with the aforementioned aromatic substitution at 

position 1. This peptide had a similar affinity and pERK1/2 signalling profile to 1B but was 

greater than 10-fold more potent for cAMP accumulation, iCa2+ mobilisation and b-arrestin 

recruitment, achieving a similar potency to the native GLP-1 peptide, albeit with lower affinity 

than GLP-1 (Figure 3.5). In the overall bias profile this therefore presents as a trend towards 

bias away from the pERK1/2 pathway relative to cAMP accumulation (Figure 3.5F), but the 

bias away from pERK is also true relative to iCa2+ mobilisation and b-arrestin recruitment, 

which have the same enhanced potency for 009 relative to 1B that is observed with cAMP 

accumulation assay.  

 

The histidine in the native GLP-1 peptide sits in a pocket formed by Q2343.37 V2373.40, 

Y2413.44, W3065.36 and I3135.43 (Figure 3.6), with molecular dynamic studies showing the 

histidine to be relatively mobile in the binding pocket (Yang et al., 2016). Interestingly, the cap 

motif for the Heptares P5 11mer is similar to histidine, however, assumes a different position 

compared to histidine in the native ligand, sitting deeper within the bundle then GLP-1 

(Jazayeri et al., 2017). This may be due to the extended linker of the first residue, and larger 

second residue of Heptares P5, altering the interactions in the pocket. The N-terminus of the 

11mers assessed in this study (excluding 11mer peptide 14) are generally more similar to GLP-

1, so the position of the first residue is more likely to mimic the position of the native ligand. 

While the originally published GLP-1-GLP-1R cryo-EM structure had ambiguous density for  
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Figure 3.5: Signalling assays for 11mer ligands with amino acid X
1
/X

3
 at position 1 (052 in red, 

820 in green and 009 in purple) with GLP-1 (blue) and 1B (black) for reference. 125I-exendin(9-39) 

radioliagnd competition binding (A), cAMP accumulation (B), iCa
2+

 mobilisation (C), ERK1/2 

phosphorylation (D), β Arrestin 1 recruitment (E) and web of bias (F) with ΔΔτ/KA values derived 

from operational fitting of the concentration response data and normalsed to 1B (ligand) and the 

cAMP accumulation (pathway). Dashed lines represent no bias detected at that pathway. 

Radioligand binding normalised to specific binding minimum and signalling normalised to GLP-1 

Emax. A-E are mean + S.E.M and representative of 3-4 independent experiments performed in 

duplicate. Solid data points on F represent significant bias assessed by One Way ANOVA with 

Dunnetts post-test (p<0.05) compared to the 1B cAMP value 
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Figure 3.6: Binding pocket of the histidine in position 1 modelled into a Cryo-EM structure of the GLP-1R 

bound to the native peptide and the residues that are within 5 Å of the histidine. Side chains of the receptors 

are shown in white, the ligand is in orange. Hydrogen bonds formed between the ligand and receptor are 

shown in green (Jayazera et al 2017).  

Q2343.34
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the N-terminal peptide histidine (Zhang et al., 2017), new structures solved in our laboratory 

enable confident placement of this residue within density (Figure 3.5). There is the potential 

that, by adding bulk to the residue at the first position in the 11mer peptide 009, but maintaining 

the aromatic nature of the side-chain, similar interactions within the deep helical binding site 

occur, but that the greater bulk of this residue may limit some of its mobility. This, in turn, 

could lead to increased signalling for the peptide in cAMP, calcium and arrestin pathways. 

Interestingly, this single substitution, did not have any effect on the peptides ability to signal 

through the pERK1/2 pathway relative to 1B, (Figure 3.5D and Table 3.1). This indicates that 

pERK1/2 signalling may be dictated through other ligand-receptor interactions. Interactions in 

extracellular loop 3 has been shown to be important for linking the receptor to pERK signalling. 

In the GLP-1R X-ray structure with the Heptares P5 11mer agonist, ECL3 residue D372 formed 

interactions with the T11 residue in the peptide and D15 

formed an interaction with R380, which sits in the TM7-ECL3 interface (Jazayeri et al., 2017) 

and this is similar to interactions seen between ECL3 and equivalent peptide residues in the 

exendin-P5 bound GLP-1R structure (Liang et al., 2018b). Mutagenesis studies where these 

residues were substituted with alanine had a negative impact of pERK1/2 efficacy, with limited 

effect on cAMP and calcium responses for full length ligands including GLP-1, exendin-4 and 

oxyntomodulin (Wootten et al., 2016b). Both T11 and D15 are also conserved in 009 and 1B 

and thus similar interactions of these peptide 11mers with ECL3, to those seen in the Heptares 

P5 structure, could provide an explanation for their similar pERK1/2 signalling.   

 

11mers 052 and 820 that both contain the X1 residue substitution have very similar behaviour. 

They have reduced affinity and efficacy for cAMP and pERK1/2 responses but are equipotent 

in the iCa2+ pathway, when compared to 1B. Neither of these peptides were able to recruit 

arrestins in the concentration range tested. These X1 substituted peptides differed from 009 by 

both the residues at position 1, and the location of the fluorine group on the aromatic ring on 

residue 6 (Figure 3.1). 052 and 820 differed in the residue at position 11, where 052 was hhf 

the same as the parent scaffold and 009, whereas 820 has a 2-methybiphenyl (2’-MeBip), which 

is two benzene rings connected by a carbon linker. This change resulted in a small decrease in 

the ligand affinities, but very little difference (no significant change) to cAMP,  

calcium or pERK1/2 signalling compared to each other, or compared to 1B, where both were 

full agonists with potencies within 3 fold of 1B, and this is reflected in the web of bias (Figure 

3.5F) where no bias for these pathways was observed. In contrast, neither 052 or 820 were able 
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to recruit b arrestins to the GLP-1R (Figure 3.5E). This could reflect the small loss in affinity 

relative to 1B that itself is a low potency agonist, and higher concentrations of agonist may be 

required to generate a response. Nonetheless, as these ligands were equipotent to 1B in cAMP 

and calcium, this suggests that these peptides are biased away from b arrestin recruitment 

relative to these pathways as the b arrestin potency would be greate”r than 10-fold reduced to 

relative to 1B, however we could not quantify the extent of bias due to lack of response in the 

b arrestin recruitment assay.   

 

3.2.5 1B scaffold with X2  substitutions at position 1 

 

The ligands in the X2 (2-Ethylimidazole) class each contain an altered imidazole group in 

position 1, where the position of the nitrogen is altered relative to histidine (Figure 3.1). Aside 

from the residue in this position, the remainder of 646 is identical to 1B. 551 differs from 646 

in its 11th residue, where the 2’-MeBip group is replaced by hhf, whereas 667 differs from 646 

in its 6th position where the benzyl fluorine contains an additional fluorine group (Figure 3.1). 

The ligands in this class had the lowest activity of any of the ligand classes assessed. They all 

had lower affinity (10-fold) than the scaffold ligand (Figure 3.7A) and this was also reflected 

in lower potency in every pathway where a response could be detected (cAMP and pERK1/2) 

(Figure 3.7A-E). The lack of response in iCa2+ mobilisation or b arrestin recruitment in the 

concentration range tested may also be reflective of the lower affinity. As such, relative to 1B, 

there was no significant bias, however as b arrestin recruitment and calcium mobilisation 

responses could not be quantified, there is the possibility that some bias occurs. 

 

Collectively, these results demonstrate the relative importance the first residue in GLP-1R 

peptide agonists. Merely altering the position of the nitrogen in the imidazole ring, as observed 

for 646, alters the ability of these peptides to engage the receptor and promote signalling, likely 

through altering the way that residue sits in the binding pocket. Speculatively, it is likely that 

hydrogen bonding of peptide ligands with polar residues within the peptide binding pocket, 

such as Q2343.37 play a role in peptide mediated receptor affinity and activation, as mutation to 

these residues resulted in a cAMP potency shift to peptide agonists at the GLP-1R similar to 

the shift observed in the potency of these ligands relative to the scaffold shown by data in 

chapter 5. Ligands with X1 at position 1 have similar affinity to ligands with X3 but they still 

have comparable potency to 1B and are able to promote iCa2+ signalling, indicating that  
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Figure 3.7: Signalling assays for 11mer ligands with amino acid X
2
 at position 1 (646 in red, 551 in 

green and 667 in purple) with GLP-1 (blue) and 1B (black) for reference. 125I-exendin(9-39) 

radioliagnd competition binding (A), cAMP accumulation (B), iCa
2+

 mobilisation (C), ERK1/2 

phosphorylation (D), β Arrestin 1 recruitment (E) and web of bias (F) with ΔΔτ/KA values derived 

from operational fitting of the concentration response data and normalsed to 1B (ligand) and the cAMP 

accumulation (pathway). Dashed lines represent no bias detected at that pathway. Radioligand binding 

normalised to specific binding minimum and signalling normalised to GLP-1 maximum. A-E is mean 

+ S.E.M and representative of 3-4 independent experiments performed in duplicate. Solid points on F 

represent significant bias assessed by One Way ANOVA with Dunnetts post-test (p<0.05). 
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reduced affinity is not the only factor in reducing the ability of these ligands to signal. It is 

likely that a specific set of interactions are required to promote receptor activation, and that 

switching the position of the polar atom within this residue alters the receptor interaction 

pattern resulting in a less efficacious ligand than is observed with the X3 substitutions. With 

less stable/fewer interactions in the binding pocket, reduced residency time could contribute to 

lower signalling, particularly through the iCa2+ pathway. There is evidence of this with other 

GPCRs, including the class A NK1 receptors, B2 adrenoceptor and endothelin receptors, where 

altered ligand residency is linked to changed signalling profiles (McCorvy et al., 2017), and 

within class B GPCRs there is evidence of different kinetics affecting signalling for the PTH 

receptor therapeutics (Vilardaga et al, 2011). 

3.2.6 Overall comparisons to GLP-1 

 
When comparing these 11mer peptide ligands to the native GLP-1 peptide as the reference, 

similar trends for biased agonism are observed to calculated with peptide 1B as the reference  

(Figure 3.8), however, the extent of biased agonism is greater relative to GLP-1 and this is most 

likely due to GLP-1’s more potent activity in the cAMP pathway compared to 1B. For example, 

peptide 3 is significantly biased towards pERK1/2 compared to cAMP with GLP-1 as the 

reference peptide, whereas the bias did not achieve statistical significance with 1B as the 

reference (Figure 3.8 versus 3.4F). Interestingly, the pattern of biased agonism observed for 

the 11mer peptides in the current study was distinct from the published biased agonism profile 

of other GLP-1R agonists. The two most studied ligands, the endogenous peptide 

oxyntomodulin and the therapeutic agonist, exendin-4, are both biased towards b arrestin 1 

recruitment, and oxyntomodulin is also biased towards pERK1/2, relative to GLP-1 and cAMP 

accumulation (Pabreja et al., 2014). Another therapeutic, liraglutide, is also biased towards 

pERK1/2 (Fletcher et al., 2018). In another study, a series of full length ligands with altered 

amino acids in various places along the peptide were synthesised with intent to examine their 

potential to exhibit altered signaling bias. Indeed, various different biased agonists were 

identified, with some peptides biased towards pERK1/2 and b arrestin recruitment, relative to 

GLP-1 and cAMP accumulation, similar to oxyntomodulin (Hager et al., 2017). However, one 

peptide was biased towards b arrestin recruitment and away from iCa2+ mobilisation, relative 

to the reference ligand. 11mer peptide 14 had novel biased agonism relative to any other peptide 

that has been assessed, exhibiting bias towards iCa2+ mobilisation relative to GLP-1. Peptide 3 

is also an interesting case, with no observable signal for either iCa2+ mobilisation or b arrestin  
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Figure 3.8: Web of bias for 11mer peptide agonists relative to GLP-1. (A) cyclised ligands 

(1B, 3 and 14) (B) H
1
 ligands (1B, 453 and 787) (C) X1/X3

1
 (1B, 052, 820 and 009) and (D) 

X2

1 
(1B, 646, 551 and 667) The τ/KA ratio extracted from standard concentration-response 

data using operational modeling is used to calculate bias factors (ΔΔ(τ/KA) through 

normalization of the transduction coefficient (τ/KA) to a reference ligand (GLP-1) and 

reference pathway (cAMP accumulation). Circles represent data that are significantly 

different by One Way ANOVA, with Dunnetts post-hoc test. P<0.05 was considered 

significant. Quantitative data are shown in Table 3.2. 
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recruitment but a significant bias towards pERK1/2. These peptides may be useful to probe the 

role of pERK1/2, with limited influence from other pathways, although other differences in 

signalling from pathways not assessed in the current study are possible. It is important that the 

recombinant expression system used to profile the peptides in the current study is not a cell line 

relevant to GLP-1 physiology. Nonetheless, there is some evidence to suggest that pERK1/2 

bias can be translated from CHO cells to INS-1 cells (rat b cell insulinoma cells) (Wootten et 

al., 2016), but if, and how, it transfers into human tissue is unknown. Newer data suggests that 

the conformation of the ECD and TM6&7 play a role in generation of different bias (Wootten 

et al 2016a), and, as mentioned above, other GLP-1 peptides with a unique N-terminus can 

have more open bundles arising from different conformations of TM 6 and 7, and similar 

signalling profiles to some of the 11mer peptides; relatively strong cAMP response with weak 

iCa2+ mobilisation and arrestin recruitment. Therapeutically, 11mers could provide distinct 

advantages over full length ligands. As seen in the current data they can have unique signalling, 

and they are likely to have higher oral bioavailability and lower cost to manufacture than full 

length peptides. Moreover, they appear to better recapitulate cAMP signalling than currently 

described small molecule ligands (Freeman et al., 2016)(Thompson et al. 2016)(Nolte et al., 

2014)(Chen et al., 2007).  

 

Nonetheless, the potential of such 11mer peptide ligands as therapeutics is dependent on the 

amino acid substitutions being tolerated in humans. Furthermore, the inclusion of bulky 

hydrophobic residues would likely alter the volume of distribution compared to full-length 

peptides (Datta-Mannan 2019), and thus the delivery and bioavailability would need to be 

empirically determined and optimised. For research purposes, the difference in chemistry for 

these ligands compared to other ligands and the novel biased agonism displayed by some of 

these peptides, makes them interesting tools for understanding receptor structure-function, 

including how residence time at the receptor affects the kinetics of signalling, and in 

understanding of peptide-receptor interactions that can lead to bias and eventually the role of 

bias in physiological settings. Thus, these tools serve an important purpose in the eventual goal 

of rational drug design for the GLP-1R, harnessing biased agonism for therapeutic advantage. 
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Figure S3.1: pERK1/2 time-course experiments for 11mer ligand classes, with GLP-1 and 
scaffold ligand 1B on each graph as reference, H

1
 (A, 453, 787), Cyclised (B, 3, 14), X

1
/X

3 

(C, 052, 820, 009), X
2
 (D, 646, 551, 667). 1uM of ligand was used for all experiments. A-D is 

mean + SEM of 3 independent experiments 

Figure S3.2: b arrestin recruitment time-course experiments for 11mer ligand classes, with 
GLP-1 and scaffold ligand 1B on each graph as reference, H

1
 (A, 453, 787), Cyclised (B, 

3, 14), X
1
/X

3 
(C, 052, 820, 009), X

2
 (D, 646, 551, 667). 1uM of ligand was used for all 

experiments. A-D is mean + SEM of 3 independent experiments 
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4.1 Introduction 

 

The GLP-1R is a therapeutic target for type 2 diabetes mellitus with multiple approved drugs 

targeting the receptor. Canonically the GLP-1R couples to Gas protein, promoting the 

production of cAMP. The receptor however, promiscuously couples to other Ga proteins, 

including Gaq/11, Gai/o and Ga12/13, as well as regulatory proteins, b arrestins, which can 

influence both G protein signalling and signal in their own right (reviewed in Pabreja et al. 

2014).  

 

Different signalling effectors are responsible for distinct signalling outputs within the cell. The 

degree to which individual ligands induce receptor engagement with each signalling effectors 

and how these interactions promote activation of cellular signalling mediated by those 

transducers, may in part explain the biased agonism that has been observed for ligands at the 

GLP-1R. Previous work in the area used pharmacological tools to silence downstream targets 

of G protein activation (Wootten et al., 2016a). These types of studies revealed individual 

ligands for the GLP-1R have different requirements for different G proteins to mediate 

downstream signalling events. Inhibition of adenylate cyclase using ddAdo, and KH7 and PKA 

using H98 and KT5720, as a proxy for Gas inhibition, as expected heavily impaired cAMP 

production mediated by exendin-4, GLP-1 and oxyntomodulin (Wootten et al., 2016). 

Surprisingly, overnight pertussis toxin treatment, alters the Gai protein so it is no longer 

available for activation, also revealed a positive Gai contribution to cAMP production, which 

is contrary to the canonical role of Gai/o in inhibition of adenylate cyclase (Dessauer, Chen-

Goodspeed, & Chen, 2002). Inhibition of G protein bg subunits with gallein and Gaq/11 

blockage with the inhibitor UBO (Schrage et al., 2015) had no effect on cAMP accumulation, 

however, they significantly impaired calcium signalling. In addition, blockage of other Ga 

protein subfamilies using pharmacological inhibitors also modulated calcium signalling, 

although the effect varied in a ligand-dependent manner (Wootten et al., 2016a). Using 

pertussis toxin or gallein also revealed a global effect of Gai/o and Gbg on inhibition of 

pERK1/2, as well a ligand-specific Gaq/11 component (UBO-sensitive) for pERK, for GLP-1 

and exendin-4, but not oxyntomodulin. In addition, silencing of b-arrestins using transfection 

of a dominant negative mutant version of b-arrestins 1 or 2, reduced pERK1/2 signalling 

universally for the three ligands (Wootten et al., 2016a). These studies provide useful insights 

into the role of G proteins and b-arrestins in downstream signalling mediated by the GLP-1R, 
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however, the pharmacological inhibition approach employed has limitations for interpretation 

of results, either due to non-specific actions of some of the inhibitors (i.e. H98 and KT5720 

used to inhibit functions downstream of Gas, and UBO, which has been also shown to inhibit 

Gbg signalling (Zhan-Guo & Jacobson, 2016)) or incomplete inhibition of signalling using 

these methods (i.e. some Gai/o family members are insensitive to pertussis toxin) (Chan et al, 

2002), as well as other limitations associated with currently available inhibitors. For example, 

the use of gallein for inhibition of Gbg function is limited as these subunits have multiple 

interaction faces that are distinctly used to interact with different proteins and it is unclear if 

gallein is able to inhibit all actions meditated by these proteins (Sanz 2017). Furthermore, 

indirect inhibitors of G protein function (in the case of downstream inhibitors H98 and 

KT5720) leave open the potential for G proteins to exert influences in ways beyond direct 

action on the adenylate cyclase pathway. To be able to extract the diversity of roles that each 

transducer plays in distinct signalling outcomes, a model that directly silences the transducer 

being assessed, with no off-target effects, would be ideal. Using dominant negative versions of 

the G protein or siRNA provide options for this, however these models may suffer from limits 

in the efficiency of delivery and are not always able to fully eliminate the native protein of 

interest. 

 

In this chapter I have further assessed the role of different G protein families and b-arrestins in 

downstream signalling by biased GLP-1R agonists, using a series of HEK293 cells that were 

engineered to remove families of signalling effectors using CRISPR/CAS9 technology 

(developed by Dr. Asuka Inoue, Tohoku University, Japan). This included cells that lacked 

Gas/olf (DGas), Gaq/11, (DGaq/11) all subtypes of Gai/o (DGai/o), Ga12/13 (DGa12/13) as 

well as a complete Ga knockout line (DGall), in addition to cells with both b arrestins knocked 

out (Dbarr1/2). These present a ‘cleaner’ way to investigate the potential role that different 

transducers may contribute to individual signalling outputs and have been used by other groups, 

for example to show lack of arrestin signalling in absence of active G protein (Grundmann et 

al. 2018) and the role of active Gaq/11 signalling for a full pERK response at the free fatty 

acid receptor 4 (Alvarez-Cuerto et al. 2016). As HEK293 cells do not endogenously express 

the receptor of interest, each cell line was transiently transfected with 2xcMychGLP-1R for 

each experiment, and these cells underwent parallel assessment of multiple assay endpoints. 

The basic complement of GLP-1R ligands that were tested in the previous inhibitor study 

(GLP-1, exendin-4 and oxyntomodulin) were assessed (Wootten et al, 2016a), as well as a 
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series of additional novel biased ligands. This included exendin-P5, reported to display bias 

towards G protein mediated signalling over arrestin (and with a unique in vivo profile) (Zhang 

et al., 2015). The previous inhibitor study assessed a limited number of signalling endpoints in 

CHO cell lines, however the biased signalling profiles of these ligands has been demonstrated 

in multiple cell backgrounds (Wootten et al., 2016). This is also true for ExP5 which has 

demonstrated similar biased agonism profiles in CHO and HEK cells (Liang et al., 2018, Zhang 

et al., 2015).  

 

The contribution of different effectors to the cAMP profile of select 11mer peptide agonists 

identified in the previous chapter were also assessed, These were selected for their interesting 

cAMP profiles (in comparison to their affinities) relative to GLP-1 and for their particular 

chemistry. 009 was selected as as it displayed low affinity relative to GLP-1, but similar ability 

to activate the cAMP pathway suggesting this ligand is more efficacious than GLP-1 in this 

pathway. This is despite it containing a substitution of the first amino acid that was previously  

thought to be crucial for peptide activity at the GLP-1R. 1B was chosen as this was the scaffold 

peptide in the previous chapter and also has a biased profile away from b arrestin recruitment 

relative to GLP-1. 14 and 3 were selected as these are constrained cyclic peptides that are 

constrained in different positions and exhibited very interesting cAMP profiles. Peptide 3 had 

a 3-fold higher affinity than 1B, yet much lower pEC50 value (100-fold lower) in cAMP 

production, whereas peptide 14 had increased affinity (30-fold) relative to peptide 3, yet 

exhibited a 10-fold more potent cAMP response. Investigating the role that individual 

signalling mediators play in the overall signalling complement for biased ligands may lead to 

a greater understanding of the proximal events in the GLP-1R signalling cascade that ultimately 

lead to biased agonism profiles in downstream signalling and regulation.  

4.2 Results 

4.2.1 GLP-1R expression profiles in different HEK293 cell lines 
 

For all experiments, transfected hGLP-1R was tagged with Rluc8 at its intracellular C-

terminus. This construct has been previously assessed in our lab relative to the untagged GLP-

1R; the addition of Rluc8 does not alter the pharmacology of the GLP-1R assessed over 

multiple signalling endpoints (Hager et al., 2017). Overall GLP-1R expression was measured 

through comparison of the luminescence signal upon the addition of the substrate 
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coelenterazine. These data are presented in Figure 4.1 as a % of that of the receptor in the WT 

cell line, grouped across multiple transfections. Compared to WT, the DGas, DGaq/11 and 

DGai/o all had higher receptor expression, while DGa12/13, DGall and Dbarr1/2 had 

equivalent expression of the receptor (Fig. 4.1) 

4.2.2 GLP-1R cAMP accumulation profiles in the absence of distinct G protein 
families or b arrestins 
 

Assessment of cAMP accumulation was performed in WT and each of the knockout cell lines 

following transfection with the GLP-1R. All responses for each of the individual ligands in the 

KO cell lines were normalised to that of the same ligand at the WT receptor for comparison 

across the ligands on the contribution of individual transducer proteins to cAMP signalling 

(Figure 4.2 & 4.3). Concentration response data was analysed using a three-parameter logistic 

equation to derive pEC50 and Emax values (Table 4.1). It should be noted all ligands were full 

agonists reaching similar levels of cAMP response as a percentage of positive control forskolin 

(Table 4.1.1). Assessment of all ligands revealed some universal trends across the cell lines. 

As expected, the presence of Gas was absolutely required to initiate cAMP accumulation, with 

none of the ligands able to produce a response in either the DGas or complete DGa protein KO 

cells. Potencies of all ligands in the DGaq/11 cell line were similar to the WT cells, however, 

maximal responses were increased for exendin-4, oxyntomodulin and 11mers 14, 1B and 009 

albeit statistical significance was only reached for 1B and 009 (Table 4.1). In the Gai/o line 

there was a ligand-dependent effect on the cAMP potency, with reduced pEC50 for GLP-1 and 

exendin-P5 only. In terms of maximum response Gai/o KO induced a modest enhancement in 

maximal response for exendin-4, however a large, statistically significant, enhancement was 

observed for oxyntomodulin (Figure 4.2, Table 4.1 & 4.1.1). Little effect was observed on the 

remaining agonists. Ga12/13 KO had little to no impact on the pEC50 of ligands but did have 

a ligand-specific effect on Emax, lowering the maximum response for GLP-1, oxyntomodulin, 

1B, 14, Exendin P5 and 009, albeit that only for the latter two ligands did the effect achieve 

statistical significance. Interestingly there was minimal effect of Ga12/13 on exendin-4 cAMP 

responses. b arrestin KO had very little effect on cAMP accumulation for most ligands, 

however maximum response was slightly enhanced for 11mer 009. Limited conclusions can be 

drawin for peptide 3 and the importance of GaI, Ga12/13 and Gaq/11 and their influence on  
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Figure 4.1: Expression of GLP-1R in signaling molecule deficient HEK293 cells. 
Transiently transfected HEK293 cells were assessed for expression of GLP-1R-Rluc8 
measured via luminescence signal following coelenterazine addition.  N=3. *Statistically 
different from expression in WT cells using One Way ANOVA with a Dunnett’s post test 
(p<0.05). 
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  CELL LINE 

  WT Gas Gaq/11 Gai/o Ga12/13 Gacomplete bArrestin1/2 

LIGANDS pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax 

GLP-1(7-36)NH2 9.97±0.28 100±8.06 ND ND 9.94±0.21 85.48±5.69 8.89±0.39 111.1±15.03 9.84±0.52 65.14±8.72 ND ND 9.74±0.33 99.87±10.17 

EXENDIN 4 10.76±0.35 100±7.64 ND ND 10.52±0.16 125.7±4.85 10.51±0.53 142.4±16.23 10.8±0.39 94.2±18.13 ND ND 10.37±0.31 137.8±10.62 

OXYNTOMODULIN 9.13±0.3 100±10.1 ND ND 9.07±0.19 138.6±9.94 8.83±0.27 187.3±16.28* 9.12±0.34 58.98±6.87 ND ND 8.62±0.19 109.4±8.98 

EXENDIN P5 9.56±0.32 100±9.41 ND ND 9.13±0.24* 84.95±7.54 8.16±0.39 128.2±17.22 9.26±0.24 48.83±3.5* ND ND 8.88±0.25 95.74±9.61 

1B 8.83±0.27 100±8.82 ND ND 9.85±0.25 155.2±12.64* 8.99±0.4 114.4±14.81 8.43±0.46* 73.38±10.63 ND ND 8.88±0.19 110.4±7.27 

009 9±0.35 100±10.97 ND ND 9.27±0.19 147±8.83* 9.01±0.29 124.3±12 9.51±0.45 47.8±6* ND ND 8.81±0.29 147.3±13.88* 

3^ ND 100±13.97 ND ND ND 70.12±32.83 ND 77.18±29.49 ND 40.39±25.27 ND ND ND 64.01±27.29 

14 7.57 ±0.51 100 ±22.24 ND ND 7.62±0.28 137.7±16.38 7.43±0.17 95.32±8.37 7.99±0.36 
 

49.84±8.45 ND ND 8.04±0.36 79.94±11.97 

WT EMAX 
(%FSK) 

GLP-1 EXENDIN 4 OXYNTOMODULIN EXENDIN P5 1B 009 3^ 14 
35.42±3.206 35.88±2.05 31.37±2.66 35.18±3.22 31.82±2.70 29.24±3.09 32.23±4.24 27.7±7.08 

Table 4.1) cAMP accumulation data for GLP-1R agonists in HEK293 cells with signalling molecules removed by CRISPR/CAS9 pEC50 and Emax 
(expressed as a % of the response in the WT cell line) for cAMP accumulation for both full length and 11mers GLP-1R ligands in transiently transfected 
HEK293 WT and signalling molecule deficient cells. Values are the mean ± SEM of 3-4 independent experiments. Statistical significance was assessed with 
one way analysis of variance (ANOVA) with Dunnett’s post-test (*p<0.05). ^ 11mer peptide 3 curves were not dully defined so curve fitting could not 
confidently predict potency and Emax values. The Emax values are reported at % response at 1μM of peptide. 

 

Table 4.1.1) Un-normalised cAMP EMAX response in HEK293 cells with signalling molecules removed by CRISPR/CAS9 Emax (expressed as a % 
of the FSK response) for cAMP accumulation for both full length and 11mers GLP-1R ligands in transiently transfected HEK293 WT and signalling 
molecule deficient cells. Values are the mean ± SEM of 3-4 independent experiments. Statistical significance was assessed with one way analysis of 
variance (ANOVA) with Dunnett’s post-test (*p<0.05) where the WT cell line was used as the control. ^11mer 3 maximum response is response to 1μM of 
peptide as curve couldn’t be determined 
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Figure 4.2: cAMP accumulation in signaling molecule deficient HEK293 cells. 
Transiently transfected HEK293 cells were assessed for cAMP accumulation with a series 
of full length GLP-1R agonists in a WT (black), ΔGs (red), ΔGq/11 (green), ΔGi/o (purple), 
ΔG12/13(orange), ΔβArrestin 1&2 (blue) and ΔGall (brown). All data is normalised to the 
response in the WT cell line for each ligand. Data is shown as mean + S.E.M of 3-4 
individual experiments, each performed in triplicate.  
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Figure 4.3: cAMP accumulation in signaling molecule deficient HEK293 cells. 
Transiently transfected HEK293 cells were assessed for cAMP accumulation with a series 
of 11mer GLP-1R agonists in WT (black), or ΔGs (red), ΔGq/11 (green), ΔGi/o (purple), 
ΔG12/13(orange), ΔβArrestin 1&2 (blue) and ΔGall(brown) cells. All data is normalised to 
the response in the WT cell line for each ligand. Data is shown as mean + S.E.M of 3-4 
individual experiments, each performed in triplicate. 
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cAMP as the top of the curves for these were not clearly defined within the concentration range 

assessed and this will require further investigation. 

4.2.3 GLP-1R calcium mobilisation profiles in the absence of distinct G protein 
families or b arrestins 
 

Assessment of intracellular calcium mobilisation was also performed in WT and each of the 

knockout cell lines following transfection with the GLP-1R. All responses for each individual 

ligand in the KO cell lines were normalised to that of the same ligand at the WT receptor 

allowing for a direct comparison across the ligands on the contribution of individual signalling 

molecules to calcium signalling (Fig. 4.4). Concentration response data was analysed using a 

three-parameter logistic equation to derive pEC50 and Emax values (Table 4.2). iCa2+ was 

only assessed for the full-length ligands, as the 11mer ligands had very weak calcium responses 

(Figure 4.4 and Figures from Chapter 3). Gaq/11 was absolutely required for iCa2+ 

mobilisation as no ligand was able to elicit a response in either the DGaq/11 or complete DG 

protein KO cells. Universally, in the DGai/o cell line only minimal differences on the peak 

iCa2+ response were observed compared to the WT cells. However, there trends towards an 

enhancement of potency for exendin-4, and a small attenuation of potency for exendin-P5 in 

the DGai/o cell line compared to WT cells (Figure 4.4, Table 4.2). Both Gas and Ga12/13 KO 

had deleterious effects on both the potency and maximum peak response mediated by all 

ligands assessed when compared to WT cell line. Knockout of b arrestins had a ligand-specific 

effect, with deletion of b arrestin enhancing the potency of the peak iCa2+ response for both 

GLP-1 and exendin P5 (~10 fold). No effect was observed for oxyntomodulin, however, a 

significant reduction (>40 %) in the maximum response was observed for exendin-4 (Figure 

4.4, Table 4.2). 

4.3.4 GLP-1R b arrestin-1 recruitment profiles in the absence of distinct G 
protein families or b arrestins 
 

Similar to assay of calcium mobilisation, b arrestin recruitment was only assessed for full 

length ligands in WT and each of the knockout cell lines following transfection with the GLP-

1R. All experiments were conducted using full kinetic traces (Figure S4.1) and the AUC (0-

8min) was calculated for each ligand concentration, and responses for each individual ligand 

in the KO cell lines were normalised to that of the same ligand at the WT receptor allowing for 
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a direct comparison across the ligands on the contribution of individual signalling molecules 

to b arrestin recruitment (Fig. 4.5). Concentration response data was analysed using a three-

parameter logistic equation to derive pEC50 and Emax values (Table 4.3). Maximum response 

in the recruitment assay, compared to WT cell background, was increased in DGaq/11, and 

DGa12/13 cells for all peptides except oxyntomodulin, whereas Emax was increased for all 

peptides except exendin-P5 in the DGaall cells. In contrast, the maximal response to peptides 

in the DGai/o cells was not significantly different from WT cells. Interestingly, the maximal 

b-arrestin-1 recruitment was either unchanged (exendin 4), or reduced in the DGas cell line, 

with no measurable response detected when exendin-P5 was used as the agonist (Figure 4.5, 

Table 4.3). Knockout of the Ga subunits had minimal effect on peptide potency, with the 

exception of exendin-P5 that exhibited lower potency in the DGai/o, DGaq/11, and DGa12/13 

cells, while in the DGas cells the lack of response precluded interpretation of effects on 

potency. Intriguingly, in contrast to the cells with selective knockout of Ga protein families, 

in the DGaall cells, exendin-P5 displayed similar potency compared to WT cells, albeit with 

lower Emax as noted above (Figure 4.5, Table 4.3). 

 

4.3 Discussion 

 

The GLP-1R is a pleiotropically coupled receptor (reviewed in Fletcher et al., 2016), meaning 

it can recruit and activate a broad range of signalling effectors, including all those assessed in 

this chapter using CRISPR engineered cell lines. Gas is the most readily recruited Ga protein 

and subsequently cAMP is the most potently activated signalling pathway. GLP-1R can couple 

to Gaq/11 to promote iCa2+ mobilisation as well as Gai/o proteins, which canonically inhibit 

cAMP response but can also contribute positively to cAMP signalling for some ligands of the 

GLP-1R (Wootten et al., 2016a). b arrestins also interact with the GLP-1R and have been 

shown to play a role in internalisation of the receptor as well as signalling through the pERK1/2 

pathway (Wootten et al., 2016a). There is also evidence that shows multiple signalling effectors 

can play a role in the same signalling pathway (Wootten et al., 2016a). In this chapter, 

assessment of signalling complexity using signalling molecule deficient cell lines revealed that 

there is a multifarious interplay of roles of different effectors in the overall signalling 

complement mediated by the GLP-1R.  
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  CELL LINE 

  WT Gas Gaq/11 Gai/o Ga12/13 Gacomplete bArrestin1/2 

LIGANDS pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax 

GLP-1(7-36)NH2 8.82±0.16 100±5.31 8.18±0.24 58.44±5.15* ND ND 8.70±0.50 108.7±16.22 7.3±0.47 43.6±8.14* ND ND 9.95±0.34 88.29±6.64 

EXENDIN 4 9.05±0.34 100±10.73 8.43±0.16 44.63±2.3* ND ND 9.66±0.34 97.89±7.87 8.8±0.72 22.61±18.13* ND ND 9.21±0.32 58.75±5.02* 

OXYNTOMODULIN 7.92±0.11 100±4.43 7.31±0.45 63.06±13.01 ND ND 7.67±0.18 133.5±9.52 6.61±0.46 44.29±13.63 ND ND 8 ±0.25 84.3±7.23 

EXENDIN P5 7.85±0.22 100±9.15 7.69±0.49 54.72±10.61 ND ND 7.06±0.26 123.5±17.53 ND ND ND ND 8.88±0.25 95.74±9.61 

Table 4.2) iCa2+ mobilisation data for GLP-1R agonists in HEK293 cells with signalling molecules removed by CRISPR/CAS9 pEC50 and Emax ((expressed as a % of the 
response in the WT cell line) for iCa2+ mobilisation for full length GLP-1R ligands in transiently transfected HEK293 WT and signalling molecule deficient cells. Values 
are the mean ± SEM of 3-4 independent experiments. Statistical significance was assessed with one way analysis of variance (ANOVA) with Dunnett’s post-test 
(*p<0.05) 
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Figure 4.4: iCa2+
 accumulation in signaling molecule deficient HEK293 cells. Transiently 

transfected HEK293 cells were assessed for iCa
2+

 accumulation with a series of full length 

GLP-1R agonists in WT (black), or ΔGs (red), ΔGq/11 (green), ΔGi/o (purple), 

ΔG12/13(orange), ΔβArrestin 1&2 (blue) or ΔGall(brown) cell. All data is normalised to 

the response in the WT cell line for each ligand. Data is shown as mean + S.E.M of 3-4 

individual experiments, each performed in triplicate. 
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Figure 4.5: βArrestin 1 recruitment in signaling molecule deficient HEK293 cells. 
Transiently transfected HEK293 cells were assessed for βArrestin-1 recruitment with 
full-length GLP-1R agonists in WT (black) cells, or ΔGas (red), ΔGaq/11 (green), 
ΔGai/o (purple), ΔGa12/13 (orange) and ΔGaall (brown). All data is normalised to 
the response in the WT cell line for each ligand. Data is shown as mean + S.E.M of 3-
4 individual experiments, each performed in triplicate. 
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  WT Gas Gaq/11 Gai/o Ga12/13 Gacomplete 

LIGANDS pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax 

GLP-1(7-36)NH2 6.88±0.25 100±11.86 7.3±0.18 79.16±6.18 7.59±0.45 169.3±29.16 7.12±0.16 129.8±9.16 7.44±0.37 112.9±16.22 6.87±0.18 165.1±12.59 

EXENDIN 4 8.22±0.23 100±7.64 8.09±0.19 86.07±6.45 8.61±0.37 146.6±18.22 8.37±0.25 97.27±8.6 8.35±0.07 172±4.79 7.6 ±0.17 148.2±11.06 

OXYNTOMODULIN 6.24±0.18 100±10.15 6.71±0.54 59.59±16.85 6.66±0.38 109.6±20.69 6.19±0.09 105.3±6.11 6.9±0.41 89.95±18.2 6.64±0.25 151.3±17.24 
EXENDIN P5 7.98±0.26 100±12.24 ND ND 6.89±0.28 221.9±31.56 6.86±0.41 142.3±25.69 6.76±0.26 183.2±26.18 7.79±0.36 64.83±9.17 

Table 4.3) β Arrestin 1 recruitment data for GLP-1R agonists in HEK293 cells with signalling molecules removed by CRISPR/CAS9 pEC50 and Emax (expressed as a % 
of the response in the WT cell line) for Arrestin 1 for full length GLP-1R ligands in transiently transfected HEK293 WT and signalling molecule deficient cells. Values 
are the mean ± SEM of 2-4 independent experiments. Statistical significance assessed with one way analysis of variance (ANOVA) with Dunnett’s post-test (*p<0.05) 
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Looking at the most studied signalling transducers, Gas and Gaq, and the pathways that they 

are most associated with these proteins, cAMP and iCa2+ respectively, these effectors are 

absolutely required to initiate any signalling response for these pathways. However, more 

subtle effects were seen on these pathways in the selective absence of other G proteins or b 

arrestins, suggesting that there is cross-talk across pathways and that co-activation of multiple 

transducers influences the “texture” of response for any individual pathway. Therefore, it 

appears that while (Gas and Gaq are essential for the activation of cAMP-dependent or 

intracellular calcium-dependent signalling pathways respectively, other signalling effectors are 

responsible for fine-tuning these responses.  

 

For cAMP production both GLP-1 and Exendin-P5 displayed a rightward shift in their 

concentration response curves when Gai/o was depleted, suggesting there is a positive role of 

Gai/o in production of cAMP mediated by these peptides. While this may be at odds with the 

usual role Gai/o plays in negatively regulating adenylate cyclase, the current result is 

consistent with previous data performed in CHO cell lines that revealed a positive Gai/o 

component to cAMP output from the GLP-1R (Wootten et al., 2016a). Interestingly, deletion 

of Gai/o also increased the maximum response for all full-length ligands and 11mer peptides 

to varying degrees (Figure 4.2 & 4.3), but not for the 11mer peptide 3. This is more consistent 

with the canonical view of cAMP regulation where activation of Gai/o inhibits adenylate 

cyclase, and for the GLP-1R, this occurs at high concentrations of ligand (Zhao et al 2020). 

Thus, in the absence of Gai/o, this inhibitory effect is removed resulting in an overall higher 

response. 11mer ligands may not be able to promote a response from Gai/o either due to bias 

away from this pathway relative to the response of GLP-1, or an inability to reach an adequate 

peptide concentration within the practical confines of the assay due to the lower affinity of 

these peptides. In the iCa2+ mobilisation pathway knocking out Gai/o had a ligand specific 

effect, raising the maximum peak response for oxyntomodulin and exendin P5 (Figure 4.4). In 

addition, in b arrestin recruitment, all ligands had an increased maximum response in the 

absence of Gaq/11.  

 

Although the data may be confounded by the higher level of total GLP-1R that occurs in the 

absence of Gai/o, it is likely that Gai/o plays both a positive, and negative role in cAMP 

signalling and also a positive role on calcium signalling and b arrestin recruitment, albeit in a 
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ligand-dependent manner (i.e. for those ligands where no effect was observed in the Emax for 

one but not the other). This would be consistent with the known spectrum of effects that may 

occur via Gai/o-dependent bg-mediated signalling (Zamponi & Currie, 2013). To definitely 

determine the effect of Gai/o in the signalling pathways assessed in the current study, more 

sophisticated measures of GLP-1R cell surface expression in each of the cell lines, will be 

required. While the Rluc8 signal (Figure 4.1) provides a measure of expression in each cell 

line, these receptors are not necessarily expressed at the cell surface where they could be 

activated by peptide ligands. This could be addressed by using an ELISA or FACS based 

method, with antibodies to extracellular epitopes on the receptor, that solely measure cell-

surface expression. 

 

Decreased second messenger signalling that was observed for select ligands in the absence of 

Ga12/13 was a novel and interesting finding for the GLP-1R. While it was known that the 

GLP-1R could couple to Ga12/13 proteins (Luciani et al., 2010), their contribution to these 

major signalling pathways had not been explored previously. Decreased maximum responses 

were observed in cAMP accumulation assays for GLP-1, oxyntomodulin, exendin P5, 1B, 009 

and 14, and these observations highlight an unexpected importance of these Ga proteins in the 

generation of cAMP responses (Figures 4.2 & 4.3). However, it also emphasises that the 

importance of these G proteins depends on the activating ligand. Interestingly, while there was 

a suppression of maximum cAMP response, there was no change to potency of the peptides 

assayed, except for 1B. Ga12/13 can interact with class seven of the adenylate cyclase family 

of proteins (AC-VII) and deletion of AC-VII can result in decreased cAMP response mediated 

by Ga12/13 linked receptors (Jiang, Collins, Davis, Fraser, & Sternweis, 2008). The HEK293 

cells used for this study express 7 of 9 classes of AC, including ACVII (Atwood, Lopez, 

Wager-Miller, Mackie, & Straiker, 2011). The effect of Ga12/13 knockdown on GLP-1R-

mediated activation of cAMP, suggests that the peptide ligands affected may promote 

stimulation of AC-VII by this non-canonical mechanism, albeit that further studies will be 

required to test this hypothesis. Interestingly, exendin 4 did not show a reduced cAMP response 

when Ga12/13 was deleted. Exendin 4 is a more potent activator of the cAMP pathway 

compared to other ligands and this is observed in both WT and Ga12/13 KO cells. One 

potential explanation for this is a stronger, more sustained interaction with Gas proteins 

compared to other ligands, which reduced the ability of the activated receptor to drive 
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Ga12/13-ACVII mediated cAMP production, thus negating the influence of this pathway in 

the observed maximum response.  

 

In addition to altering the cAMP pathway, Ga12/13 KO also reduced both the maximum 

response and potency for the subset of ligands tested in the iCa2+ assay suggesting a role for 

Ga12/13 in this pathway, though only two reached statistical significance. In addition, 

although exendin-4 does not require Ga12/13 activation for a full cAMP response, the 

influence of removing these Ga proteins on the exendin-4 mediated calcium response reveals 

that this ligand may still promote coupling of the GLP-1 receptor to this G protein family (Table 

4.2). Ga12/13 is known to interact with PLC epsilon, which differs to the isoform activated by 

Gaq/11 proteins, which interact with the b isoform of PLC (Taylor, Chae, Rhee, & Exton, 

1991). This data suggests that the activation of Ga12/13 and subsequently PLC epsilon may 

be important in the development of the iCa2+ responses mediated from the GLP-1R, but again 

the extent to which this transducer family is involved is peptide-dependent. 

 

In addition to abrogating cAMP accumulation, Gas KO reduced both potency and maximum 

responses for all ligands in the iCa2+ pathway for the subset tested. Mechanisms for Gas 

mediated iCa2+ responses have been described previously for the GLP-1R through the AC-

PKA-EPAC pathway (Meloni, Deyoung, Lowe, & Parkes, 2013). In contrast to Gaq/11 and 

Ga12/13, which interact with PLC isoforms to create DAG and IP3 to release intracellular 

calcium, Gas can also influence calcium signalling through EPAC2 phosphorylation 

downstream of PKA, promoting the release of calcium from intracellular stores (Meloni et al., 

2013). The major physiological outcome of GLP-1R activation is the promotion of insulin 

release from pancreatic b cells. Calcium mobilisation is absolutely essential for insulin 

secretion and this does not occur in the absence of cAMP (Meloni et al., 2013), and therefore 

it is perhaps no surprise that the most potently activated G protein (Gas), by the GLP-1R, leads 

to cAMP that can play a major role in calcium signalling, independent of Gaq/11 driven 

changes to intracellular calcium. This known intersection of Gas and calcium mobilisation 

may further explain why cAMP production plays a major role in this insulin secretory response 

upon GLP-1R activation.   
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Deletion of b arrestins also had signalling pathway and ligand-specific effects on GLP-1R 

function. While there was little impact on cAMP accumulation, there were differing effects 

between ligands when exploring the calcium mobilisation pathway where there was a decrease 

in maximum response for exendin 4, increased potency for GLP-1 and exendin P5, and an 

unaltered response for oxyntomodulin (Figure 4.5). These ligands exhibit differences in their 

ability to recruit b arrestins and b arrestins have been implicated in many aspects of cellular 

signalling and regulation (Jones et al., 2018). Exendin P5 is biased away from b arrestin 

recruitment relative to cAMP, although more recent thinking is that this bias arises due to 

similar coupling to b arrestin but with more efficient Gas coupling relative to GLP-1 (Liang et 

al., 2018b). Previous studies have identified that the GLP-1R can continue to signal following 

internalisation to endosomal compartments (Fletcher et al., 2018) and that blocking 

internalisation alters GLP-1R signalling, reducing both cAMP production and pERK  (Fletcher 

et al., 2018). While GLP-1R internalisation can occur independently of b arrestin recruitment, 

there are also reports that the GLP-1R can undergo b arrestin-mediated internalisation 

(Thompson & Kanamarlapudi, 2015) so the inability to couple to b arrestin, may alter 

internalisation and trafficking of the receptor, that in turn may alter the signalling profile. In 

deleting b arrestins we saw how it can impact different signalling pathways in that it can 

increase cAMP maximum response for certain ligands and increase iCa2+ potency for some 

ligands. 

 

Deletion of different G protein transducers had very little effect on the potency of most peptides 

tested for b arrestin recruitment, including the full Ga KO. This shows that Ga protein 

interactions are not necessarily required for the recruitment of b arrestin, however, as this study 

only measures recruitment of b arrestins to the receptor, it remains to be seen whether G protein 

recruitment/activation are required for activation of b arrestin-mediated signalling events. 

Studies of other receptors using the same cell lines have shown that Ga protein recruitment is 

not required for recruitment of GRK to the dopamine receptor (Pack, Orlen, Ray et al, 2018). 

While recruitment of GRK and subsequent b arrestin recruitment are not automatically linked, 

the two do commonly follow each other. The two occurring in the absence of G protein suggests 

that a ligand-bound receptor conformation that supports GRK/b arrestin regulatory protein 

recruitment can occur without the receptor accessing conformations required for G protein 

recruitment. 
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While we can infer mechanisms from the use of CRISPR engineered cell lines, there are a 

number of limitations to their use in studies such as the one described in this chapter. We know 

the specific changes that were made to the cell via CRISPR/Cas9 technology in the deletion of 

the transducers, but it is more difficult to determine the adaptive change these cells may have 

undergone after the deletion of different signalling molecules. For example, it is possible that 

other signalling transducers are up or downregulated or other adaptive changes to these cells, 

such as changes to other transducers or to protein trafficking/recycling machinery, may occur 

over time. For example, the deletion of one Gα protein may increase the concentration of other 

G proteins, and also allow association of other Gα proteins with the receptor that may not occur 

as readily when a higher affinity G protein is present. Trafficking of the receptor may also be 

affected by the deletion of certain signalling transducers changing the way that receptors move 

within the plasma membrane and/or internalise to intracellular locations, and/or the rate or 

extent of recycling back to the plasma membrane occurs. Moreover, such changes could alter 

signalling from certain endosomal environments and therefore have effects that are not as a 

direct result of the transducer that was depleted. 

 

The results presented in the current chapter show that there is a complex interplay between 

signalling effectors that converge to the overall signalling response associated with activation 

of the GLP-1R. We have seen how cAMP production and iCa2+ mobilisation have an absolute 

requirement for Gas and Gaq/11, respectively, as was expected from the canonical 

understanding of G protein mediated signalling. However, unexpectedly, a substantial role for 

Ga12/13 in fine-tuning both cAMP and iCa2+ signalling was also observed. In addition, there 

are differences in interaction between b arrestin and ligand bound receptor that occur in a 

ligand-dependent manner, which also has the potential to alter signalling outcomes. Although 

there has been much recent discussion on the extent of G protein-independent, arrestin-

dependent signaling (Grundmann et al., 2018), there does not appear to be the requirement for 

Ga protein activation of the GLP-1R for the recruitment of b arrestins.  
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Figure 4.6: A diagram showing the trends in signaling seen globally across the peptides 
when individual G protein’s were deleted via CRISPR/CAS9. Red cross indicates no 
signaling, green arrow indicates a trend towards increase in signallings, orange arrow 
indicates a trend towards lower singalling, blue equals sign indicates no trends in signaling 
either way. 
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Figure S4.1: Representative traces of b arrestin recruitment in signalling effector deficient 

HEK293 cells  
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5.1 Introduction 

 

Biased agonism describes the ability of a ligand acting at the same target to promote a distinct 

signalling output relative to a reference agonist (Rankovic, Brust, & Bohn, 2016). This 

phenomenon is evident at the GLP-1R with all ligands that have been assessed displaying some 

form of bias compared to the native peptide, GLP-1 (Koole et al., 2013)(Hager et al., 2017)(H. 

Zhang et al., 2015). Biased agonism holds promise for drug discovery and the recent discovery 

of ligands such as exendin-P5 and exendin-Phe1 revealed potential for therapeutic benefits 

from GLP-1R biased agonism (H. Zhang et al., 2015)(Jones et al., 2018). However, to harness 

biased agonism for therapeutic development requires knowledge around the desired signalling 

profile and how biased agonism arises at the level of the receptor:ligand interaction. 

 

Class B GPCR peptide agonists bind the receptor in a two-domain mode (Pal, Melcher, & Xu, 

2012). The peptide C-terminus binds to the extracellular domain of the receptor, while the N-

terminus of the ligand binds within the top of the transmembrane bundle. It is this later 

interaction between the ligands N-terminus and transmembrane bundle that is responsible for 

receptor activation. The specifics of peptide interactions with residues within the GLP-1R TM 

bundle has been explored by single alanine substitutions but, with the exception of GLP-1, this 

has been limited to studies of the extracellular loops and polar core of the GLP-1R using a 

limited subset of ligands (Lei et al., 2018) (Wootten, et al., 2016a) (Yang et al., 2016)(Coopman 

et al., 2011)(Dods & Donnelly, 2015). Additional published work from our group revealed 

distinct residues within the TM bundle that globally drive receptor activation and signalling as 

well as residues that display ligand-dependent and/or pathway dependent effects on receptor 

function (Wootten, et al., 2016a)(Wootten et al., 2015). These studies concluded that ligand 

interactions with residues in ECLs 1&2 were crucial for cAMP production and iCa2+ 

mobilisation, and while residues within ECL3 were also important for these pathways, they 

played a less significant role, but were more important for pERK1/2 signalling (Wootten, et 

al., 2016a).  

The most well-described mechanism for biased agonism is due to differential transducer 

coupling to the receptor in the presence of different ligands. GLP-1R ligands, such as exendin-

4 and oxyntomodulin, display a similar ability as GLP-1 to couple to G protein, yet enhanced 

preference for coupling to arrestins (Koole et al., 2013). In contrast, exendin-P5 has G protein 

bias, and this arises due to a similar ability to recruit arrestins, but higher efficacy for activation 
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of cAMP, presumably through enhanced activation of Gas (H. Zhang et al., 2015). Therefore, 

in these cases, bias is predicted to arise due to differential efficacy that is induced from 

differential abilities to activate the Gas transducer (Liang et al., 2018c).  

 

Recent advances in cryo-electron microscopy (cryo-EM) have made it possible to solve the 

structure of full-length peptide bound class B GPCRs. To date, two peptide bound full length 

GLP-1R structures have been published, a low resolution GLP-1 bound (Y. Zhang et al., 2017) 

and biased agonist exendin P5 bound (Liang et al., 2018b), where, in both cases, the receptor 

is in a fully active conformation in complex with the transducer Gas. Our group have now 

solved a high resolution GLP-1-bound GLP-1R structure coupled to Gas (2.1Å resolution), as 

well as two previously unsolved peptide bound:GLP-1R:Gas structures; exendin 4 and 

oxyntomodulin. In the case of the GLP-1-, oxyntomodulin- and exendin-P5-bound structures, 

residues within the peptide and TM binding pocket, side chains were well resolved in the cryo-

EM maps, however, the exendin 4 structure had poor peptide-side chain resolution. These four 

structures revealed a common binding pocket shared by all ligands but there were clear 

differences in the conformation of the extracellular region of the TM bundle in the consensus 

cryo-EM density maps. 

 

In this chapter of my thesis, I have expanded on our previous mutagenesis dataset(s) to study 

residues within the deep TM binding pocket of the GLP-1R that accommodates the extreme 

N-terminus of peptide ligands in their final metastable binding pose. To assess the importance 

of individual residues within this binding site to ligand affinity and Gas efficacy, a variety of 

GLP-1R peptide ligands that display differential efficacy for cAMP production were assessed. 

Each residue lining this pocket was mutated to alanine or guanine and stable cell lines 

expressing these receptors were generated. In addition, residues within the ECLs that made 

contact with any ligand were also included. GLP-1 and biased agonists exendin 4, 

oxyntomodulin and exendin P5 were tested at wildtype and each mutant receptor cell line to 

assess ligand affinity and their ability to promote cAMP accumulation. These data were 

analysed in context of the now available cryo-EM structures of each of these peptides bound 

to the GLP-1R that have recently been solved by other members of our laboratory. Adding to 

the large datasets of receptor mutants already published (mainly for GLP-1, oxyntomodulin 

and exendin-4), this information reveals topographical areas of the receptor important for  
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•  HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR - NH2    GLP-1(7-36)NH2 
•  HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNKNNIA  Oxyntomodulin 
•  HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS  Exendin-4 
• ELVDNAVGGDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS  Exendin-P5 

Figure 5.1: Sequence of peptide ligands used in mutagenesis experiments 

with a box to show the N-terminus of the ligands 
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affinity and ligand efficacy, which will aid in the rational design of peptide ligands and 

potentially biased agonists, when an ideal bias profile is determined. 

5.2 Results 

5.2.1 Effects of alanine mutations on receptor expression 
 

Stable cell lines expressing either the WT GLP-1R or single Ala mutations to residues in either 

the ECLs or the conserved central polar network were generated previously with receptor 

expression characterized and published. Those that form crucial interactions with peptide 

ligands are included in this thesis, as additional ligands were assessed in this chapter to that 

published previously. From these published data, E1391.34A, L1441.39A, R1902.60A, Y2052.75A, 

W297ECL2A, H3636.52A, E3646.53A, R3807.35A, K3837.38A and L3847.39A all had significantly 

decreased cell surface expression relative to WT (Lei et al., 2018)(Koole et al., 2012)(Wootten, 

et al., 2016a). Cell lines that had increased expression included E1381.33A, L1411.36A, 

N300ECL2A and L3887.43A, though only E1381.33A and N300ECL2 was significant (Table 5.1). 

No cell surface expression was detectable for W3065.36A. With the exception of the cell lines 

noted above, all other mutant cell lines were generated specifically for this study using the 

FlpIn isogenic expression system. CHO FlpIn cells expressing mutant GLP-1R constructs were 

tested for expression using a cell surface ELISA to detect the cMyc epitope tag located at the 

N-terminus of the each GLP-1R construct. All mutants were normalized to WT GLP-1R 

expression levels with parental CHO FlpIn cells serving as a negative control to detect any 

non-specific signal from non-specific binding of antibodies. A one-way ANOVA with a 

Dunnett’s post-test was performed to assess significant difference from WT expression. No 

significant differences from WT receptor expression were noted in the expression of any of the 

newly generated mutant receptors (Figure 5.2, Table 5.1).  
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Figure 5.2). Cell surface expression of unpublished mutant GLP-1R cell lines assessed by ELISA and 

normalized to WT expression. Data is representative of mean ± SEM of 3 independent experiments 
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  GLP-1(7-36)NH2 Exendin 4 Oxyntomodulin Exendin P5 Exendin (9-39) 

 Expression % pIC50 pIC50 pIC50 pIC50 pIC50 

WT 100±2 8.56±0.03 9.09±0.02 7.73±0.04 7.19±0.05 8.08±0.02 

P1371.32A 102±14 7.39±0.06* 8.63±0.04* 7.13±0.08* 6.36±0.14* 7.34±0.04* 

E1381.33A 164±13* 8.16±0.07* 9.16±0.06 7.34±0.05 7.22±0.07 8.17±0.05 

E1391.34A 37±8* ND ND ND ND ND 

L1411.36A 136±8 7.85±0.07* 8.60±0.05* 6.22±0.07* 6.99±0.09 7.56±0.06* 

L1421.37A 94±11 7.97±0.05* 9.18±0.05 7.09±0.07** 6.27±0.17* 7.98±0.05 

L1441.39A 25±6* 7.96±0.09* 9.31±0.11 7.28±0.11 6.59±0.11* 8.32±0.05 

Y1451.40A 106±10 8.21±0.06 9.26±0.08 7.61±0.06 7.36±0.08 7.96±0.05 

Y1481.43A 96±7 7.55±0.10* 7.42±0.07* 6.46±0.09* 6.87±0.09 8.04±0.05 

Y1521.47A 85±2 7.26±0.26* 6.50±0.12* 6.85±0.32* 7.19±0.09 6.95±0.09* 

R1902.60A 53±3* 6.99±0.09* 6.60±0.12* 7.77±0.10 ND 6.98±0.09* 

S1932.63A 106±11 8.29±0.06 8.92±0.10 7.83±0.10 7.12±0.11 8.22±0.11 

V1942.64A 108±9 8.21±0.07 8.02±0.09* 7.11±0.08* 6.74±0.09* 8.14±0.20 

K1972.67A 85±10 6.20±0.11* 7.64±0.10* 5.81±0.07* ND 6.01±0.12* 

D1982.68A 104±16 6.81±0.07* 6.85±0.07* 6.15±0.13* 6.72±0.13* 7.68±0.35* 

L2012.71A 94±2 7.41±0.08* 8.61±0.10* 6.97±0.10* 6.60±0.09* 7.91±0.06 

K2022.72A 94±3 8.22±0.08 8.80±0.09 6.72±0.05* 6.77±0.12* 7.77±0.13 

M2042.74A 99±2 7.10±0.12* 7.80±0.07* 6.13±0.06* 7.17±0.10 7.99±0.08 

Y2052.75A 68±5* 8.51±0.07 8.06±0.03* 7.44±0.07 7.16±0.12 8.07±0.06 

S2062.76A 111±6 8.310.07 8.74±0.06 7.78±0.06 6.56±0.09* 8.01±0.05 

Q210ECL1A 88±4 8.55±0.07 8.71±0.07 7.18±0.09* 6.30±0.08* 8.02±0.05 

Q211ECL1A 112±5 8.63±0.07 8.47±0.11* 7.71±0.09 6.62±0.17* 8.06±0.01 

H212ECL1A 103±3 8.91±0.05 9.35±0.09 7.89±0.08 6.55±0.18* 8.15±0.06 

W214ECL1A 99±5 8.28±0.05 8.80±0.07 7.37±0.07 6.85±0.08 7.90±0.08 

F2303.33A 97±15 7.33±0.16* 7.68±0.08* 7.53±0.21 6.87±0.10 8.23±0.10 

M2333.36A 102±10 7.19±0.07* 7.76±0.04* 6.63±0.11* 6.91±0.18 8.45±0.07* 

Q2343.37A 102±5 6.94±0.08* 7.84±0.07* 6.25±0.08* 7.18±0.10 7.81±0.07 

V2373.40A 108±11 8.02±0.05* 8.86±0.11 7.43±0.12 7.06±0.11 8.87±0.12 

N2403.43A 86±3 7.83±006* 8.72±0.05* 8.01±0.10 7.32±0.13 8.06±0.22 

Y2413.44A 103±17 ND ND ND ND ND 

W297ECL2A 60±6* 6.47±0.08* 7.66±0.08* 7.39±011 5.95±0.15* 8.10±0.08 

T298 ECL2A 85±6 8.85±0.06 9.47±0.05 8.24±0.05* 7.06±0.07 8.19±0.05 

R299 ECL2A 94±5 7.35±0.08* 7.49±0.13* 6.26±0.18* 6.97±0.07 7.48±0.08 

N300 ECL2A 130±6* 7.02±0.07* 7.50±0.06* 6.49±0.12* 6.47±0.06* 7.95±0.04 

W3065.36A ND ND ND ND ND ND 

I3095.39A 85±10 8.05±0.15* 8.50±0.14* 7.29±0.17* 7.47±0.15 8.35±0.10* 
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R3105.40A 103±5 6.93±0.08* 7.42±0.11* 6.17±0.07* 7.14±0.14 8.38±0.06* 

I3135.43A 115±12 7.52±0.11* 7.95±0.10* 7.05±0.12* 6.81±0.11 8.16±0.09 

H3636.52A 59±4* 7.02±0.06* 6.96±0.06* 6.42±0.08* 7.11±0.14 8.25±0.18 

E3646.53A 41±4* 6.77±0.13* 7.06±0.16* 8.06±0.25 6.16±0.11 7.50±0.10* 

F3676.56A 100±10 8.89±0.16 ND ND ND 6.81±0.05* 

A3686.57G 96±7 8.04±0.11* 8.54±0.08* 7.28±0.07* 6.98±0.08 8.13±0.08 

D372 ECL3A 86±4 7.23±0.08* 7.93±0.05* 7.21±0.11* 7.19±0.08 7.92±0.06 

R3807.53A 73±5* 7.17±0.06* 7.68±0.06* 7.04±0.07* 6.85±0.05 8.02±0.04 

F3817.55A 92±5 8.54±0.05 8.97±0.05 6.39±0.05* 6.85±0.08 7.61±0.09* 

K3837.57A 78±4* 7.81±0.05* 8.07±0.10* 6.23±0.10* 7.19±0.09 7.82±0.09* 

L3847.58A 74±7* 7.63±0.10* 8.02±0.06* 6.27±0.11* 7.11±0.07 7.93±0.08 

F3857.59A 110±7 8.82±0.06 9.00±0.08 7.25±0.06* 7.61±0.12 8.17±0.07 

E3877.61A 104±6 7.87±0.06* 8.77±0.06 6.82±0.60* 6.02±0.14* 7.95±0.07 

L3887.62A 133±26 7.51±0.20* 7.93±0.27* 6.91±0.27* 6.69±0.17* 8.42±0.13* 

T3917.65A 96±8 7.90±0.01* 8.59±0.10* 8.34±0.12* 7.36±0.13 7.46±0.07* 

Q3947.68A 103±3 8.20±0.06* 8.71±0.08* 7.55±0.07 6.96±0.07 8.20±0.07 

 

Table 5.1: Expression and pIC50 data for mutants of the deep binding pocket, extracellular 

loops and polar network for GLP-1(7-36)NH2 , exendin 4, oxyntomodulin, exendin P5 and 

exendin (9-39). Expression measured via ELISA and normalised to the expression of the WT 

cell line, binding measured by radioligand competition binding using 125 I Exendin(9-39). 

Statistics used was One Way ANOVA with Dunnets post-test compared to the WT expression 

or pIC50 (*=p<0.05). Values in italics are taken from either Wootten et al. 2015, Wootten et 

al. 2016, Koole et al. 2012, Koole et al. 2013 and Lei et al 2018. Data obtained for GLP-1 was 

pooled with data from above papers, data for exendin 4 and oxyntomodulin was taken from 

papers above with authors permission 
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5.2.2 Effects of alanine mutations on ligand binding affinity 

 
Binding affinity for GLP-1, Exendin-4, Oxyntomodulin and Exendin-P5 was assessed using a 

radiolabeled competition binding. I125Exendin(9-39) was used as the tracer and non-specific 

binding was determined by using a saturating concentration of unlabeled exendin(9-39). For 

Y2413.44A and E1391.33A, ligand affinity could not be assessed, as these mutant receptors did 

not bind the iodinated tracer. Unsurprisingly, W306A (that displayed undetectable cell surface 

expression) did not bind the iodinated tracer ligand. All other mutant GLP-1R cell lines were 

able to bind I125Exendin(9-39) and therefore competition binding curves were generated with 

GLP-1(7-36)NH2, Exendin-4, Oxyntomodulin and Exendin-P5. These are presented in Figure 

5.3. A one-site three parameter inhibition binding curve was fit to the grouped data using Prism 

and pIC50 values determined (Table 5.1). The difference between pIC50 values of WT and 

mutant GLP-1Rs are plotted as bar graphs (Figure 5.4) and colour-coded dependent on the 

degree to which the mutation affected affinity. This provides a visual representation to easily 

compare similarities and differences in the patterns observed across the whole dataset between 

ligands. As a whole, mutations to residues in the extracellular surface of the receptor had a 

greater impact on the binding affinity of GLP-1(7-36)NH2, Exendin-4 and Oxyntomodulin 

compared to Exendin-P5 (Table 5.1, Figures 5.3&4).  

 

34 residues when mutated to Ala  significantly altered affinity of GLP-1 with 21 of these having 

greater than 10 fold effect (P1371.32A, Y1481.43A, Y1521.47A, R1902.60A, D1982.68A, L2012.71A, 

K2022.72A, Y2052.73A, M2333.36A, Q2343.37A, V2373.40A, W297ECL2A, R299ECL2A, 

N300ECL2A, R3105.40A, I3135.43A, H3636.52A, E3646.53A,  D372ECL3A, R3807.35A, L3887.43A). 

A similar pattern for mutation of these residues was observed for Exendin-4 where 31 

mutations in total significantly altered affinity, 21 reducing affinity greater than 10-fold 

(Y1521.47A, R1902.60A, V1942.64A, D1982.68A, L2012.71A, Y2052.73A, Q211ECL2A, F2303.33A, 

M2333.36A, Q2343.37A, V2373.40A, W297ECL2A, R299ECL2A, N300ECL2A, R3105.40A, I3135.43A, 

H3636.52A, E3646.53A,  D372ECL3A, R3807.53A, L3887.43A). While many of these overlapped 

with GLP-1 (Figure 5.3), the magnitude of effect sometimes differed. There were a couple of 

exceptions where effects of mutations differed between GLP-1 and Exendin-4. V1942.64A, 

S2052.74A and H211ECL2A significantly altered Exendin-4 affinity with no effect on GLP-1 

whereas L1441.39A, Y1451.40A, V2373.40A and N2403.44A selectively reduce GLP-1 affinity 

with little effect on exendin-4 (Table 5.1, Figure 5.3).   
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While there was also overlap with residues that altered affinity of Oxyntomodulin when 

mutated to Ala, overall a different pattern was observed (relative to GLP-1 and Exendin-4), 

when comparing the data as a whole (Figure 5.3). 28 residues in total significantly reduced 

Oxyntomodulin affinity, however only 16 residues (L1411.36A, Y1481.43A, Y1521.47A, 

K1972.67A, D1982.68A, L2012.71A, K2022.72A, M2042.74A, M2333.36A, Q2343.37A, R299ECL2A, 

N300ECL2A, R3105.40A, F3817.41A, K3837.43A, L3847.33A) impacted greater than 10-fold. In 

contrast to GLP-1 and Exendin-4, mutations to residues within TM1 (L1411.36 and Y1581.47) 

and the top of TM7 (K381-F385) have a greater impact on Oxyntomodulin affinity. 

Interestingly, W297ECL2A within ECL2, M2333.36A and residues within TM2 (R1902.60A, 

S1932.63A, V1942.64A) had a large impact on GLP-1 and Exendin-4, however little impact on 

Oxyntomodulin affinity. In addition, 2 residues (T3917.46A and T298ECL2A) when mutated 

significantly increased affinity of Oxyntomodulin. While T298ECL2A had a similar trend for 

GLP-1 and Exendin-4, the opposite effect (reduced affinity) was observed for these ligands for 

T3917.46A, highlighting different roles of this residue depending on the bound ligand (Figure 

5.4). 

 

While residues within the TM binding pocket play an important role in driving ligand affinity 

for GLP-1, Oxyntomodulin and Exendin-4, they play a much smaller role for Exendin-P5 

(Figure 5.4). Only 3 out of the 51 residues assessed (W297ECL2A, E3646.52A and E3877.42A) 

negatively impacted Exendin-P5 binding greater than 10-fold (with all of these also being 

crucial for the other 3 ligands).  However, there were 13 that had a smaller yet significant 

impact on Exendin-P5 affinity (P1371.33A, L1421.38A, L1441.40A, K1972.67A, L2012.71A, 

M2042.74A, Q210ECL2A, Q211ECl2A, H212ECL2A, W214ECL2A, W3065.36A, L3887.43A), most of 

which also affected the other agonists, albeit often to a greater degree than Exendin-P5. 

Interestingly, the residues in ECL1 (Q210-W214) all had an impact of on Exendin-P5 affinity, 

with little effect on the other agonists assessed (Figure 5.4). All pIC50 results (as fold change 

from WT) were heat mapped onto ligand bound GLP-1R models generated from modelling 

into the cryo-EM maps generated by our laboratory. 
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Figure 5.3.1). Competition binding studies for WT and alanine mutant GLP-1 receptors 

showing the ability of GLP-1(7-36)NH2 (A-C), Exendin-4 (D-F), Oxyntomodulin (G-I) and 

Exendin-P5 (J-L) to compete with the tracer, I125 Exendin(9-39). Data are expressed as % 

specific binding by normalizing to the value for I125 Exendin(9-39) binding in the absence of 

unlabeled ligand (100 %) and in the presence of a saturating concentration of unlabeled 

Exendin(9-39). Data were fit to a one-site inhibition binding curve. All values are grouped 

data showing the mean ± SEM of 3-4 independent experiments performed in duplicate. 
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Figure 5.3.2). Competition binding studies for WT and alanine mutant GLP-1 receptors 

showing the ability of GLP-1(7-36)NH2 (A-C), Exendin-4 (D-F), Oxyntomodulin (G-I) and 

Exendin-P5 (J-L) to compete with the tracer, I125 Exendin(9-39). Data are expressed as % 

specific binding by normalizing to the value for I125 Exendin(9-39) binding in the absence of 

unlabeled ligand (100 %) and in the presence of a saturating concentration of unlabeled 

Exendin(9-39). Data were fit to a one-site inhibition binding curve. All values are grouped 

data showing the mean ± SEM of 3-4 independent experiments performed in duplicate. 
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Figure 5.4) Difference in ligand binding (pIC50) of GLP-1R mutants compared to the WT for 

GLP-1 (top), Exendin-4 (second from top), Oxyntomodulin (third from top) and Exendin-P5 

(bottom). Statistical significance of changes in binding affinity was determined by one-way 

analysis of variance and Dunnett’s post-test, with those that are significantly different from 

WT indicated with an asterisk (*p < 0.05). Data coloured based on the direction (yellow-red = 

reduced affinity, green = enhanced affinity) and the extent of effect. All values are ± SEM of 

3-6 independent experiments, conducted in duplicate. ND indicates no response was 

measurable in concentration range tested.  
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These were coloured according to the magnitude of effect of alanine mutation from each 

residue using the same colour scheme used in Figure 3, to give a stronger visual representation 

of the effect these mutations had on affinity relative to their locations in the TM binding site 

(Figure 5.5)  

5.2.3 Effects of alanine mutations on ligand-induced cAMP signalling 
 

WT and mutant receptors were assessed for their ability to signal to the cAMP pathway. 

Concentration response curves were generated for the four peptides GLP-1, Oxyntomodulin, 

Exendin-4 and Exendin-P5 and data was normalised to the maximum response of the WT 

receptor (Figure 5.6). pEC50 and Emax values were determined using a three-parameter curve 

fit. These are presented in Table 5.2. For all four ligands there was a universal decrease in both 

EC50 and/or Emax values for the majority of mutants assessed, when compared to the WT 

receptor (Figure 5.6, Table 5.2). 

 

While EC50 and Emax values are useful to assess the ability of different mutant receptors to 

signal, there are a number of factors that contribute to the information obtained in these values. 

EC50 values are composite of the functional affinity (the affinity of the agonist when coupled 

to the particular pathway being assessed), efficacy (the ability of the ligand to activate the 

pathway) and the number of receptors present at the cell surface, whereas Emax values are a 

composite of efficacy and the number of receptors present in the cell. These numbers are 

therefore influenced by differing receptor expression levels of mutant receptors relative to WT. 

Operational fitting of concentration response data can separate functional affinity (KA) and 

efficacy (t). As efficacy values (but not functional affinity) are influenced by receptor 

expression levels, the operational measure of tau can be corrected for differences in expression 

levels between WT and mutant receptors to provide a measure of efficacy that is independent 

of expression differences (tauc (tc)) and allows for direct comparisons between cell lines 

expressing different receptor variants (Wootten et al 2016a). These values, derived from 

operational fitting to concentration response data are presented in Table 5.2. The change in 

pKA and Logtc values between WT and each mutant receptor are plotted as bar graphs in 

Figures 5.7 and 5.8, respectively, and coloured according to their level of effect. 



 
 

118 

 

 

 

Figure 5.5) Cryo-EM strucutres of the active GLP-1R bound to GLP-1R (A), Exendin-4 (B), 

oxyntomodulin (C) and Exendin-P5 (D) with pIC50 values heat mapped onto each assessed 

residue to show affect of mutants on ligand affinity. Residues which had neutral impact are 

shaded in blue, reductions between 3-5 fold in yellow. 5-10 fold in light orange, 10-15 in dark 

orange, 15+ fold in red and any positive changes are in green. Residues where no radioligand 

binding was detected were are shaded black. Ligand colours are GLP-1 (blue), exendin 4 (red), 

oxyntomodulin (green) and exendin P5 (purple) 
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Similar to affinity values, these were also mapped onto receptor models (cryo-EM structures) 

of the individual ligand-bound GLP-1Rs (Figures 5.9 and 5.10). 

 

5.2.3.1 Effects of alanine mutations on pKA   
 

pKA values derived from the operational analysis closely trend with pEC50 values for cAMP. 

For GLP-1, Oxyntomodulin and Exendin-4, these values also closely correlate (qualitatively) 

with the measured affinity values. The derived pKA value for GLP-1 was significantly  reduced 

for 29 mutations relative to the WT receptor, of which 24 (Y1521.47A, R1902.60A, S1932.63A, 

V1942.64A, L2012.71A, K2022.72A, M2042.74A, F2303.33A, M2333.36A, Q2343.37A, V2373.40A, 

N2403.43A, Y2413.44A, W297ECL2A, R299ECL2A, N300ECL2A, I3095.39A, R3105.40A, I3135.43A, 

D372ECL3A, K3837.38A, L3847.39A, F3857.40A, L3887.43A) were greater than 10-fold. A similar 

pattern was observed with Exendin-4 where a total of 25 residues displayed altered functional 

affinity, all of which were greater than 10-fold (L1411.36A, Y1451.40A, Y1521.47A, R1902.60A, 

S1932.63A, L2012.71A, K2022.72A, M2042.74A, Y2052.75A, S2062.76A, Q210ECL1A, M2333.36A, 

Q2343.37A, V2373.40A, Y2413.44A, W297ECL2A, R299ECL2A, I3095.39A, R3105.40A, I3135.43A, 

F3676.56A, A3686.57G, D372ECL3A, K3837.38A, L3847.39A, L3887.43A) and 16 were shared 

(Y1451.40A, R1902.60A, S1932.63A, L2012.71A, K2022.72A, Q2343.37A, V2373.40A, W297ECL2A, 

R299ECL2A, I3095.39A, R3105.40A, I3135.43A, A3686.57G, D372ECL3A, K3837.38A, L3847.39A, 

L3887.43A). Interestingly, while the mutations that reduce affinity overlap, generally there is a 

greater effect of mutation on GLP-1 functional affinity than Exendin-4 for the majority of these 

mutations (Figures 5.7 and 5.8) 

 

Similar to observed in the overall affinity measures, a large number of mutations also altered 

Oxyntomodulin functional affinity, and while the majority of these overlapped with those that 

altered GLP-1 and Exendin-4, the overall pattern of effect differed (Figure 5.7). While 27 

mutations statistically reduced functional affinity, only 13 of these reduced the KA by greater 

than 10-fold (P1371.32A, L1421.37A, L1441.39A, Y1451.40A, R1902.60A, L2012.71A, K2022.72A, 

M2042.74A, Y2052.75A, S2062.76A, Q211ECL1A, H212ECL1A, F2303.33A, M2333.36A, V2373.40A, 

Y2413.41A, R299ECL2A, N300ECL2A, I3095.39A, R3105.40A, I3135.41A, E3646.53A, D372ECL2A, 

R3807.35A,  
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 GLP-1(7-36)NH2 Exendin 4 Oxyntomodulin Exendin P5 

 pEC50 EMAX pKA tc pEC50 EMAX pKA tc pEC50 EMAX pKA tc pEC50 EMAX pKA tc 

WT 9.91±0.03 100±1 9.23±0.07 0.85±0.03 10.48±0.05 100±1 9.80±0.07 0.75±0.03 8.24±0.05 100±1 7.99±0.05 0.72±0.03 9.12±0.04 100±1 8.39±0.07 0.83±0.04 

P1371.32A 9.73±0.21 69±4* 9.32±0.20 0.71±0.07 10.45±0.29 89±7 9.83±0.20 0.64±0.11 7.66±0.20 78±5 7.43±0.16 0.46±0.09 9.30±0.29 42±4* 9.05±0.27 -0.09±0.08* 

E1381.33A 9.86±0.16 81±4 9.35±0.21 0.49±0.05 10.26±0.09 103±3 9.38±0.23 0.79±0.15 7.84±0.14 101±5 7.56±0.10 0.71±0.1 10.06±0.40 54±6* 9.71±0.29* -0.11±0.07* 

E1391.34A 10.25±0.25 52±5* 10.01±0.57 0.56±0.26 10.90±0.51 28±4* 10.73±0.51 -0.11±0.27* 8.16±0.33 34±3* 8.08±0.31 0.22±0.26* 6.67±0.36* 35±5* 6.90±0.63* 0.19±0.11* 

L1411.36A 9.69±0.14 95±4 9.00±0.37 0.63±0.07 10.43±0.12 113±4* 9.18±0.37 1.28±0.31* 7.25±0.16 105±7 6.93±0.13* 0.89±0.18 8.92±0.16 84±4 8.38±0.12 0.42±0.06 

L1421.37A 9.78±0.19 62±4* 9.47±0.20 0.25±0.07* 10.79±0.27 77±6 10.3±0.20 0.27±0.09* 7.44±0.20 72±5* 7.24±0.18 0.39±0.09 5.39±0.53* 97±5 8.93±0.40 -0.23±0.1* 

L1441.39A 8.68±0.16* 64±4* 8.37±0.23 0.64±0.42 8.79±0.14* 69±4* 8.41±0.23* 0.73±0.43 6.22±0.21* 37±4* 6.12±0.31* 0.23±0.43* 8.37±0.21 76±5* 7.93±0.18 1.03±0.22 

Y1451.40A 9.51±0.13 96±4 8.79±0.12 1.09±0.06 10.31±0.09 94±2 9.63±0.12 0.74±0.07 7.93±0.08 105±3 7.61±0.07 1.02±0.09 8.53±0.12 99±4 7.76±0.13 0.86±0.08 

Y1481.43A 8.57±0.11* 85±3 8.03±0.14* 0.77±0.06 9.50±0.20* 93±6 8.86±0.14* 0.83±0.08 7.33±0.30* 50±5* 7.27±0.17* 0.31±0.06 7.87±0.18* 38±3* 7.73±0.24 -0.05±0.07* 

Y1521.47A 8.14±0.17* 61±4* 7.80±0.19* 0.16±0.07* 9.00±0.21* 60±4* 8.74±0.19* 0.33±0.07* 7.41±0.23 59±5* 7.25±0.19* 0.32±0.07 6.85±0.24* 12±1* 6.61±1.34* -0.84±0.26* 

R1902.60A 7.19±0.12* 69±4* 6.89±0.12* 0.11±0.08* 8.69±0.14                                           79±4* 8.32±0.12* 0.54±0.07 9.10±0.09* 87±2 8.87±0.07* 1±0.06 7.57±0.48* 20±4* 7.53±0.62* -0.26±0.15* 

S1932.63A 9.22±0.13 110±5 8.11±0.22 1.31±0.26 10.18±0.35 82±8 9.68±9.22 0.55±0.09 8.44±0.24 96±8 8.15±0.14 0.83±0.11 8.50±0.12 95±4 7.78±0.24 0.81±0.14 

V1942.64A 8.71±0.27* 64±6* 8.42±0.25 0.27±0.08* 9.64±0.29* 64±5* 9.34±0.25 0.26±0.08* 7.94±0.15 55±3* 7.78±0.21 0.14±0.07* 7.25±0.30* 62±9* 6.94±0.30* 0.23±0.13* 

K1972.67A 8.65±0.62* 25±6* 8.50±0.68 -0.25±0.2* 10.18±0.50 24±3* 10.01±0.68 -0.08±0.14* 8.71±0.71 27±5* 8.69±0.54 0±0.11* ND ND ND ND 

D1982.68A 6.19±0.13* 88±9 5.68±0.23* 0.73±0.32 7.90±0.11* 84±4 7.37±0.23* 0.69±0.12 6.54±0.19* 52±4* 6.18±0.25* 0.2±0.09* 7.13±0.34* 10±1* 7.09±1.53 -0.76±0.27* 

L2012.71A 8.09±0.08* 91±3 7.54±0.19* 0.40±0.09* 9.30±0.13* 90±2 8.70±0.19* 0.48±0.1 6.54±0.15* 61±2* 6.41±0.6* -0.17±0.07* 8.38±0.15 92±5 7.73±0.16 0.74±0.08 

K2022.72A 8.62±0.12* 88±4 8.10±0.26* 0.36±0.07* 9.71±0.08 90±2 9.03±0.26 0.51±0.12 7.33±0.07* 80±2* 7.09±0.12* 0.52±0.06 7.98±0.19* 97±7 7.30±0.20 0.84±0.13 

M2042.74A 7.94±0.09* 83±3 7.44±0.25* 0.55±0.09 9.61±0.07 96±2 8.98±0.25 0.78±0.13 6.73±0.08* 78±3* 6.49±0.13* 0.46±0.06 8.03±0.16* 71±5* 2.61±0.31 0.36±0.12* 

Y2052.75A 9.07±0.31 65±6* 8.83±0.36 0.22±0.07* 9.32±0.24* 42±3* 9.10±0.36 0.09±0.09* 7.32±0.20* 51±4* 7.16±0.17* 0.08±0.07* 8.64±0.26 86±7 8.23±0.16 0.75±0.09 

S2062.76A 9.97±0.10 107±3 9.02±0.26 1.05±0.1 9.64±0.27 104±7 8.93±0.26 0.95±0.17 7.83±0.07 99±3 7.52±0.10 0.83±0.09 8.85±0.10 96±3 8.15±0.13 0.74±0.07 

Q210ECL1A 9.83±0.14 74±3* 9.38±0.19 0.46±0.06 10.79±0.10 88±3 10.19±0.19 0.68±0.08 7.22±0.10* 89±3 6.94±0.12* 0.71±0.07 9.29±0.23 64±4* 8.91±0.30 0.31±0.09* 

Q211ECL1A 9.46±0.11 85±3 8.97±0.17 0.53±0.05 10.51±0.11 92±2 9.85±0.17 0.68±0.08 7.54±0.08 84±2 7.28±0.10* 0.31±0.05 9.67±0.26 84±6 9.12±0.25 0.51±0.1 

H212ECL1A 10.26±0.10 90±3 9.67±0.17 0.66±0.06 10.44±0.08 86±2 9.90±0.17 0.59±0.07 8.00±0.10 100±2 7.77±0.10 0.47±0.05 9.36±0.14 91±3 8.73±0.24 0.68±0.07 

W214ECL1A 9.24±0.11* 84±3 8.71±0.22 0.36±0.06* 10.30±0.14 93±4 9.62±0.22 0.74±0.11 7.53±0.12 71±3* 7.32±0.13* 0.16±0.05* 8.00±0.17* 54±4* 7.69±0.38 0.11±0.12* 

F2303.33A 8.18±0.16* 96±6 7.47±0.25* 0.77±0.2 9.35±0.28* 75±7 8.92±0.25 0.59±0.15 7.60±0.16 90±6 7.32±0.15 0.85±0.16 8.15±0.09* 98±4 7.38±0.26 1.03±0.21 

M2333.36A 8.32±0.18* 91±7 7.70±0.24* 0.84±0.13 9.18±0.34* 80±9 8.73±0.24* 0.64±0.11 8.01±0.25 92±9 7.72±0.14 0.87±0.11 8.05±0.22* 85±9 7.48±0.25 0.73±0.14 

Q2343.37A 7.93±0.12* 98±5 7.20±0.21* 0.82±0.14 9.14±0.15* 88±5 8.57±0.22* 0.61±0.11 6.92±0.12* 84±4 6.70±0.14* 0.55±0.08 9.19±0.15 94±5 8.50±0.19 0.73±0.1 

V2373.40A 8.35±0.10* 95±4 7.68±0.24* 0.61±0.14 8.95±0.23* 95±8 8.30±0.24* 0.62±0.14 7.48±0.12 112±6* 7.11±0.13* 1.23±0.36 8.08±0.09* 107±4 7.06±0.26 0.99±0.28 

N2403.43A 9.02±0.11* 80±3 8.61±0.14 0.25±0.08* 10.54±0.11 84±2 10.00±0.14 0.62±0.06 8.71±0.09 89±2 8.48±0.09 0.7±0.05 7.06±0.13* 89±5 6.49±0.29* 0.71±0.15 

Y2413.44A 9.59±0.15 105±5 8.66±0.26 0.95±0.18 9.45±0.14 89±4 8.84±0.26 0.67±0.11 6.36±0.14* 82±5 6.10±0.22* 0.55±0.11 7.31±0.12* 53±3* 7.13±0.48 0.1±0.16* 

W297ECL2A 6.82±0.15* 48±5* 6.57±0.14* 0.03±0.13* 7.90±0.17* 75±6* 7.51±0.14* 0.24±0.1* ND ND ND ND 7.93±0.14* 67±4* 7.54±0.15 0.51±0.09* 
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Table 5.2: Parameters derived from cAMP accumulation data (pEC50, Emax, pKA and Logtc) for mutants within the GLP-1R TM peptide binding site, for GLP-1(7-36)NH2, 

Exendin 4, Oxyntomodulin and Exendin P5. Emax and pEC50 values are mean ± SEM of 3-4 independent experiments. pKA and t values and S.E.M were calculated from operational 

curve-fitting to grouped data (n=3-4). t values were corrected for differences in expression between WT and mutant receptors and errors propagated to provide tc ± S.E.M. ND is 

reported where experimental values could not be defined, either because no response was observed, or in some cases where responses were observed, but the top of the concentration 

response curve was not defined within the concentration range assessed.

T298 ECL2A 10.15±0.12 80±3* 9.65±0.17 0.36±0.06* 10.50±0.16 69±3* 10.15±0.17 0.2±0.06* 7.98±0.14 96±4 7.83±0.16 0.85±0.12 9.15±0.18 75±4* 8.74±0.13 0.49±0.06 

R299 ECL2A 8.09±0.14* 61±4* 7.77±0.18* 0.03±0.06* 9.92±0.25 56±4* 9.63±0.18 0.16±0.05* 6.90±0.13* 47±2* 6.78±0.23* 0.04±0.07* 7.90±0.14* 78±5* 7.41±0.15* 0.5±0.07 

N300 ECL2A 6.88±0.10* 62±4* 6.54±0.13* -0.1±0.09* 8.70±0.14* 75±4* 8.28±0.14* 0.21±0.06* 6.77±0.29* 21±1* 7.48±0.61 -0.66±0.11* 8.20±0.11* 82±4* 7.69±0.13 0.42±0.06* 

W3065.36A ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

I3095.39A 8.64±0.17* 109±7 7.62±0.24* 1.11±0.25 9.25±0.30* 97±10 8.57±0.24* 0.93±0.15 7.78±0.13 104±6 7.45±0.13 1.15±0.18 7.21±0.11* 66±4* 6.86±0.37* 0.4±0.19* 

R3105.40A 7.90±0.43* 26±4* 8.05±0.28* 0.4±0.4 8.17±0.18* 48±4* 8.00±0.28* 0.52±0.24 6.57±0.21* 60±5* 6.46±0.18* 0.71±0.39 5.68±0.18* 70±11* 5.43±0.43* 0.82±0.47 

I3135.43A 8.40±0.15* 84±4 7.91±0.20* 0.53±0.08 9.76±0.20* 66±4* 9.41±0.20 0.26±0.06* 7.66±0.20 75±5* 7.46±0.15 0.39±0.06 8.17±0.14* 88±5 7.60±0.17 0.61±0.09 

H3636.52A 9.71±0.21 28±2* 9.59±0.36 -0.11±0.08* 10.16±0.29 34±3* 10.02±0.36 -0.09±0.09* 8.15±0.17 32±2* 8.15±0.31 -0.03±0.08* 7.88±0.47* 22±4* 8.07±0.64 -0.25±0.14* 

E3646.53A 8.89±1.56 8±3* 8.87±2.4 -0.57±0.2* 9.17±0.84* 11±2* 9.32±2.4* 0.02±0.26* 7.10±0.32 52±6* 6.99±0.38* 0.65±0.16 7.27±1.15 7±2* 9.01±3.70 -0.71±0.23* 

F3676.56A 8.92±0.17* 93±5 8.25±0.22 0.78±0.11 9.35±0.26* 68±4* 9.04±0.22 0.35±0.26 7.90±0.12 91±4 7.64±0.12 0.73±0.09 6.16±0.27* 26±5* 6.22±1.13* -0.4±0.42* 

A3686.57G 9.05±0.20* 84±5 8.50±0.19 0.64±0.07 10.02±0.21 65±4* 9.66±0.19 0.33±0.07* 7.98±0.18 61±4* 7.82±0.16 0.27±0.06 7.16±0.17* 84±7 6.71±0.21* 0.61±0.12 

D372 ECL3A 7.80±0.08* 80±3* 7.36±0.17* 0.36±0.07* 9.15±0.11* 96±3 8.47±0.19* 0.86±0.1 6.70±0.22* 61±6* 6.67±0.21* 0.28±0.08 8.82±0.10 106±3 7.98±0.15 1.14±0.11 

R3807.53A 6.78±0.08* 81±4* 6.33±0.16* 0.44±0.11* 8.03±0.15* 78±4* 7.65±0.16* 0.19±0.08* 6.54±0.33* 43±6* 6.43±0.30* -0.12±0.1* 7.16±0.09* 96±4 6.55±0.15* 0.92±0.1 

F3817.55A 9.85±0.10 77±2* 9.40±0.18 0.28±0.05* 10.48±0.12 79±2 9.99±0.18 0.51±0.06 7.99±0.19 66±4* 7.80±0.20 0.31±0.07 8.83±0.10 96±3 8.13±0.14 0.84±0.08 

K3837.57A 6.90±0.10* 93±6 6.30±0.25* 0.62±0.18 8.74±0.24* 62±5* 8.41±0.25* 0.14±0.08* 7.27±0.28* 26±3* 7.25±0.45* -0.48±0.1* 8.70±0.13 121±4* ND ND 

L3847.58A 8.47±0.13* 81±4 8.00±0.22* 0.44±0.09 10.01±0.13 67±2* 9.62±0.22 0.33±0.08 7.38±0.17 76±5* 7.23±0.14* 0.16±0.08* 7.09±0.15* 104±8 6.30±0.27* 1.11±0.21 

F3857.59A 9.47±0.14 87±3 8.93±0.21 0.27±0.06* 10.31±0.13 74±3* 9.83±0.21 0.16±0.07* 7.84±0.12 85±4 7.62±0.13 0.34±0.07 8.99±0.11 111±4 7.92±0.23 1,21±0.18 

E3877.61A 9.86±0.08 91±2 9.24±0.21 0.67±0.07 10.30±0.11 90±3 9.66±0.21 0.67±0.09 7.43±0.29 55±6* 7.28±0.20 0.09±0.09* 7.20±0.18* 74±7* 6.81±0.20* 0.38±0.09* 

L3887.62A 7.64±0.18* 98±8 6.91±0.21* 0.78±0.18 9.12±0.21* 79±6 8.64±0.21* 0.41±0.09 6.90±0.15* 90±6 6.72±0.15* 0.6±0.11 7.83±0.11* 95±4 7.16±0.21* 0.7±0.13 

T3917.65A 9.36±0.25 76±5* 8.91±0.21 0.6±0.08 10.86±0.25 62±4* 10.50±0.21 0.4±0.08 8.15±0.17 70±4* 7.98±0.14 0.52±0.08 7.81±0.13* 83±4 7.29±0.18* 0.73±0.11 

Q3947.68A 9.57±0.13 87±3 9.02±0.14 0.3±0.06* 10.44±0.17 86±4 9.93±0.14 0.58±0.06 8.02±0.08 95±2* 7.77±0.09 0.55±0.07 7.77±0.16* 73±5* 7.37±0.15* 0.38±0.06* 
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Figure 5.6.1) cAMP concentration response curves for WT and single alanine mutant GLP-1 

receptors for GLP-1(7-36)NH2 (A-C), Exendin-4 (D-F), Oxyntomodulin (G-I) and Exendin-

P5 (J-L). Mutant receptor response was normalized to WT receptor response for each ligand. 

Curve was fitted using the operational model of agonism with the hill slope constrained to 1. 

Data is representative of the mean ± SEM of 3-4 independent experiments performed in 

duplicate.  
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Figure 5.6.2) cAMP concentration response curves for WT and single alanine mutant GLP-1 

receptors for GLP-1(7-36)NH2 (A-C), Exendin-4 (D-F), Oxyntomodulin (G-I) and Exendin-

P5 (J-L). Mutant receptor response was normalized to WT receptor response for each ligand. 

Curve was fitted using the operational model of agonism with the hill slope constrained to 1. 

Data is representative of the mean ± SEM of 3-4 independent experiments performed in 

duplicate.  
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Figure 5.7) Difference in functional affinity for the cAMP pathway (pKA) for single Ala GLP-

1R mutants, compared to the WT receptor values for GLP-1 (top), Exendin-4 (second from 

top), Oxyntomodulin (third from top) and Exendin-P5 (bottom). One-way analysis of variance 

and Dunnett’s post-test was performed to compare pKA values from mutants relative to the 

WT receptor. Values indicated with an asterisk were statistically different from WT (*p < 0.05). 

Data that are statistically significant are colored based on the direction (yellow-red = reduced, 

green = enhanced) and extent of effect. All values are ± SEM of 3-4 independent experiments, 

conducted in duplicate. 
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Figure 5.8) Cryo-EM structures of the active GLP-1R bound to GLP-1 (A), Exendin-4 (B), 

Oxyntomodulin (C) and Exendin-P5 (D). Fold differences in pKA  values for alanine mutation 

of individual residues relative to the WT are heat mapped onto each assessed residue to show 

effect of mutants on pKA. Residues which had neutral impact are shaded in blue, 3-5 fold 

reduced pKA in yellow, 5-10 fold reduced pKA in light orange, 10-13 reduced pKA in dark 

orange, 13+ fold reduced pKA in red, whereas those that enhanced pKA are in green. Residues 

where no response was detected are shaded black. Ligand colours are GLP-1 (blue), exendin 4 

(red), oxyntomodulin (green) and exendin P5 (purple) 

 

 

 

 

K3837.38A, L384A, E3877.42A, L3887.43A). Interestingly, residues in ECL1 had a ligand specific 

negative effect on Oxyntomodulin, whereas residues in TM1 increased pKA for the other 

agonists assessed, but not for oxyntomodulin (Figures 5.7 and 5.8).  
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Interestingly, despite only a few residues altering the overall affinity of Exendin-P5 (as 

measured in a radioligand binding assays (Figure 5.4), the functional affinity determined by 

operational modelling was significantly reduced for 33 of the mutated residues, relative to the 

WT receptor, with 21 of these reducing the functional affinity by greater than 10-fold 

(E1391.33A, R1902.60A, K1972.67A, L2012.71A, K2022.72A, M2042.74A, M2333.36A, N2403.40A, 

Y2413.41A, I3095.39A, R3105.40A, F3676.56A, A3686.57G, R3807.35A, K3837.38A, L3847.39A, 

E3877.42A, L3887.43A, T3917.46A, Q3947.49A) (Figure 5.7 and Figure 5.8). Residues within TM7 

had a greater impact on pKA for Exendin P5 compared to other ligands. 

 

5.2.3.2 Effects of alanine mutations on efficacy (t) 
 

In contrast to effects on affinity and functional affinity, much smaller effects of GLP-1R 

peptide binding site mutations were observed on the efficacy of GLP-1, Exendin-4 and 

Oxyntomodulin. While GLP-1 was significantly impacted by alanine mutation to 21 residues, 

only 3 residues (K1972.67A, H3636.52A, E3646.53A) reduced efficacy by greater than 10-fold 

(Figure 5.8, Table 5.2). Similarly, Oxyntomodulin and Exendin-4 efficacy was reduced by 

mutation to 16 and 17 residues respectively though all of these displayed a less than a 10-fold 

effect (Figure 5.9).  

 

In contrast, Exendin-P5 cAMP efficacy was more greatly affected by mutations to these 

residues (Table 5.2, Figures 5.9 and 5.10). Of the mutations tested, 22 significantly reduced 

cAMP efficacy with 8 of these (L1411.36A, Y1521.47A, R1902.60A, K1972.67A, D1982.68A, 

H3636.52A, E3646.53A, F3676.57A, K3847.38A) reaching greater than 10-fold. These residues 

reside within three regions within the receptor, the tops of TM1, TM2 and TM6. K1972.67A had 

a universal negative impact on cAMP all ligands, as did mutations within ECL2 (Figures 5.9 

and 5.10, Table 5.2). Residues mutated at the top of TM1 had a greater impact on Exendin P5 

accumulation compared with all other agonists assessed. Exendin 4, Exendin P5 and GLP-1 

shared a greater loss of function with mutations to residues in TM6, whereas this was not 

observed with Oxyntomodulin (Figures 5.9 and 5.10, Table 5.2). Mutations to residues in TM2 

also had a greater impact on GLP-1, Oxyntomodulin and exendin P5 compared to exendin 4. 

Interestingly, TM7 played a role in transmission of efficacy for GLP-1, exendin 4 and 

Oxyntomodulin, but played little role in efficacy for exendin P5, despite altering functional 

affinity (Figures 5.7 and 5.9)  
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Figure 5.9) Difference in efficacy (logτc) of GLP-1R mutant receptors compared to the WT 

receptor for GLP-1 (top), Exendin-4 (second from top), Oxyntomodulin (third from top) and 

Exendin-P5 (bottom). A one-way analysis of variance and Dunnett’s post-test was performed 

on logτc values, and values indicated with an asterisk are statistically different from the WT 

values (*p < 0.05). Data that are statistically significant are colored based on the direction 

(yellow-red = reduced, green = enhanced and extent of effect. All values are logτc ± SEM of 

3-4 independent experiments, conducted in duplicate. ND indicates no response was 

measurable in concentration range tested for that mutant receptor. 
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Figure 5.10) Cryo-EM structures of the active GLP-1R bound to GLP-1 (A), Exendin-4 (B), 

Oxyntomodulin (C) and Exendin-P5 (D) with fold-changes in logτc values (of Ala mutants to 

individual residues relative to WT) are heat mapped onto each assessed residue to show the 

effect of mutants on cAMP efficacy. Residues which had neutral impact are shaded in blue, 3-

5 fold reduced efficacy in yellow, 5-10 fold reduced efficacy in light orange, 10-13 fold reduced 

efficacy in dark orange, 3+ fold reduced efficacy in red and enhanced efficacy are in green. 

Residues where no response was detected are shaded black. Ligand colours are GLP-1 (blue), 

exendin 4 (red), oxyntomodulin (green) and exendin P5 (purple) 
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5.3 Discussion 

 
The ECLs of the GLP-1R are important for both the affinity and functional activity of peptide 

ligands. Residues within the ECLs, as well as residues located within the TMs of the TM 

bundle, line the peptide binding site as revealed by recent structures of the GLP-1R (Liang et 

al, 2017)(Liang et al, 2018b)(Zhang et al, 2018). This chapter extended previous mutational 

analysis on this receptor to explore all residues that line this deep TM binding pocket that 

accommodates the N-termini of peptide agonists. A full mutational analysis of this pocket 

revealed the importance of individual residues required for affinity and cAMP activity 

mediated by four agonists, GLP-1(7-36)NH2, Exendin 4, Oxyntomodulin and exendin-P5, 

expanding our understanding of how distinct (biased) peptide ligands activate the GLP-1R, 

promoting cAMP signalling. This work revealed striking differences in the requirements for 

affinity and cAMP efficacy between exendin-P5 and the other three ligands (GLP-1, 

Oxyntomodulin and exendin-4) assessed, with more subtle differences present between GLP-

1, exendin-4 and Oxyntomodulin in their requirements for activating the GLP-1R.  

 

The C-terminal region of exendin-4 and exendin P5 is identical to exendin(9-39). While 

exendin (9-39) is an antagonist, exendin 4 and exendin P5 have extended N-terminal sequences 

that engage within the receptor TM core to activate the GLP-1R. Consistent with published 

data, exendin-P5 had approximately 10-fold lower affinity, whereas, exendin 4 had 

approximately 10-fold higher affinity, than exendin(9-39). This suggests that interactions 

within this TM core enhance the affinity of exendin 4 through the formation of additional 

contacts between the receptor and the ligand. In contrast, exendin P5 interactions within the 

TM bundle do not contribute much to the overall affinity of the ligand (in fact, they appear to 

destabilize the interactions formed by the 9-39 region as this ligand has lower affinity than 

exendin(9-39). This is supported by the mutagenesis data where overall the TM binding pocket 

mutations had limited impact on the affinity of exendin P5 when assessed using an antagonist 

probe (that should predominantly measure the affinity of the non-transducer coupled receptor). 

 

Exendin-P5 has a unique N-terminal sequence when compared to the other three agonist 

ligands, which all share a high degree of sequence homology (Figure 5.1). Despite its much 

lower binding IC50, it only displayed 25-fold lower cAMP EC50 than exendin 4.  The ratio of 

affinity (pIC50) to potency (pEC50) can be used as a measure of efficacy when all agonists are 
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full agonists (as is the case here at the WT receptor). This ratio is greater for exendin P5 than 

exendin 4 (as well as GLP-1 and Oxyntomodulin) suggesting exendin P5 is a more efficacious 

ligand (Liang et al, 2018b). Therefore, despite the bulky N-terminus reducing the affinity of 

this ligand, it plays a significant role in determining the functional activity of the peptide. This 

is also evident when assessing the cAMP data using operational modelling, where the 

calculated functional affinity of exendin P5 at the WT receptor was only 10-fold lower and its 

efficacy (tau) was higher than that of exendin 4 (Table 5.2, Figure 5.6).  

 

Affinity (pIC50) is a composite value, where the equilibrium between multiple ‘micro’ affinity 

states will contribute to the value determined. In contrast, the functional affinity (pKA) is the 

affinity of the receptor in the receptor state in which cAMP is produced (active state of the 

receptor coupled to Gαs). The measures of affinity and functional affinity at the wildtype 

receptor suggests that Exendin-P5 affinity is enhanced in the presence of Gas (pKA), however 

that Gs contributes less towards the overall affinity of the ligand itself (pIC50).  In addition, 

many of the assessed TM binding site mutations had a large and significant impact on the 

functional affinity of Exendin-P5 (affinity for the Gas occupied receptor) and its efficacy for 

generation of cAMP, yet only minimal effect on the global affinity measure. This suggests that 

interactions of Exendin-P5 within the TM pocket are crucial to couple the receptor to the cAMP 

signaling pathway and for the enhanced affinity of exendin P5 when coupled to this pathway. 

In particular, the mutational analysis revealed that interactions of exendin P5 with TM1, TM2 

and TM6 were crucial for the high efficacy of exendin P5. It is interesting to note that TM1 has 

been previously implicated as a crucial domain that contributes to biased agonism (Lei et al., 

2018). 

 

In contrast to exendin P5, the other three peptides assessed in this study had similar values in 

their measured affinity via radioligand binding using an antagonist tracer, and their functional 

affinity when coupled to Gas-mediated cAMP, and these two parameters were also similarly 

negatively affected by the majority of mutations. This suggests that the high affinity of these 

ligands is likely driven by a greater overall contribution of Gs (relative to other effectors that 

may couple at the intracellular face of the receptor) to their overall measured affinity. The 

mutagenesis data also suggests that these ligands form strong interactions with residues within 

the TM bundle that contribute to their observed affinity. In contrast to Exendin-P5, with the 

exception of a few residues, the impact on efficacy was much smaller for GLP-1, 
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Oxyntomodulin and Exendin-4, suggesting a smaller role of ligand-receptor interactions within 

this pocket in driving efficacy. These observations highlight that while the ligand N-terminus 

of peptides are very important in agonism of the GLP-1R, even for a single pathway, the way 

the ligand engages can have distinct functional implications that will influence biased agonist 

profiles.  

 

Recent cryo-EM structures from our group revealed the binding pose of GLP-1, Exendin-4 

(unpublished), Exendin-P5 (Liang et al., 2018) and Oxyntomodulin (unpublished) bound to the 

GLP-1R (Figure 5.11). In these structures, the binding pocket for Exendin-P5 was more open 

than when the other three ligands were bound (Figure 12 B&C). This was due to a larger 

outward movement of TM6 and TM7 in the exendin-P5 bound structure that was essential to 

allow the binding of its longer and bulkier N-terminus (relative to the other three agonists) 

(Liang et al., 2018b). Interestingly, our collaborators performed MD simulations on our 

recently solved structures of the GLP-1R bound to each of these four agonists and Gs 

(summarized in Figure 5.12). These highlighted that Exendin-P5 exhibits more mobility and 

forms more transient interactions with residues in the TM binding pocket compared to the GLP-

1 and exendin 4. The difference in size of the N-termini that results in a much more open 

binding pocket provides these differences as the peptide has more room to move around the 

pocket. This supports the limited effect of any single mutation on overall affinity for exendin 

P5 as the peptide would readily form new/alternate interactions. When comparing specifically 

hydrogen bond interactions deep within the binding pocket (Figure 5.12), far fewer and shorter-

lived interactions were formed with residues at the bottom of the binding pocket relative to 

GLP-1 and exendin-4. This also suggests that potentially ligands that form weaker interactions 

deep within the TM core, may more readily activate and turnover G protein therefore activating 

more cAMP, and this could explain the higher efficacy of exendin P5 relative to GLP-1 and 

exendin 4 (seen in Zhao et al., 2020). The greater effect of TM binding mutations on the 

operational measure of efficacy for Exendin-P5 relative to the other three ligands also supports 

this theory that low stability in the pocket is linked to greater cAMP efficacy. 
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Figure 5.11: Binding pose of ligands bound on the GLP-1R. GLP-1 (blue), Exendin-4 (red), 

oxyntomodulin (green) and Exendin-P5 (purple) 



 
 

133 

 

 

 

Figure 5.12: Summary of molecular dynamic studies performed on the 4 ligand bound receptors 

showing hydrogen bonds formed (A), total contacts made (B), and that data heat mapped onto 

the static structure (C&D respectively). MD studies performed by Guiseppe Deganutti as part 

of a collaboration with the Chris Reynolds laboratory. 
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Our mutagenesis study supports distinct roles of individual residues or regions within the GLP-

1R binding pocket for signaling of peptide agonists that may be linked to their differential 

efficacies and biased agonism profiles. ECL2 has previously been implicated in controlling 

GLP-1R signalling, including cAMP production (Koole et al., 2012, Wootten et al., 2016a). 

Mutations to this region impacted the function of all four peptides confirming the importance 

of this domain in peptide function, however the impact of individual residues and magnitude 

of effects differed between ligands. When looking at the static structures, the conformation of 

ECL2 for GLP-1, Oxyntomodulin and Exendin P5 was very similar. W297 ECL2, an absolutely 

conserved residue across class B GPCRs, was has a role receptor function for all four ligands. 

In addition, residues R299ECL2 and N300ECL2 were also important for all four peptides. While 

ala mutations to all 3 of these residues altered either affinity, functional affinity or both for all 

peptides, these effects were smaller for Exendin-P5. In addition, all three mutations reduced 

efficacy for GLP-1, Oxyntomodulin and exendin 4, with little effect on the efficacy of Exendin 

P5, suggesting a differential requirement for these residues for different agonists. The MD 

analysis showed prolonged contacts between exendin 4, GLP-1 and Oxyntomodulin between 

these residues, but weaker and less prolonged interactions between Exendin-P5 and ECL2, 

which is consistent with the molecular pharmacology data. 

 

Within the static cryo-EM structures, there are differences in backbone and side chain 

interactions formed by residues in ECL1 (Figure 5.13B), however it should be noted that the 

cryo-EM density in this region was relatively poor for most of the ligands. This suggests a 

highly dynamic area of the receptor in the active state. Interestingly, the region of this loop 

between Q210-W214 was one of the few regions important for Exendin-P5 affinity. Molecular 

dynamic simulations revealed an increased level of contacts between this region of the receptor 

and ligand for Exendin-P5 relative to GLP-1 (Figure 5.12). Interestingly Exendin 4 also 

displayed enhanced contacts in this region in the MD simulations, with no effect of mutations 

in this region on its affinity. These differences could be due to Exendin-4 forming many 

additional strong interactions in the core, such that the loss of these contacts has more limited 

effect on its affinity.  

 

The largest difference in conformation in the static structures when comparing GLP-1R:Gas 

complex bound by the four different peptide agonists occurred within the TM6-ECL3-TM7 

(Figure 5.13A) domain. The importance of this region has previously been implicated in biased 
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agonism, with greater effects of mutations in this region on pERK (potentially arrestin 

mediated) than second messenger signaling (G protein mediated)(Wootten et al. 2016a). 

Interestingly, the mutagenesis study revealed residues within the top of TM6 and TM7 were 

important for affinity and cAMP functional affinity and efficacy of GLP-1, Exendin-4 and 

Oxyntomodulin. These regions were also important for Exendin-P5, however, the effects 

manifested only in functional affinity and efficacy, highlighting common roles of these regions 

in activation of Gas (albeit there were distinctions in importance of individual residues within 

these regions that differed in their magnitude of effect between ligands).  In the static structures 

and MD simulations, GLP-1, Exendin-4 and Oxyntomodulin all form direct interaction with 

residues within the top TM6 that are not seen in the Exendin-P5 structure, while all ligands 

form interactions with TM7. This can be explained by the structural data, once again comparing 

the GLP-1 and Exendin-P5 structures where the conformation of the backbone of TM6/ECL3 

in the region of D372ECL3 is the most different. D372 ECL3 at the TM6/ECL3 boundary forms 

key interactions with charged residues either within TM5 or the ligand itself when GLP-1, 

Oxyntomodulin or Exendin-4 are bound, but no interactions when Exendin-P5 is bound. The 

lack of this interaction can account for the more outward movement of TM6/ECL3 boundary 

in the presence of Exendin-P5 as interactions of charged residues with D372 ECL3 in the other 

structures limits this outward movement.  These differences may explain the effect of mutation 

to D372 ECL3 (D372 ECL3A) which played no role in ExP5, but was crucial for all other ligands, 

reducing their affinity to an extent that closely matched that of Exendin-P5.  

 

Interestingly, F3676.56 is located deeper within TM6. This residue when mutated to alanine had 

the opposite effect when mutated to alanine, resulting in a large reduction in both the functional 

affinity and the efficacy of Exendin P5, but with much smaller effects with the other agonists 

assessed. This may be a consequence of the limited interactions of the Exendin P5 peptide with 

regions higher up in TM6 that are important for interactions with the other ligands, such that 

resides that reside deeper in the bundle within TM6 have a greater role for this peptide than the 

other agonists. 

 

Consistent with published work, residues located deep within the GLP-1R binding site that 

form part of a highly conserved polar network in class B GPCRs (R1902.60, N2403.43, E3646.53 

and Q3947.49), play a much smaller role in the affinity and efficacy of Oxyntomodulin, but were 

crucial for the behavior of the other peptide agonists, including Exendin-P5. Analysis of the 
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static structure revealed differences in the conformation of residues within this network in the 

oxyntomodulin-bound structure compared to the other three structures (Figure 5.14). R1902.60 

forms direct interactions with all ligands in the static structures, which presumably disrupts 

ground state interactions that trigger rearrangement of the polar network that is crucial to allow 

the receptor to adopt an active state and allosterically transmit signals to the intracellular face.  

Interestingly interactions of GLP-1, Exendin-4 and Exendin-P5 are via a negative charged 

glutamic acid whereas Oxyntomodulin forms a weaker interaction through a glutamine residue. 

Chimeric peptides between GLP-1 and oxyntomodulin when tested at the R1902.60A mutation, 

switched the mutagenesis profile with Q9 GLP-1 resembling WT oxyntomodulin and E3 

oxyntomodulin resembling WT GLP-1 (Wootten et al., 2016). This set of data reveals how 

different ligands can have vastly different requirements for this residue within the TM bundle 

for receptor activation and signalling, albeit despite this, in all cases this network still undergoes 

a reorganisation to allow activation. The differences in how this network reorganizes may 

account for some of the biased agonism profiles observed between different peptide ligands.  

 

E3646.53 within this central polar network has a particularly interesting binding profile for 

exendin P5 that is not seen for the other peptides. In the peptide bound structures, this residue 

does not directly contact the peptide ligands, but instead forms extensive hydrogen-bond 

interactions that stabilise this central polar network. Interestingly Ala mutation of this residue 

had little effect on the pIC50 calculated from a three-parameter curve fit for any of the ligands. 

However, for exendin P5 (but not the other ligands), the inhibition curve is clearly biphasic and 

the data does not fit well to the three-parameter curve fit (and as such the reported pIC50 from 

the global analysis, does not capture this effect). The “high affinity” phase of this curve clearly 

has a higher pIC50 value than the one estimate from the three-parameter fit, however a biphasic 

model could not be fit to the data as this would require more data points (ie half log 

concentrations). This suggests upon binding of exendin P5 to this mutant receptor, the receptor 

more readily adopts an active state, relative to when the standard peptide ligand is bound. This 

is likely due to the influence of this residue on the conformation of TM6 and TM7, which in 

exendin P5 bound structure adopts a distinct conformation relative to when the other peptides 

are bound. There is also the potential this is due to enhanced allosteric influence of G protein 

binding to exendin P5 affinity at this mutant receptor relative to the other peptides suggesting 

that this side chain is important for allosteric communication between the G protein and agonist 

binding site and that its influence differs in a peptide dependent manner. Further experiments  
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Figure 5.13: Overlay views of the active GLP-1R bound to GLP-1 (blue), oxyntomodulin 
(green), exendin-P5 (purple) and exendin-4 (red) highlighting differences in, TM6-ECL3 (A) 
and The extracellular face.(B)   
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N2403.43 

Q3947.49 

Figure 5.14: Polar network of residues at base of the GLP-1R binding pocket when bound 

by  GLP-1 (blue), Oxyntomodulin (green), Exendin-P5 (purple) and Exendin-4 (red)  

highlighting a different rearrangement of this network in the oxyntomodulin bound 

structure. 
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with more concentrations of agonist, as well binding studies in the absence and presence of G 

protein would be required to fully discern this. Two further residues, Y1521.47 and Y241343 also 

participate in stabilising the polar network at the base of the GLP-1R binding pocket in all four 

cryo-EM structures described in this study, and this observation has not be reported previously. 

Mutation of these residues to alanine affected the pharmacology of all 4 peptide agonists 

highlighting the importance of these residue in the stabilization of the important polar network 

in core of the receptor (Wootten et al., 2013)(Wootten et al., 2016). Interestingly, Y2413.43A 

reduced the affinity for all agonists but only reduced the efficacy for Exendin P5. In contrast, 

Y1521.47A had a large influence on affinity for GLP-1, Oxyntomodulin and Exendin-4, but not 

Exendin P5. However, similar to Y2413.43A, this mutation only altered functional affinity of 

Exendin P5. This is consistent with the overall observations that only transient interactions are 

formed with this peptide with individual residues, but that these are important for functional 

coupling to the cAMP pathway. Y1521.47 is also crucial for efficacy for all ligands as its 

removal by mutation to alanine reduced efficacy for all ligands, albeit the importance was 

greater for exendin-P5 efficacy relative to the other peptides. This highlights that stabilization 

of the central polar network is crucial for the function of all agonists, however it has a much 

smaller influence of Exendin P5 affinity compared to the other ligands. In contrast, the 

stabilisation of the polar network is critical for Exendin P5 efficacy. 

 

Key residues located 2 turns above residues that form this polar network within TM2 also play 

key roles in receptor function. K1972.67 forms direct interactions with all 4 peptides in the cryo-

EM structures and not surprisingly, its mutation to alanine dramatically reduces the affinity of 

all four peptides (>70-fold for GLP-1, Oxyntomodulin and Exendin-4 and undetectable for 

Exendin P5). This residue has a smaller role in efficacy, nonetheless was also important for 

efficacy for all 4 ligands. Within the structures, it was also evident that the side chain of 

K1972.67 was stabilised by a salt bridge interaction with D1982.68. In accordance, mutation of 

this side chain to alanine resulted in similar (albeit effect sizes were smaller) patterns of 

response to mutation of K1972.67 and highlighting the key roles of these two residues in receptor 

function.  

 

Another key and interesting residue assessed in this thesis for the first time was that if Q2343.37, 

also located 2 helical turns above the conserved polar network. Within the cryo-EM structures, 

this residue forms hydrogen bond interactions with the N-terminal Histidine of GLP-1, 

Oxyntomodulin and Exendin-4 and accordingly, mutation of Q2343.37 resulted in reduction of 
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affinity. In contrast, Exendin P5, which lacks a histidine residue at its N-terminus did not form 

any direct interactions with Q2343.37, consistent with the lack of effect of mutation on its 

pharmacological profile. 

 

This mutagenesis study, in combination with accompanying structures and molecular dynamics 

studies have revealed key differences in the role the residues within the TM peptide binding 

site of the GLP-1R in affinity and cAMP efficacy. Exendin-P5 is a much lower affinity peptide 

than GLP-1, Exendin-4 and Oxyntomodulin, and this is reflected in the mutagenesis data where 

the TM binding pocket contributed little to its overall affinity, however the role of residues in 

this pocket on cAMP functional affinity and efficacy revealed the requirement for the N-

terminus of this ligand to engage the bundle for  promoting downstream signalling. There were 

also distinctions in the regions of the receptor important for affinity and activation between the 

four different agonists that can link their different pharmacological profiles. The extracellular 

surface has already been shown to be important in the generation of signaling and biased 

agonism but combined with new structural information, we can begin to see how specific 

interactions or interactions with distinct topographical areas of the receptor can contribute to 

differences in receptor pharmacology. Harnessing this information can lead to more rational 

drug design targeting areas from which certain signaling profiles arise if a physiologically 

beneficial profile can be determined. 
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WT M2042.74A Y2052.75A S206ECL1A Q210ECL1A
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WT Q2343.37A V2373.40A N2403.43A Y2413.44A

W297ECL2A T298ECL2A R299ECL2A N300ECL2A W3065.36A
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K3837.38A

A B C

D E F

Figure S5.1). Competition binding studies for WT and alanine mutant GLP-1 receptors 

showing the ability of unlabelled Exendin (9-39) (A-F), to compete with the tracer, I125 

Exendin(9-39). Data are expressed as % specific binding by normalizing to the value for I125 

Exendin(9-39) binding in the absence of unlabeled ligand (100 %) and in the presence of a 

saturating concentration of unlabeled Exendin(9-39). Data were fit to a one-site inhibition 

binding curve. All values are grouped data showing the mean ± SEM of 3-4 independent 

experiments performed in duplicate. 
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My thesis project continued the extensive work performed by our laboratory, and others, to 

understand biased profiles of novel GLP-1R agonists, the contribution of individual transducers 

to GLP-1R downstream signalling and to use mutagenesis studies to understand structure-

function relationships and how distinct residues within the GLP-1R contribute to binding, 

signalling and biased agonism for different ligands. Numerous studies have been reported that 

identify biased ligands for the GLP-1R, however, the majority of these have focused on 

generating and characterising the behaviour of novel full-length peptides (Koole et al., 

2013)(Hager et al. 2017). More recently, smaller peptides have emerged that were designed to 

predominantly engage the TM domain of the GLP-1R (Hoang et al., 2015). The work in chapter 

3 of this thesis builds on the work of others in the field, reporting the characterisation of a series 

of novel 11mer GLP-1R peptide agonists that were generated by our collaborators at Pfizer. 

 

Recent work exploring the structure and pharmacology of the GLP-1R (and other class B 

GPCRs) suggest that the conformation and dynamics of the GLP-1R ECD in the presence of 

different ligands may be linked to biased agonism profiles (Lei et al., 2018). 11mer peptides 

designed to mimic the N-terminus of full-length peptides are predicted to form only limited 

engagement with the GLP-1R ECD and would therefore be expected to induce different GLP-

1R ECD conformations or dynamics to that stabilised by full length ligands. In turn, it would 

be expected that unique pharmacological profiles might be observed from these types of 

agonists relative to full length peptides. While the affinity of the 11mer peptides characterised 

in this thesis were lower than full length GLP-1, which was expected given that they form 

fewer contacts with the receptor, surprisingly, some of the 11mer peptides, including 1B 

displayed remarkedly similar bias profiles to GLP-1. Nonetheless modifications within the 

parent 11mer scaffold (1B) resulted in a range of 11mer peptides with quite distinct signalling 

profiles, which included changes in signalling to beta arrestin, pERK1/2 and/or calcium 

mobilisation relative to cAMP production. Therefore, this study revealed how small changes 

between similar peptides can lead to divergent signalling and biased agonist profiles. 

 

Within the 11mer study, a range of peptide ligand SAR was performed around the parent 

scaffold 1B, where a wide range of changes were made within a select few positions including 

positions 1, 6, 10 and 11. This study found that alterations to the first residue of the peptide (a 

histidine in native GLP-1) was the biggest determinant in how well a ligand would bind and 

subsequently signal. This was not surprising as for the majority of class B GPCRs (including 

the GLP-1R) modifications to the N-terminal His in their native peptides, often result in 
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reduced affinity, altered efficacy or non-functional ligands. Alterations to other locations in the 

1B 11mer scaffold (6, 10 or 11) induced more subtle changes in ligand signalling profiles, and 

these effects differed depending on the composition of the residue in the first position.  

 

Two cyclised 11mers, 3 and 14, were also generated around the 1B scaffold incorporating 

cyclic constraints between position 5 and 9 (3) by the addition of a lactam bridge and positions 

2 and 5 (14) by a di-sulphide bond. 11mer 14 was a poor binder but was relatively better at 

signalling (relative to its affinity), however 11mer 3 had higher affinity than 1B, but reduced 

ability to signal. Given the open binding pocket observed in class B GPCR structures, it is 

unlikely that the constrained peptides were too bulky to engage the receptor TM core, however, 

it is more likely that they were constrained into a conformation that  either altered the ability 

of the peptide to engage in an optimal conformation for high affinity (11mer 14) or that enabled 

efficient binding within the receptor but had limited flexibility to enable full receptor function 

(11mer 3).  

 

While this study revealed promise in the use of short peptides as an avenue for generating novel 

ligands, there are a range of future studies that would be interesting to explore. In continuing 

experiments on this set of peptides, it would be interesting to investigate a more thorough 

examination of pathways that the GLP-1R is capable of activating, including additional MAP 

kinase pathways that are important for GLP-1R function. Investigating the ligand binding 

kinetics would also be beneficial to determine how these alterations affect residence time and 

how that might relate to changes in signalling output. Finally, understanding how the receptor 

is trafficked post activation by these 11mer ligands would be incredibly pertinent information 

given the potential for internalised GLP-1Rs to signal from endosomes, and for the location of 

the activated receptor within the cell to alter the profile of signalling through the generation of 

compartmentalised signals (Fletcher et al., 2018).  Beyond experiments in a recombinant 

systems, taking these novel ligands into more physiologically relevant cell lines (for example 

INS-1/823) or primary cells would be important to see how they change signalling in more 

native systems, for example in promoting insulin secretion. The exploration of some of these 

peptides in in vivo models of diabetes would also be exciting, to determine the potential of 

some of these novel biased profiles to provide therapeutic advantages. A toolbox of ligands 

with distinct chemistries and pharmacologies are important for developing concepts such as 

biased agonism so that they can be exploited for therapeutic advantage. Novel tools widen the 

scope of available ligands targeting this receptor enabling a wider exploration of chemical and 
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conformational space that can be explored in in vivo studies to understand the implications of 

biased agonism for this important therapeutically relevant GPCR.    

The fourth chapter within this thesis explored a range of peptide agonists in series of HEK-293 

cells where Gα proteins or β arrestin’s were deleted via CRISPR/Cas9 technology (Alvarez-

Curto et al., 2016). These were used to assess the role that each subfamily of signalling effectors 

had on the contribution to individual signal pathways produced by distinct biased agonists. 

Using GLP-1(7-36)NH2, oxyntomodulin, Exendin-4, Exendin-P5 and 11mers with interesting 

pharmacology identified from chapter 3 of this thesis, I assessed the role of select transducer 

subfamilies for GLP-1R-mediated cAMP accumulation, iCa2+ mobilisation and β arrestin 

recruitment. As expected, the cognate Gα protein for each of the relevant pathways was 

absolutely required for the initiation of cAMP (Gαs) and iCa2+ (Gαq/11). Despite the absolute 

requirement of the canonical G protein, there was also involvement of other signalling effectors 

that occurred in a ligand-dependent manner. For cAMP accumulation there was a ligand-

dependent requirement of Gαi/o for production of cAMP, which is in contrast to the canonical 

role of Gαi/o but consistent with previous reports for the GLP-1R (Wootten et al., 2016a). 

Interestingly, Gα12/13 played a role in cAMP accumulation and also modulated the amount of 

iCa2+ mobilisation observed, while deletion of Gαs decreased both potency and maximum Ca2+ 

response suggesting a positive modulation of this pathway by Gαs. Surprisingly, β arrestin 

deletion increased potency for the Ca2+ mobilisation pathway when activated by GLP-1 and 

Exendin-P5, with no effect on exendin-4 and oxyntomodulin. β arrestins can play multiple roles 

in GLP-1R signalling, one of which is ligand-induced receptor internalisation. There is the 

potential that β arrestin-mediated receptor movement from the plasma membrane is required 

for full iCa2+ signalling for select ligands. However, GLP-1R internalisation is reported to only 

be partially dependent on β arrestins and the β arrestin biased agonists exendin-4 and 

oxyntomodulin were less impacted by deletion of these proteins (relative to GLP-1 and 

Exendin-P5).   Interestingly, we also revealed that recruitment of β arrestin to the GLP-1R was  

not dependent on G protein recruitment and activation as the deletion of all G alpha proteins 

resulted in enhanced ligand-dependent recruitment of β arrestin.  

 

Future directions to expand on the work presented in chapter 4 include expanding the pathways 

assessed in the CRISPR engineered cell lines to include pERK1/2 and other MAP kinases. 

Including more ligands in this study would also be informative, including producing a complete 

set of data for the 11mer ligands, additional peptides that are used as approved therapeutics, 

other ligands with novel bias and small molecule ligands. Investigating the receptor 
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internalisation and trafficking in the absence of different signalling effectors would provide 

additional information on the role of transducer in promoting ligand-induced receptor 

trafficking. There are many often contradictory reports in the literature regarding the 

mechanism by which the GLP-1R internalises, including via β arrestin-dependent and Gαq/11-

dependent mechanisms. These cell lines provide a mechanism to assess this further, however, 

the caveats that CRISPR modified cell lines may undergo adaptive changes to the WT cells 

also need to be taken into account when interpreting data from these systems. 

  

Chapter 5 of my thesis was an extension of a larger mutagenesis project within the laboratory, 

which includes mapping of residues throughout the GLP-1R for their role in peptide ligand 

binding, activation and cellular signalling. My study explored the role of residues that line the 

peptide agonist binding site within the GLP-1R to determine their importance in peptide 

affinity and cAMP signalling. Simultaneously to this, structural biology efforts in our 

laboratory have led to the determination of multiple structures for the GLP-1R, bound with 

different ligands and coupled with Gαs. This included our recently published exendin P5 bound 

GLP-1R structure (Liang et al., 2018b) a higher (2.1A) resolution GLP-1 bound structure that 

addressed many modelling errors within the previously solved structure by the Skiniotis group, 

in addition to an exendin-4 and oxyntomodulin bound structure. Using large scale mutagenesis 

data, in combination with mutational data and MD simulations, allowed for detailed 

interpretation of the role of residues that directly contact ligands within the GLP-1R peptide 

binding site. Overall, we confirmed the importance of individual residues in the affinity and 

activation (for cAMP) for individual peptide agonists providing detailed maps for the role of 

individual residues for different parameters of receptor function. Interestingly, we could link 

the more open bundle in the static structure of the exendin P5-bound GLP-1R (relative to other 

peptide ligands) with the mutagenesis and MD data to identify that exendin P5 formed more 

transient interactions than the other peptides, likely due to the increased space in the bundle. 

This resulted in a smaller requirement of any one residue for ligand affinity. However, while 

this was true for affinity, interactions formed by these residues were crucial for coupling ligand 

binding to the cAMP pathway. Similar to the other agonists, the pKa of exendin-P5 was 

impacted heavily by mutations to residues in this extracellular facing pocket. This was in stark 

contrast to affinity values for exendin P5 which suggests that multiple states (not just the Gαs 

bound state) contribute to the overall affinity of exendin P5.  
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The potency of the cAMP response of exendin P5 was very similar to the response of the native 

peptide, which was surprising, especially when compared to its affinity, which was 100-fold 

lower than GLP-1. This suggests that ligands that form more transient interactions deep within 

the bundle result in higher efficacy within the cAMP pathway. This may arise because peptides 

(such as GLP-1) that form tighter, more sustained interactions with the receptor may couple 

more strongly to the Gs protein, but promote less turnover due to the tighter interactions 

allowing less flexibility. This would be consistent with the higher affinity for these ligands in 

overall affinity measures also correlating with their functional affinity measurement but having 

lower efficacy (i.e. they couple more strongly to Gαs, but turnover less G protein). In contrast, 

those that form weaker interactions promote weaker engagement of the G protein that allow 

for faster activation (as this requires G protein dissociation), hence resulting in higher overall 

efficacy. This phenomenon has been observed previously with the calcitonin receptor where 

lower affinity agonists are more efficacious ligands (Furness et al., 2016). 

 

Differences in the GLP-1R conformation were observed in the static cryo-EM structures that 

may be linked to differential efficacies and biased agonism of the GLP-1 receptor. The TM6-

ECL3-TM7 region was the area of the receptor where the largest conformational differences 

were observed with the different ligands bound. Interestingly, this is a key region within the 

GLP-1R that has been previously linked to biased agonism (Wootten et al., 2016a) Cysteine 

cross linking studies performed in the related secretin receptor show that a receptor occupies 

many transient states as the ligand binds the receptor and that ECL3 is a key region for 

maintenance of the ground state and transition to an active state or states (Dong et al., 2016). 

Mutations within ECL3 may interrupt receptor contacts made in the transient inactive states 

and impede or alter the ability of ligands to transition the receptor to active state(s). This would 

result in mutant receptors that occupy different active conformations that change the ability of 

the receptor to couple to the cAMP pathway, however the ability to see ligand-dependent 

differences in the mutation profiles from this region, further confirm the importance of this 

region in defining the biased profiles of different agonists. 

 

There are many additional studies that could be performed to extend the work presented in 

chapter 5. Firstly, the number of signalling pathways that were assessed could be increased to 

include other signalling pathways including iCa1+, pERK1/2 and other MAP kinases and 

arrestin recruitment. Determination the functional importance of diverse ligand-receptor 

interactions to different signalling outputs will provide unprecedented information on the role 
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of distinct peptide contacts with different regions of the receptor that contribute to activation 

of unique pathway combinations and also how different ligands can promote individual 

activation profiles. Testing additional ligands in our panel of mutant receptor cell lines, for 

their ability to bind to and signal through these mutant receptors will expand knowledge of how 

different classes of ligands commonly or uniquely engage the TM domain. This could include 

the 11mers that were characterised in the first part of my thesis or other therapeutically relevant 

ligands for the GLP-1R that we have access to (i.e; Liraglutide, Lixisenatide etc.), as well as 

other biased ligands that have been identified for the GLP-1R. Other interesting ligands that 

have been assessed in our lab in structural studies include non-peptide agonists with very 

unique signalling profiles and that bind in distinct manners to the receptor relative to peptide 

agonists, such as TT-OAD2 (Zhao et al., 2020). Studies assessing kinetics of ligands on select 

mutations would also be informative as we attempt to understand the mechanism through which 

ligands reach their final binding pose. Finally, some understanding of how these altered 

signalling outputs are linked to coupling to effector proteins, and how mutations within the 

receptor impact this could be explored using the HEK239 CRISPR KO cells that I utilised in 

chapter 4 of this thesis. 

 

Overall my thesis has extended knowledge on biased agonist profiles and the mechanisms for 

which these arise for a toolbox of ligands for the GLP-1R. Novel ligands with unique biased 

profiles provide additional tool compounds that could be used to increase our understanding of 

the ideal biased profiles to target for the best therapeutic outcomes for future drug development 

(ie through future correlation to in vivo studies). Understanding mechanistic details of how 

these biased profiles arise both at the cellular and structural level will facilitate structure-based 

drug development of novel therapeutics with specific biased profiles that can be used in future 

development programs to design better and improved agonists to target the GLP-1R system. 
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a b s t r a c t

The glucagon-like peptide-1 receptor (GLP-1R) is a class B G protein-coupled receptor that is a major
therapeutic target for the treatment of type 2 diabetes. Activation of this receptor promotes insulin secre-
tion and blood glucose regulation. The GLP-1R can initiate signaling through several intracellular path-
ways upon activation by GLP-1. GLP-1R ligands that preferentially stimulate subsets among the
natural signaling pathways (‘‘biased agonists”) could be useful as tools for elucidating the consequences
of specific pathways and might engender therapeutic agents with tailored effects. Using HEK-293 cells
recombinantly expressing human GLP-1R, we have previously reported that backbone modification of
GLP-1, via replacement of selected a-amino acid residues with b-amino acid residues, generates GLP-1
analogues with distinctive preferences for promoting G protein activation versus b-arrestin recruitment.
Here, we have explored the influence of cell background across these two parameters and expanded our
analysis to include affinity and other key signaling pathways (intracellular calcium mobilization and ERK
phosphorylation) using recombinant human GLP-1R expressed in a CHO cell background, which has been
used extensively to demonstrate biased agonism of GLP-1R ligands. The new data indicate that
a/b-peptide analogues of GLP-1 exhibit a range of distinct bias profiles relative to GLP-1 and that broad
assessment of signaling endpoints is required to reveal the spectrum of behavior of modified peptides.
These results support the view that backbone modification via a? b amino acid replacement can enable
rapid discovery of peptide hormone analogues that display substantial signal bias at a cognate GPCR.

! 2017 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus is a chronic metabolic disorder charac-
terized by insulin resistance, decreased insulin production, and the
gradual failure of pancreatic b cells [1]. These features result in
consistently high glucose levels in patients [2], a condition that
can lead to severe complications and premature death [1]. Current
diabetes treatments include insulin-sensitizing agents [3], exoge-
nous insulin [4], and, more recently, agonists of the glucagon-like
peptide 1 receptor (GLP-1R) [5]. This receptor has garnered interest
because of its role not only in regulating blood glucose levels, but
also in promoting other cellular and physiological outcomes that
are impaired in diabetic patients; GLP-1R agonists increase satiety,
decrease gastric emptying and enhance b cell health [6]. The most
potent native agonists of the GLP-1R are two closely related forms
of the glucagon-like peptide-1, which are designated GLP-1(7–36)

NH2 and GLP-1(7–37). Both are generated via processing of a
longer precursor. These two peptides are referred to collectively
as ‘‘GLP-1” below.

Binding of GLP-1 to the extracellular surface of the GLP-1R pro-
motes recruitment of several G proteins, including Gas, Gaq, Gai

and Gao [7–9], as well as b-arrestin-1 and b-arrestin-2, to the
cytoplasmic surface of the receptor [9,10]. While Gs stimulation
is principally linked to activation of adenylate cyclase and cAMP
formation, the canonical driver of GLP-1-stimulated insulin secre-
tion [6], Gs, Gq and Gi/o proteins can each lead to mobilization of
intracellular calcium and/or ERK1/2 phosphorylation, in a ligand-
and cell-type-specific manner [7–9]. b-Arrestins can modulate cell
proliferation and apoptosis, at least in part through activation of
MAPKs such as ERK1/2 [11,12], while also playing a role in
b-cell-mediated insulin secretion [11].

The pleiotropy of signaling initiated by GPCRs allows for the
potential of individual ligands of a specific receptor to generate dis-
tinct profiles of response, a phenomenon termed biased agonism
[13–15]. At a receptor level, bias is engendered by unique interac-
tions between ligands and the receptor that, in turn, can stabilize
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distinct ensembles of conformations that promote differential
engagement with effector proteins (e.g., a G protein or a
b-arrestin) [16,17]. Biased agonists have received substantial
attention for their potential as tools for elucidating GPCR signaling
mechanisms, and as therapeutic candidates that might exert
focused physiological effects by minimizing activation of pathways
other than those that offer therapeutic benefit [15,18,19].

Oxyntomodulin, a natural ligand for the GLP-1R, and the
clinically approved agonist exendin-4 exhibit bias in canonical
signaling pathways and for arrestin recruitment, relative to
GLP-1 in recombinant expression systems [9,20,21,25] and in
insulinoma cells that natively express the GLP-1R [9]. Moreover,
an N-terminally modified form of exendin-4, termed exendin P5,
that exhibited bias away from arrestin recruitment (i.e.,
G protein-biased relative to exendin-4), was better than exendin-
4 at correcting hyperglycaemia in rodent models of type 2 diabetes,
despite being less efficacious than exendin-4 at promoting insulin
secretion. This provides evidence that biased agonists of the GLP-1R
may provide novel opportunities for therapeutic intervention [23].

Exploitation of biased agonism for therapeutic development
requires an understanding of the optimal signaling profile for ther-
apeutic benefit while minimizing on-target side effect profiles.
While signaling outputs, such as cAMP, calcium and b-arrestin-1
have been linked to insulin secretion and beta cell survival, little
is known regarding the optimal activation of these pathways rela-
tive to one another or of signaling pathways required for other
actions, such as satiety and decreased gastric emptying and gluca-
gon secretion, that are mediated by GLP-1R activation. In addition,
signaling outputs that lead to undesired outputs of GLP-1R activa-
tion are also unknown. To fully understand these processes
requires a toolbox of biased agonists with distinct biased profiles
that are suitable for translational in vivo studies.

Recently, we have begun to explore a non-traditional approach
to generate new GLP-1 analogues, involving replacement of
selected a-amino acid residues with b-amino acid residues
(Fig. 1A) [24,26]. This backbone-modification strategy has pro-
duced ‘‘a/b-peptides” that provide resistance to degradation by
proteases [36,37]; proteolysis can limit the in vivo efficacy of
a-peptides. This approach identified b-arrestin-biased GLP-1R ago-
nists (relative to cAMP production) in the context of HEK-293 cells
recombinantly expressing the human GLP-1R [24]. Backbone mod-
ification has received relatively little attention as an approach to
the design of peptide hormone analogues, but holds significant
promise for generation of novel peptides [22,24,26–33].

The ability to detect bias and indeed the observed direction of
bias are dependent upon the breadth of endpoints studied and
the cellular system used to explore this behavior. While the prox-
imal driver for biased agonism may be at the level of receptor con-
formation, the expression of this bias (the observed bias) is
critically dependent upon the expression, quantity and localization
of effector and regulatory proteins within each cellular context. To
explore the bias relative to other well characterized biased pep-
tides, such as oxyntomodulin and exendin-4, required profiling
these ligands in the same cellular background.

The studies described below provide a new and deeper under-
standing of the signaling properties of P1–P9 at the GLP-1R by ana-
lyzing these peptides in a different cellular context (recombinantly
expressed human GLP-1R in CHO cells, in contrast to the HEK293
cells used in previous studies) and extending the pharmacological
characterization of these peptides. This includes measuring pep-
tide affinities, and broadening the range of signaling endpoints to
include ERK1/2 phosphorylation and intracellular calcium mobi-
lization. These latter endpoints are both relevant to the physiolog-
ical signaling of the GLP-1R and have been characterized in this cell
background in response to other biased agonists of the GLP-1R.
Thus, the new data allow direct comparison of biased profiles of

the a/b-peptides with bias profiles of previously studied peptides
and expands the pharmacological toolbox, providing a wider range
of ligands that can be used for exploring the potential of biased
GLP-1R profiles for therapeutic advantage.

2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), hygromycin-B,
and Fluo-4 acetoxymethyl ester were purchased from Invitrogen
(Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from
Thermo Fisher Scientific (Melbourne, Victoria, Australia). AlphaS-
creenTM reagents, and LANCE HTRF cAMP kit were purchased from
PerkinElmer Life Sciences (Waltham, MA, USA). SureFireTM ERK1/2
reagents were generously supplied by TGR Biosciences (Adelaide,
South Australia, Australia). GLP-1 was purchased from Mimotopes
(Victoria, Australia).

All other reagents were purchased from Sigma (St. Louis, MO,
USA) or BDH Merck (Melbourne, Vic, Australia) and were of an
analytical grade.

2.2. Peptide synthesis

Peptides were synthesized in house as previously described
[24].

2.3. Transfections and cell culture

Wildtype GLP-1R was isogenically integrated into FlpIn-Chinese
hamster ovary (FlpInCHO) cells (Invitrogen), and selection of
receptor-expressing cells was accomplished by treatment with
600 lg/mL hygromycin-B as previously reported [41]. Transfected
and parental FlpInCHO cells were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 5% (v/v) FBS, 600 lg/mL
hygromycin-B and incubated in a humidified environment at
37 "C in 5% CO2. FlpInCHO cells stably expressing the GLP-1R were
used at passages 18–32. FlpInCHO cell lines stably expressing GLP-
1 receptor-Rluc8 and b-arrestin-1-Venus were used at passages
16–35. FlpInCHO cell lines stably expressing GLP-1 receptor-
Rluc8 and b-arrestin-2-Venus were used at passages 15–33.

2.4. Radioligand binding assays

GLP-1R FlpInCHO were seeded at a density of 3 ! 104 cells/well
into 96-well culture plates and incubated overnight at 37 "C in 5%
CO2, and radioligand binding carried out as previously described
using 125I-GLP-1 as the radioligand [42]. Briefly, binding assays
were performed on whole cells incubated overnight at 4 "C with
0.05 nM 125I-GLP-1 tracer and increasing concentrations of unla-
beled peptide. Cells were washed, solubilized in 0.1 M NaOH and
radioactivity determined by c-counting. Non-specific binding was
defined by the amount of 125I-GLP-1 binding in the presence of sat-
urating concentrations of unlabeled GLP-1 (1 lM). For analysis,
data were normalized to the specific binding for each individual
experiment.

2.5. cAMP accumulation

GLP-1R expressing FlpInCHO cells were seeded at a density of
3 ! 104 cells/well into 96-well culture plates and incubated over-
night in DMEM containing 5% FBS at 37 "C in 5% CO2. Growth
media was replaced with stimulation buffer (phenol red-free
DMEM containing 0.1% (w/v) BSA, 5 mM HEPES and 0.5 mM
3-isobutyl-1-methylxanthine) and incubated for 30 min at 37 "C
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in 5% CO2. Cells were stimulated with increasing concentrations of
peptide ligand and incubated for 30 min at 37 "C in 5% CO2. The
reaction was terminated by rapid removal of the ligand-
containing buffer and addition of 50 lL of ice-cold 100% ethanol.
After ethanol evaporation, 75 lL of lysis buffer (0.1% (w/v) BSA,
0.3% (v/v) Tween 20, and 5 mM HEPES, pH 7.4) was added, and
5 lL of lysate was transferred to a 384-well OptiPlate (PerkinElmer
Life and Analytical Sciences).

The amount of cAMP present in each sample was determined
using the Lance cAMP kit (PerkinElmer) with modifications to the
manufacturers’ instructions. Briefly, 5 lL of the antibody solution
(100-fold dilution of Alexa Fluor 647-anti cAMP antibody solution
in detection buffer) was transferred into each well containing
lysates/cAMP standard in reduced lighting conditions and incu-
bated for 30 min at room temp. 10 ll of detection mix (1:1:124
of solution 1 (2.5% v/v Eu-W8044 labeled streptavidin (Eu-SA)),
solution 2 (8.75% v/v Biotin- cAMP) and detection buffer respec-
tively) was added to each well in reduced lighting conditions,
and the plate was incubated at room temperature for 1 h.

HTRF (Homogeneous Time Resolved Fluorescence) for each
sample was detected using an EnVisionTM plate reader with excita-
tion at 320 nm and emission at 615 nm. cAMP was determined for
all samples via conversion to concentration of cAMP using a cAMP
standard curve that was detected in parallel. Data were normalized
to the maximal response elicited by GLP-1, with 0% representing
the concentration of cAMP in the presence of vehicle and 100% rep-
resenting the concentration of cAMP in the presence of 100 nM
GLP-1. 100 lM Forskolin was used as a positive control.

2.6. ERK1/2 phosphorylation

GLP-1R expressing FlpInCHO cells were seeded at a density of
3 ! 104 cells/well in DMEM with 5% FBS into 96-well culture
plates. The following day, the media were aspirated and the cells
were washed twice with 100 lL PBS. 90 lL of serum free DMEM
was then added and the cells were incubated overnight at 37 "C,

5% CO2. Ligand-mediated pERK1/2 was determined using the
AlphaScreenTM ERK1/2 SureFireTM protocol as previously described
[43]. Prior to generation of concentration response curves, initial
pERK1/2 timecourse experiments were performed over 1 h using
high concentrations of peptide ligand (1 lM) to determine the time
at which pERK1/2 was maximal after stimulation by agonists. Con-
centration response curves were then generated at this peak time
point for each ligand. The kinetics of pERK1/2 response were sim-
ilar for all ligands, peaking at 6 min. Data were normalized to the
maximal response elicited by GLP-1, with 0% representing the
RFU measured in the presence of vehicle and 100% representing
the RFU measured in the presence of 100 nM GLP-1. 10% FBS,
determined at 6 min was used as a positive control.

2.7. Intracellular calcium mobilization

GLP-1R expressing FlpInCHO cells stably were seeded in clear
96-well plates, at a density of 3 ! 104 cells/well, in growth media
and allowed to adhere overnight. On the day of assay, cells were
washed twice with 100 lL modified Hanks buffered saline solution
(HBSS containing; 150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2,
10 mM D-glucose, 10 mM HEPES, 2.2 mM CaCl2, 2 mM probenecid,
0.5% (w/v) bovine serum albumin) and, in light diminished
conditions, incubated for 1 h at 37 "C with the cell permeant Ca2+

fluorophore, Fluo-4AM (final concentration of 10 lM). After incu-
bation, the assay plates were transferred to a Molecular Devices
FlexStation (Molecular Devices, Palo Alto, CA, USA) and robotic
addition of ligands was performed. Fluorescence was determined
immediately after peptide addition, with an excitation wavelength
set to 485 nm and an emission wavelength set to 525 nm, and
readings were taken every 1.36 s for 120 s. Peak magnitude was
calculated using five-point smoothing, followed by correction
against basal fluorescence. The peak value was used to create
concentration-response curves. Data were normalized to the max-
imal response elicited by GLP-1, with 0% representing the RFU
measured in the presence of vehicle and 100% representing the

Fig. 1. A. Amino acids used in this study. Circles indicate non-natural substitutions: circles around the letter ‘‘A” represent a-residue Aib that protects peptides from
degradation by DPPIV and neprilysin, and circles around the letters ‘‘X” and ‘‘Z” represent ring-constrained b-residues (X = ACPC, Z = APC). B. GLP-1(7–36)NH2 and a/b-peptide
analogues 1–9 (based on GLP-1(7–37)NH2). Each peptide has a free N-terminus and a primary amide at the C-terminus.
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RFU measured in the presence of 100 nM GLP-1 100 lM ATP was
used as a positive control.

2.8. b-Arrestin recruitment assays

FlpInCHO cell lines stably expressing GLP-1 receptor-Rluc8 and
either b-arrestin-1- or b-arrestin-2-Venus were generated using
gateway technology. These cell lines were characterized and
described previously [44]. Cells were seeded in 96-well white cul-
ture plates at a density of 4 ! 104 cells/well and cultured for 24 h
in DMEMwith 5% FBS. Cells were rinsed once with HBSS to remove
traces of phenol red and incubated in fresh HBSS for further
15 min. The Rluc substrate coelenterazine-h was added to reach
a final concentration of 5 mM. After a 10 min incubation, the corre-
sponding agonist was added and bioluminescence resonance
energy transfer (BRET) readings were collected using a LumiSTAR
Omega instrument that allows sequential integration of signals
detected in the 465–505 and 515–555 nm windows using filters
with the appropriate band pass. The BRET signal was calculated
by subtracting the ratio of 515–555 nm emission over 465–
505 nm emission for a vehicle treated cell sample from the same
ratio for the ligand treated cell sample. In this calculation, the vehi-
cle treated cell sample represents background and results are
expressed as ligand-induced BRET. This eliminates the requirement
for measuring a donor only control sample. Initial time course
experiments were performed over 20 min to determine the time
at which b-arrestin-1 and b-arrestin-2 recruitment was maximal
for each ligand. Subsequent concentration response data were col-
lected at this peak time (2.5 min for all ligands). Data were normal-
ized to the maximal response elicited by GLP-1, with 0%
representing the RFU measured in the presence of vehicle and
100% representing the RFU measured in the presence of 100 nM
GLP-1.

2.9. Data analysis

All data were analyzed using Prism 6 (GraphPad Software Inc.,
San Diego, CA, USA). For all analyses the data are unweighted
and each y value (mean of replicates for each individual experi-
ment) is considered an individual point. To calculate IC50, EC50

and Emax values, concentration response signaling data were ana-
lyzed as previously described [41] using a three-parameter logistic
equation.

Signaling bias was also quantified as previously described by
analysis of concentration-response curves for functional data with
nonlinear regression using an operational model of agonism mod-
ified to directly estimate the ratio of s/KA [24,25,41].

Y ¼ Emax ! ðsc=KAÞn ! ½A&n

½A&n ! ðsc=KAÞn þ ð1þ ½A&=KAÞn
ð1Þ

where Em represents the maximal stimulation of the system, KA is
the agonist-receptor dissociation constant, in molar concentration,
[A] is the molar concentration of ligand and s is the operational
measure of efficacy in the system, which incorporates signaling effi-
cacy and receptor density. All estimated s/KA ratios included prop-
agation of error for both s and KA. Changes in s/KA ratios with
respect to GLP-1 for each novel peptide was used to quantitate bias
between signaling pathways. Accordingly, bias factors included
propagation of error from s/KA ratios of each pathway.

2.10. Statistics

Changes in peptide affinity, potency, efficacy or bias of each
peptide in comparison to the GLP-1 control were statistically

analyzed with a one-way analysis of variance and Dunnett’s post
test, and significance accepted at p < 0.05.

3. Results

3.1. GLP-1R agonist affinities

We assessed the affinities of GLP-1 and peptides P1–P9 for the
GLP-1R expressed in FlpIn CHO cells via competition with a radio-
labeled antagonist, 125I-exendin (9–39) (Table 1, Fig. 2A). The
resulting IC50 values represent an averaged response arising from
multiple receptor conformations that are present because individ-
ual GLP-1R molecules are presumably engaged by different intra-
cellular partners; in this context the predominant signaling
effector complex will have the most impact.

Incorporation of one (P7), three (P1, P8) or four (P2, P9) b
amino acid residues, regardless of position, led to a (10-fold
reduction in affinity, relative to GLP-1, for the GLP-1R. Addition
of a fifth b residue (P3, P4) further reduced affinity by 10-fold
relative to other a/b-peptides in this set. a/b-Peptide P4 contains
two Aib substitutions, which seem to have little impact on affinity
for the GLP-1R, because P3 and P4 are indistinguishable. This con-
clusion is supported by the observation that a-peptides P5 and P6,
which contain one or both of the Aib substitutions in P4, display
only slightly reduced affinity for the GLP-1R relative to GLP-1.

3.2. Evaluation of cAMP production stimulated by P1–P9

Wemeasured cAMP accumulation in response to P1–P9 in FlpIn
CHO cells stably expressing the human GLP-1R (Table 1, Fig. 2B).
We observed a modest decline in potency arising from a? b
replacement (P1? P2, P3), and a further decline upon Aib replace-
ments (P3? P4). Peptides P5–P7 were similar in potency to GLP-
1, while P8 and P9 displayed substantially reduced potency
relative to GLP-1. We previously assessed the activities of P1–P9
in HEK293 cells transiently transfected with the human GLP-1R,
using a kinetic GloSensor assay [24,45]. The cAMP potencies for
P1–P9 in the current study using an AlphaScreen assay are similar
to those measured in HEK cells using the GloSensor assay [24]. The
similarity between these two assays, involving different cell types,
provides confidence that the trends are robust.

3.3. Evaluation of b-arrestin recruitment stimulated by P1–P9

We assessed b-arrestin-1 and b-arrestin-2 recruitment to the
GLP-1R for P1–P9 using b-arrestin-1 and b-arrestin-2 BRET assays
in FlpInCHO cells stably expressing GLP-1R-Rluc8 and either
b-arrestin-1 or b-arrestin-2-Venus (Table 1, Fig. 2C,D). Among
a/b-peptides P1–P4, we observed substantial declines in the
recruitment of b-arrestins-1 and -2 upon introduction of b resi-
dues, relative to GLP-1, with little or no b-arrestin recruitment by
the maximally modified P4. a-Peptides P5 and P6 were similar
to GLP-1 in terms of recruiting both b-arrestins-1 and -2 to the
GLP-1R. a/b-Peptides P7, P8 and P9 exhibited substantial depres-
sions in the maximum level of b-arrestin-1 and -2 recruited by
the GLP-1R relative to GLP-1. The trends in b-arrestin recruitment
are generally similar between the current set of assays and those
reported previously [24], and the inter-assay differences in peptide
behavior are likely due to differences in cellular background (the
original BRET assays involved transfected HEK293FT cells, while
the new BRET assay were conducted in transfected FlpIn CHO cells)
and differential expression of regulatory proteins between the two
experiments. The previous BRET assays were conducted with cells
that had been co-transfected with GRK5, which enhances the
affinity of b-arrestins for GLP-1R by promoting receptor
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phosphorylation [10,46]. In contrast, GRK5 was not employed in
the current BRET assays; thus, coupling between the receptor
and each b-arrestin should be weakened in the new assays relative
to the original assays. A second difference is specific to the
b-arrestin-2 recruitment assay. The original BRET assay employed
a mutated b-arrestin-2 plasmid (R393E, R395E), which is expected
to enhance the BRET signal by preventing clathrin binding and
subsequent receptor internalization [10,46]. In contrast, native
b-arrestin-2 was used for the current assay.

3.4. Intracellular calcium mobilization stimulated by P1–P9

To further explore how the different pathways activated by
GLP-1 are affected by a? b replacements, we measured the abili-
ties of P1–P9 to promote intracellular calcium mobilization, which
reports on Gaq and Gas activation [9,47–49], in FlpIn CHO cells sta-
bly expressing the human GLP-1R (Table 1, Fig. 2E). Overall, a? b
replacements led to a reduction in calcium mobilization. Incorpo-
ration of three b-amino acid residues (P1) into the C-terminal

region of GLP-1 had the smallest impact on activity, with the
decrease in activity becoming more pronounced for analogues
containing additional a? b replacements extending toward the
N-terminus of GLP-1 (P2–P4). Incorporation of a single b residue
at position 18 (7) led to a slight decrease in activity; further
a? b substitutions in the central region of GLP-1, to generate
P9, essentially abolished calcium mobilization. Neither of the two
Aib replacements (P5 and P6) had a substantial effect on calcium
mobilization in terms of potency or maximum response relative
to GLP-1.

3.5. Stimulation of ERK1/2 phosphorylation stimulated by P1–P9

As a complement to characterizing the activity of analogues 1–9
in activating various pathways directly mediated by interaction
between the GLP-1R and intracellular effector proteins (i.e. G pro-
teins Gas and Gaq, b-arrestin-1 or b-arrestin-2), we assessed the
activity of P1–P9 in promoting ERK1/2 phosphorylation (Table 1,
Fig. 2F). GLP-1-mediated ERK1/2 phosphorylation is dependent

Fig. 2. Binding and signaling profiles of GLP-1 and a- and a/b-peptides P1–P9 in FlpInCHO cells stably expressing the human GLP-1R. Concentration-response curves for (A)
GLP-1R binding, (B) cAMP accumulation, (C) Ca2+ mobilization, (D) ERK1/2 phosphorylation, (E) b-Arrestin-1 recruitment, and (F) b-Arrestin-2 recruitment. Data are
normalized to the maximum response elicited by GLP-1 in each assay, and analyzed using a three-parameter logistic equation. Values are the mean + S.E.M. of three to four
individual experiments, conducted in duplicate.

Table 1
Affinity and activity data for GLP-1 and a- and a/b-peptides P1–P9 in GLP-1R binding, cAMP accumulation, Ca2+ mobilization, ERK1/2 phosphorylation, b-Arrestin-1 recruitment,
and b-Arrestin-2 recruitment.

Affinity cAMP b-Arrestin-1 b-Arrestin-2 iCa2+ pERK1/2

pIC50 (M) pEC50 (M) Emax pEC50 (M) Emax pEC50 (M) Emax pEC50 (M) Emax pEC50 (M) Emax

GLP-1 8.1 ± 0.1 10.0 ± 0.1 100 7.4 ± 0.1 100 7.6 ± 0.1 100 7.5 ± 0.1 100 8.9 ± 0.1 100
P1 7.0* ± 0.1 8.8* ± 0.1 130* ± 6 6.9 ± 0.2 85 ± 7 6.9 ± 0.1 108 ± 5 7.2 ± 0.3 89 ± 8 8.3 ± 0.2 112 ± 8
P2 7.0* ± 0.1 8.2* ± 0.1 97 ± 6 6.0* ± 0.7 30* ± 20 5.9* ± 0.6 40* ± 20 6.4* ± 0.2 80 ± 10 7.9* ± 0.2 107 ± 9
P3 5.9* ± 0.1 8.3* ± 0.2 89 ± 6 6.8 ± 0.3 50* ± 7 6.4* ± 0.3 61* ± 9 5.3* ± 0.3 100 ± 30 8.1 ± 0.2 92 ± 8
P4 6.0* ± 0.1 7.6* ± 0.2 97 ± 7 N.D. N.D. N.D. N.D. 5.2* ± 0.5 90 ± 40 8.3 ± 0.2 81 ± 8
P5 7.6* ± 0.1 10.0 ± 0.1 102 ± 5 8.0 ± 0.1 87 ± 4 7.1 ± 0.1 102 ± 4 7.3 ± 0.2 82 ± 6 9.2 ± 0.3 89 ± 6
P6 7.6* ± 0.1 9.9 ± 0.1 89 ± 5 7.9 ± 0.2 72 ± 4 7.4 ± 0.1 82 ± 5 7.4 ± 0.2 78 ± 5 8.9 ± 0.2 80 ± 7
P7 6.9* ± 0.1 9.6 ± 0.1 89 ± 5 7.4 ± 0.4 36* ± 6 7.0 ± 0.2 45* ± 4 7.0 ± 0.2 60 ± 5 8.9 ± 0.2 89 ± 7
P8 6.7* ± 0.1 8.5* ± 0.2 83 ± 5 7.3 ± 0.6 27* ± 9 N.D. N.D. 5.7* ± 0.4 59* ± 7 8.2 ± 0.3 80 ± 8
P9 7.0* ± 0.1 7.7* ± 0.1 107 ± 5 6.9 ± 0.5 23* ± 6 N.D. N.D. N.D. N.D. 8.0* ± 0.3 73 ± 9

All experiments were performed in FlpIn CHO cells stably expressing the human GLP-1R. Data are normalized to the maximum response elicited by GLP-1 in each assay, and
analyzed using a three-parameter logistic equation. pEC50 values are the logarithm of the concentration of agonist that produces half the maximal response. Emax represents
the maximal response normalized to that of GLP-1. Values are the mean ± S.E.M. of three to four individual experiments, conducted in duplicate. Maximum response values
for incomplete curves are the predicted maximum derived from curve fitting. *Statistically significantly different from GLP-1 using a one way analysis of variance followed by
Dunnett’s test (P < 0.05).
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on both G protein and b-arrestin activity [9,11,12,49], which led us
to explore how a? b replacement would affect signaling in this
composite pathway, particularly for the b-arrestin-biased
a/b-peptides P3, P8 and P9. Our data indicate that ERK1/2
phosphorylation was less strongly affected by a? b replacements
than was cAMP production, b-arrestin recruitment or calcium
mobilization.

3.6. Stimulus bias induced by P1–P9

To determine whether peptides among P1–P9 display signaling
bias relative to GLP-1 in the expanded set of signaling pathways
characterized, and to compare any bias between cAMP accumula-
tion and b-arrestin recruitment in the CHO cell background to
the b-arrestin bias we observed for a/b-peptides P3, P8 and P9 in
the HEK293 cell, we analyzed the efficacy of each analogue in
assays for cAMP accumulation, calciummobilization, ERK1/2 phos-
phorylation, b-arrestin-1 recruitment or b-arrestin-2 recruitment
using the operational model of agonism [50,51]. Transduction coef-
ficients (log(s/KA)) for each analogue were extracted from
concentration-response curves and compared with transduction
coefficients for GLP-1 in each effector pathway. These comparisons
allowed us to calculate a bias factor (Dlog(s/KA)) for each peptide
in terms of calcium mobilization, ERK1/2 phosphorylation,
b-arrestin-1 recruitment or b-arrestin-2 recruitment relative to
cAMP accumulation (Fig. 3, Table 2). We also determined bias
factors for each peptide in terms of b-arrestin-1 recruitment or
b-arrestin-2 recruitment relative to either calcium mobilization
or ERK1/2 phosphorylation (Fig. 3, Table 2).

The bias factors summarized in Fig. 3 and Table 2 reveal that
a/b-peptides P3, P4, P7, P8 and P9 manifest significant bias in at
least one pathway. For example, peptides P3, P7 and P8 are weakly
biased toward cAMP accumulation relative to calciummobilization
(Fig. 3A). Peptides P3, P4 and P9 are biased toward ERK1/2 phos-
phorylation relative to cAMP accumulation (Fig. 3B). Peptides P3,
P8 and P9 are biased toward b-arrestin-1 recruitment relative to
cAMP production (Fig. 3A). None among P1–P9 displayed bias
toward or away from b-arrestin-2 recruitment relative to cAMP
accumulation (Fig. 3D); however, bias factors could not be calcu-
lated for P4, P8 and P9 due to weak b-arrestin-2 responses to these
peptides (Fig. 2, Table 1). For this reason it was impossible to
robustly compare b-arrestin-2 recruitment with other signaling
pathways.

4. Discussion and conclusions

The characterization of P1–P9 in the current study was per-
formed in CHO cells, while our initial studies with these analogues
were performed in HEK293 cells; thus, these two studies collec-
tively allow one to assess the impact of cellular background on
the manifestation of biased agonism [24]. Moreover, because the
current studies evaluate bias for P1–P9 in terms of a more diverse
set of signaling and regulatory endpoints relative to the previous
study, the data reported here allow a more complete understand-
ing of the activity profiles of these GLP-1 analogues, and these data
can be used to compare the bias profiles of P1–P9 to the profiles of
known agonists of the GLP-1R.

The bias factors for P1–P9 in terms of b-arrestin recruitment
relative to cAMP production, shown in Fig. 4 and Table 2, are
consistent with those of our previous study [24], particularly for
b-arrestin-1 with analogues that display strong bias, such as P8
and P9, biased toward b-arrestin-1 recruitment over cAMP (either
accumulation or production) in both sets of experiments and ana-
logues with weaker bias having consistent trends (for example, P3

is significantly biased in the CHO cell background, and trends
towards bias in the HEK cells).

In our previous HEK293 studies, P3, P8 and P9 exhibited bias
toward b-arrestin-2 recruitment over cAMP production [24], but
in our CHO study b-arrestin-2 recruitment could not be detected
for these a/b-peptides. The previous system was engineered to
enhance b-arrestin-2 coupling through a combination of overex-
pression of GRK5 and mutation (R393E, R395E) of the arrestin that
enhance the BRET signal by preventing clathrin binding and subse-
quent receptor internalization [10,46]. In the current assay, we
examined recruitment of native b-arrestin-2, which was poorly
recruited by lower-efficacy peptides. The lack of quantitative signal
for these peptides makes interpretation of potential changes to sig-
naling bias between the two cell types problematic. Overall, the
pattern of bias changes in the enhanced b-arrestin-2 assay in
HEK293 cells, along with the b-arrestin-1 profiles in both CHO
and HEK cells, indicates fundamental differences in the properties
of the P3, P8 and P9 a/b-peptides relative to GLP-1 itself. Compar-
ing the bias profiles of P1–P9 between CHO and HEK293 cells high-
lights that the utility of using recombinant systems lies in probing
bias and in fingerprinting the activity profiles of different agonists,
but not in making specific claims about the relevance of observed
bias to physiological effects manifested in native cells and whole
organisms.

Expanding the diversity of pharmacological parameters
assessed in the current study, relative to the previous report,
reveals that all of our a/b-peptides had significantly lower affinity
compared to GLP-1 and more extensive bias was observed within
P1–P9 beyond bias toward b-arrestin recruitment over cAMP
(Table 2, Fig. 3). Substitutions that only marginally altered ligand
affinity (approx. 3-fold for P5 and P6) did not display biased ago-
nism, whereas a/b substituted peptides with >10-fold lower affin-
ity than GLP-1 all had some observed bias. However, there was no
correlation between the measured affinity and the biased agonism
profile of these peptides.

Among P3, P4, P7, P8 and P9, each a/b-peptide manifests signif-
icant bias in at least one pathway. P3, P7 and P8 are all weakly
biased toward cAMP accumulation relative to calcium mobiliza-
tion, though these analogues are only weakly active in both path-
ways. P3, P4 and P9 are biased toward ERK1/2 phosphorylation
over cAMP accumulation; weak but statistically insignificant
trends of this type are observed for other peptides, including P2
and P8. Overall, backbone modification has only limited impact
on ERK1/2 phosphorylation, leading to bias towards this pathway
over those for which substantial changes in response are observed.
The pathway that most closely parallels the trend in bias for
ERK1/2 phosphorylation is b-arrestin-1 recruitment, toward which
P3, P8 and P9 are biased over cAMP accumulation. The ERK1/2
phosphorylation signal in CHO cells is a composite of b-arrestin-
and G protein- dependent signaling [9,11,12], and the correlation
between ERK1/2 phosphorylation bias and b-arrestin-1 bias sug-
gests that the arrestin pathway is predominant for P3, P8 and P9
for causing ERK1/2 phosphorylation. However, the proposed
b-arrestin pathway dominance may not pertain to all a/b-
peptides. Among the ERK1/2 phosphorylation-biased compounds,
P4 is the most strongly biased toward ERK1/2 phosphorylation
over cAMP production, but P4 caused no measurable signal in
the b-arrestin-recruitment assays, despite the robust pERK1/2
response. Understanding the relative bias of P4 for ERK1/2
phosphorylation versus b-arrestin recruitment will require more
sensitive assays of b-arrestin recruitment.

Some among P1–P9 display selective bias toward or away from
either b-arrestin-1 recruitment or b-arrestin-2 recruitment when
compared with various other pathways. P6, for example, is biased
toward b-arrestin-1 recruitment over calcium mobilization, but
does not favor b-arrestin-2 recruitment over calcium mobilization.
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Fig. 3. Bias factors for a- and a/b-peptides P1–P9 relative to GLP-1 in Ca2+ mobilization relative to cAMP accumulation (A), ERK1/2 phosphorylation relative to cAMP
accumulation (B), b-Arrestin-1 recruitment relative to cAMP accumulation (C), b-Arrestin-2 recruitment relative to cAMP accumulation (D), b-Arrestin-1 recruitment relative
to Ca2+ mobilization (E), b-Arrestin-2 recruitment relative to Ca2+ mobilization (F), b-Arrestin-1 recruitment relative to ERK1/2 phosphorylation (G), b-Arrestin-2 recruitment
relative to ERK1/2 phosphorylation (H), and Ca2+ mobilization relative to ERK1/2 phosphorylation (I). Changes in log (s/KA) were calculated to provide a measure of the degree
of stimulus bias exhibited between different signaling pathways relative to that of the reference agonist GLP-1. Values are the mean ± SEM of three to four individual
experiments, conducted in duplicate. * statistically significantly different from GLP-1 using a one-way analysis of variance followed by Dunnett’s test.
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Moreover, P7 favors ERK1/2 phosphorylation over b-arrestin-2
recruitment, while not favoring ERK1/2 phosphorylation over
b-arrestin-1 recruitment or vice versa. Cases in which GLP-1
analogues selectively favor or disfavor either b-arrestin-1 or

b-arrestin-2 recruitment suggest the intriguing possibility that
these analogues could serve as starting points for more strongly
biased GLP-1 agonists that could be used to parse the roles of
b-arrestin-1 and b-arrestin-2 activity at the GLP-1R. However, this

Fig. 4. Comparison of the bias factors for a- and a/b-peptides P1–P9 relative to GLP-1 for b-Arrestin-1 recruitment versus cAMP accumulation between FlpInCHO cells (A)
and HEK293 cells [24] (B) and for b-Arrestin-2 recruitment versus cAMP accumulation between FlpInCHO cells (C) and HEK293 cells [24] (D). Changes in log (s/KA) were
calculated to provide a measure of the degree of stimulus bias exhibited between different signaling pathways relative to that of the reference agonist GLP-1. * statistically
significantly different from GLP-1 using a one way analysis of variance followed by Dunnett’s test (P < 0.05).

Table 2
Stimulus bias exhibited by a- and a/b-peptides P1–P9 relative to the reference agonist GLP-1.

Dlog(s/KA)

Ca2+ vs cAMP pERK1/2 vs cAMP bArr1 vs cAMP bArr2 vs cAMP bArr1 vs Ca2+ bArr2 vs Ca2+ bArr1 vs pERK1/2 bArr2 vs pERK1/2 Ca2+ vs pERK1/2

GLP-1 0.0 ± 0.1 0.0 ± 0.2 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.2 0.0 ± 0.2 0.0 ± 0.2
P1 0.4 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 0.5 ± 0.2 )0.1 ± 0.2 )0.2 ± 0.2 0.0 ± 0.2 )0.1 ± 0.3 0.0 ± 0.2
P2 0.4 ± 0.1 0.8 ± 0.2 )0.3 ± 0.4 )0.3 ± 0.3 )0.7 ± 0.5 )0.7* ± 0.2 )1.0 ± 0.5 )1.0* ± 0.3 )0.4 ± 0.2
P3 )0.6* ± 0.1 0.9* ± 0.2 0.8* ± 0.2 0.5 ± 0.3 1.4* ± 0.2 0.9* ± 0.1 )0.1 ± 0.3 )0.6 ± 0.2 1.5* ± 0.3
P4 )0.2 ± 0.2 1.6* ± 0.3 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
P5 )0.4 ± 0.2 0.3 ± 0.3 0.5 ± 0.1 )0.3 ± 0.2 0.7 ± 0.2 )0.1 ± 0.2 0.1 ± 0.3 )0.8 ± 0.3 )0.6 ± 0.3
P6 )0.1 ± 0.2 0.1 ± 0.2 0.4 ± 0.1 )0.1 ± 0.2 0.9* ± 0.2 0.0 ± 0.2 0.5 ± 0.3 )0.3 ± 0.2 )0.4 ± 0.3
P7 )0.6* ± 0.1 0.3 ± 0.2 )0.1 ± 0.3 )0.5 ± 0.4 0.4 ± 0.3 )0.1 ± 0.1 )0.4 ± 0.4 )0.9* ± 0.3 )0.9 ± 0.3
P8 )0.6* ± 0.1 0.7 ± 0.3 0.8* ± 0.1 N.D. 1.4* ± 0.1 N.D. 0.0 ± 0.3 N.D. )1.3* ± 0.3
P9 N.D. 1.2* ± 0.3 1.1* ± 0.4 N.D. N.D. N.D. )0.1 ± 0.5 N.D. N.D.

Stimulus bias exhibited by P1–P9 relative to GLP-1in Ca2+ mobilization relative to cAMP accumulation, ERK1/2 phosphorylation relative to cAMP accumulation, b-Arrestin-1
recruitment relative to cAMP accumulation, b-Arrestin-2 recruitment relative to cAMP accumulation, b-Arrestin-1 recruitment relative to Ca2+ mobilization, b-Arrestin-2
recruitment relative to Ca2+ mobilization, b-Arrestin-1 recruitment relative to ERK1/2 phosphorylation, b-Arrestin-2 recruitment relative to ERK1/2 phosphorylation, and Ca2+

mobilization relative to ERK1/2 phosphorylation. Changes in log (s/KA) were calculated to provide a measure of the degree of stimulus bias exhibited between different
signaling pathways relative to that of the reference agonist GLP-1. Values are the mean ± SEM of three to four individual experiments, conducted in duplicate. *Statistically
significantly different from GLP-1 using a one-way analysis of variance followed by Dunnett’s test.
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possibility would need to be carefully assessed in physiological tar-
get cells, because the efficiency of recruitment of each b-arrestin is
likely to be influenced by the complement of GRKs that are
expressed.

One interesting outlier in the comparison of ERK1/2 phosphory-
lation and b-arrestin-1 and -2 recruitment for our a/b-peptides is
P2, which is significantly biased toward ERK1/2 phosphorylation
over b-arrestin-2 recruitment (in addition, P2 trends towards bias
of ERK1/2 phosphorylation over b-arrestin-1 recruitment). P2 is
also biased towards calciummobilization over b-arrestin-2 recruit-
ment (with a trend in this direction for b-arrestin-1), suggesting
that the P2 a/b-peptide may have a novel G protein bias profile.

Several well-studied peptides, including exendin-4 and oxynto-
modulin, have been identified as biased agonists of the GLP-1R
[9,20,21,25]. Both exendin-4 and oxyntomodulin bias the GLP-1R
toward b-arrestin-1 recruitment and b-arrestin-2 recruitment over
cAMP accumulation in experiments performed in FlpIn CHO cells
[9,20,25]. Oxyntomodulin also biases the GLP-1R toward ERK1/2
phosphorylation over cAMP accumulation, but exendin-4 does
not exhibit bias toward ERK1/2 phosphorylation [9,20,25]. The
observation that exendin-4 and oxyntomodulin are both biased
toward b-arrestin recruitment but only oxyntomodulin is also
biased toward ERK1/2 phosphorylation may be explained by differ-
ent degrees of contribution from b-arrestin-1 and b-arrestin-2
activity in mediating downstream ERK1/2 phosphorylation [9].
The distinct bias profiles for these two peptides indicate different
modes of activation of the GLP-1R in response to either oxynto-
modulin or exendin-4.

Because the bias factors calculated for P1–P9 in this work are
derived from experiments performed in the same FlpIn CHO cells
that were used in the experiments to determine bias for
exendin-4 and oxyntomodulin, the bias for P1–P9 can be com-
pared to that observed for exendin-4 and oxyntomodulin without
concerns that either differences in cellular background or in assay
format are the cause of distinct bias profiles between discrete ago-
nists. Fig. 5 provides a graphical summary of bias effects that
allows ready comparison of P1–P9 (Fig. 5A, B) or exendin-4 [9]
and oxyntomodulin [9] (Fig. 5C) with GLP-1 in terms of all five of
the GLP-1R signaling outcomes we monitored. Each ‘‘web of bias”
is constructed to convey bias relative to the cAMP production path-
way. P4 is illustrated in both Fig. 5A, which highlights ERK1/2
phosphorylation-biased ligands, and 5B as a reference for the a/b
peptides.

Comparing the bias profiles for oxyntomodulin and exendin-4
to those for P3, P4, P8 and P9, which each display significant bias
toward either b-arrestin-1 or ERK1/2 phosphorylation or both over
cAMP [9,24,25], we can categorize each GLP-1 analogue as being

either ‘‘oxyntomodulin-like” or ‘‘exendin-4-like” in terms of its
bias profile. (This categorization is imperfect, because both oxynto-
modulin and exendin-4 are also biased toward b-arrestin-2 over
cAMP [9,25], while no b-arrestin-2 bias factors could be calculated
for any among P3, P4, P8 or P9.) P3 and P9 are both biased toward
b-arrestin-1 and ERK1/2 phosphorylation over cAMP, making them
‘‘oxyntomodulin-like” biased agonists of the GLP-1R. P8 is biased
toward b-arrestin-1 over cAMP but not toward ERK1/2 phosphory-
lation over cAMP, and is therefore an ‘‘exendin-4-like” biased ago-
nist of the GLP-1R. The differences in bias profiles for P8 compared
to P3 and P9 indicate that these sets of analogues differ in how
they activate the GLP-1R. P4 is biased toward ERK1/2 phosphoryla-
tion over cAMP production, but no bias factor could be determined
for P4 in terms of b-arrestin-1 over cAMP; thus, the bias profile of
P4 is unique because it differs from the profile of either exendin-4
or oxyntomodulin.

We have previously shown that modifying the backbone of
GLP-1 via incorporation of b-amino acid residues can generate
agonists that engender significant bias toward b-arrestin-1 and/
or b-arrestin-2 recruitment over cAMP production relative to
GLP-1 itself [24]. Here, we expand the characterization of these
biased peptides to include receptor-affinity measurements and
additional signaling endpoint measurements. Our new data show
that several among the a- and a/b-peptides we characterized are
biased toward additional signaling outcomes beyond b-arrestin
recruitment, thereby highlighting the importance of monitoring a
diverse set of signaling and regulatory endpoints when character-
izing novel agonists to identify biased agonists. These new results
strengthen the conclusion that a? b residue replacement can
alter receptor signaling relative to the parent a-peptide. Thus,
a? b residue replacement may prove to be a general method by
which receptor selectivity can be engineered into a peptide agonist
that activates its cognate receptor to initiate different signaling
pathways. The a/b-peptides characterized in this work may have
utility as tools to probe the roles of b-arrestin recruitment and
ERK1/2 phosphorylation in GLP-1R signaling. Moreover, these a/
b-peptides could provide a platform to develop pathway-
selective therapeutic agents targeting the GLP-1R.
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standard concentration-response data is used to calculate bias factors (DD(s/KA) through normalization of the transduction coefficient (s/KA) to a reference ligand (GLP-1)
and reference pathway (cAMP accumulation).
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The class B glucagon-like peptide-1 (GLP-1) G protein-coupled 
receptor is a major target for the treatment of type 2 diabetes and 
obesity1. Endogenous and mimetic GLP-1 peptides exhibit biased 
agonism—a difference in functional selectivity—that may provide 
improved therapeutic outcomes1. Here we describe the structure of 
the human GLP-1 receptor in complex with the G protein-biased 
peptide exendin-P5 and a Gαs heterotrimer, determined at a global 
resolution of 3.3 Å. At the extracellular surface, the organization 
of extracellular loop 3 and proximal transmembrane segments 
differs between our exendin-P5-bound structure and previous 
GLP-1-bound GLP-1 receptor structure2. At the intracellular face, 
there was a six-degree difference in the angle of the Gαs–α5 helix 
engagement between structures, which was propagated across the 
G protein heterotrimer. In addition, the structures differed in the 
rate and extent of conformational reorganization of the Gαs protein. 
Our structure provides insights into the molecular basis of biased 
agonism.

The GLP-1R, a class B G protein-coupled receptor (GPCR), is a key 
incretin hormone receptor and an important target for the development 
of therapies for the treatment of type 2 diabetes and obesity1. Biased 
agonism is commonly observed at the GLP-1R3–5, and exendin-P5 
(ExP5) has been identified as a potent G protein-biased selective  agonist 
of GLP-1R, with diminished coupling to β -arrestins6 and a unique  
in vivo profile in animal models of diabetes6. The prevalence of GLP-1R 
biased agonism and its therapeutic implications make understanding 
of the phenomenon at molecular and structural levels crucial for the 
rational design of novel ligands.

Like all class B GPCRs, the GLP-1R contains a large extracellular 
N-terminal domain (NTD) and a seven-transmembrane helix bundle, 
with peptide binding spanning both domains; the NTD interaction 
positions the peptide N terminus within the receptor core to  facilitate 
receptor activation7. Clinically used therapeutic agents, including 
exendin-4, contain an N-terminal sequence that is relatively conserved 
with that of the native peptide, GLP-18. Notably, ExP5 shares a common 
C terminus with exendin-4, but possesses a unique N-terminal domain 
(Extended Data Fig. 1a) that interacts with the GLP-1R transmembrane 
core to promote receptor activation.

Cryo-electron microscopy (cryo-EM) has enabled researchers to 
determine the structures of GPCR complexes without the need to 
extensively modify the receptor2,9. A 4.1 Å full-length active structure 
of a wild-type rabbit GLP-1R was solved in complex with GLP-1 and 
heterotrimeric Gs protein2. In addition, the full-length active  structure 
of the calcitonin receptor (CTR) was solved to a similar global reso-
lution in complex with a peptide agonist and Gs protein9 using phase 
contrast cryo-EM10–12. Here, we used Volta phase plate cryo-EM to 
determine the structure of an active state, human GLP-1R bound 

to ExP5 in complex with a heterotrimeric Gs protein. The structure 
 provides insights into the binding of ExP5 to the GLP-1R, with impli-
cations for receptor activation, G protein coupling and signalling for 
class B GPCRs.

To form an active, G protein-coupled complex, the GLP-1R was 
co-expressed with Gα s, His-Gβ 1, and Gγ 2 in Trichoplusia ni (Tni) 
insect cells and stimulated with an excess of ExP5 in the presence of 
apyrase and the nanobody Nb35, which bridges the G protein α - and  
β γ -subunits. A dominant-negative Gα s was used to enable the forma-
tion of a complex with improved stability. We characterized and puri-
fied the complex as described for the CTR9 (Extended Data Figs 1b, 2a).

Following imaging and initial 2D classification (Extended Data 
Fig. 2b, c), 3D classification revealed that the majority of the complex 
had stable features. The exception was the Gα s α -helical domain, the 
 density of which was averaged out at higher resolution because it had 
substantial flexibility despite occupying a single predominant orienta-
tion (Fig. 1a). We used 184,672 particle projections to obtain a cryo-EM 
density map with nominal global resolution of 3.3 Å (Fig. 1a; Extended 
Data Fig. 2b).

An atomic resolution structure of the ExP5–GLP-1R–Gα s heter-
otrimeric G protein complex was built into the map and refined to 
reveal global features similar to those observed in other class B GPCR 
structures2,9,13–15. Side chains of the majority of amino acid residues are 
clearly identifiable in the peptide, all of the transmembrane helices and 
the subunits of the G protein (Extended Data Fig. 3). Although linker 
region density between the NTD and the transmembrane core was 
visible in the cryo-EM map, it was less well-resolved than other receptor 
domains, suggesting substantial flexibility in the ExP5 bound state. 
Continuous density was observed for helix 8 (H8) and all intracellular 
and extracellular loops (ICLs and ECLs, respectively), with the excep-
tion of ICL3, which was not modelled. In addition, the cryo-EM map 
was poor for a region of four ECL3 residues (372–375) and therefore 
only the protein backbone was modelled in this region.

Within the NTD there was discontinuous density in the backbone for 
some regions. As such, the NTD structure bound to exendin(9–39)16 
was used to perform a rigid body fit into the density. N-terminal 
 residues 24–30 and residues beyond E423 at the receptor C terminus 
were not resolved. The G protein was well resolved, allowing modelling 
of all G protein components (with the exception of the Gα s α -helical 
domain).

The extracellular NTD conformation differs between the three 
agonist-bound Gα s heterotrimer class B GPCR structures (Extended 
Data Fig. 4a–c). Whereas multiple NTD conformations were evident 
for the CTR9, a single predominant conformation was stabilized in 
both GLP-1R structures2. However, there were subtle differences in the 
relative positioning of the N terminus relative to the transmembrane 
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bundle that contribute to the positioning of the N termini of GLP-1 
and ExP5 (Extended Data Fig. 4b). Notably, the 11-mer agonist-bound 
GLP-1R structure solved without the Gα s heterotrimer15 displayed a 
unique NTD conformation relative to GLP-1 and ExP5 (Extended Data 
Fig. 4c). Collectively, these structures suggest that the binding of differ-
ent peptide agonists alters the juxtaposition of the extracellular NTD 
and transmembrane bundle to regulate the ability of different peptides 
to activate class B GPCRs.

Compared to inactive class B GPCR transmembrane bundles, the 
GLP-1R in our structure undergoes similar macroscopic conforma-
tional transitions to those previously reported for the GLP-1-bound 
GLP-1R2 and calcitonin-bound CTR9 (Extended Data Fig. 4d–h). 
These include considerable movements in the extracellular ends of 
transmembrane (TM) helices 1, 6 and 7, required to open the bundle 
to accommodate peptide binding, and a large 15–16 Å movement of 
TM6 away from the central transmembrane domain axis that opens up 
the cytoplasmic face to accommodate G protein interaction (Extended 

Data Fig. 4d, f). These large conformational movements are coordi-
nated around the highly conserved class B GPCR P6.47XXG6.50 motif 
in TM6, and G7.50 in TM7 (Extended Data Fig. 4d). Nonetheless, there 
are notable differences in the extracellular face between the activated 
structures, particularly in the extent of movement of TM6, ECL3 and 
TM7, which probably reflect the distinct modes with which these  
ligands activate their respective receptors (Extended Data Fig. 4g, h).

ExP5 is a biased agonist relative to exendin-46. Our pharmacologi cal  
analysis revealed that ExP5 is also G protein-biased, with limited  
β -arrestin recruitment relative to GLP-1 (Extended Data Fig. 1d). 
Comparison of receptor occupancy with ligand potency and efficacy in 
cellular signalling assays showed that the bias of ExP5 arises primarily 
from enhanced efficacy in Gα s-mediated cAMP signalling, rather than 
a loss of β -arrestin coupling (Extended Data Fig. 1e). Ligand binding 
and GTPγ S studies performed in insect cells also support enhanced 
G protein efficacy of ExP5 relative to GLP-1 (Extended Data Fig. 1c). 
Thus, comparison of the GLP-1 and ExP5-bound GLP-1R–Gα sβ γ  
structures provides insight into conformational differences that may 
be linked to biased agonism.

The largest distinctions between the GLP-1 and ExP5-bound 
GLP-1R transmembrane domains occur within TM1, the extracellular  
portions of TM6 and TM7, and the ECL3 conformation (Fig. 1b, 
Extended Data Fig. 5a), indicating that these domains may contribute 
to biased agonism. This is supported by earlier work identifying crucial 
roles for ECL3, and the extracellular helical boundaries of TM6 and 
TM7, within the GLP-1R for differential control of GLP-1R-mediated 
signalling17. Alanine scanning mutagenesis confirmed the importance 
of this domain for the differing pharmacological profiles of GLP-1 and 
ExP5 (Fig. 1c, Extended Data Table 1). Although some ECL3 residues 
(G377, R380) had similar roles in both GLP-1 and ExP5 function, the 
substitutions L379A, D372A and E373A substantially reduced GLP-1 
affinity and signalling but had little effect on ExP5 function. Notably, 
the latter two residues lie within the region of ECL3 where the largest 
receptor backbone differences are observed between the two structures 
(Extended Data Fig. 5a), and alanine mutation converts the binding 
profile of GLP-1 to one that closely resembles the binding profile of 
ExP5 (Fig. 1c). Mutagenesis of these two residues also had a similar 
effect on the pharmacology of exendin-4, which has a bias profile 
similar to that of GLP-1 for these pathways (Extended Data Table 1). 
Moreover, mutation of L3887.43 within the top of TM7 had a greater 
effect on GLP-1 signalling than on ExP5 signalling (Extended Data 
Fig. 5b), further supporting the importance of this region in biased 
agonism of GLP-1R.

There are additional differences between the ExP5-bound structure 
and the deposited GLP-1-bound GLP-1R structure, in the reported 
positioning of the TM1 kink and orientation of side chains in the extra-
cellular half of TM1 (Extended Data Fig. 5c, Fig. 1d). The location of the 
TM1 kink in the 11-mer-bound GLP-1R and the agonist-bound CTR 
structures is equivalent to that observed in the ExP5-bound structure 
and an overlay of the ExP5-bound and GLP-1-bound GLP-1R cryo-EM 
maps reveals that they have similar backbone densities (Extended Data 
Fig. 5c). Although the limited density in the GLP-1 bound structure 
precludes confidence, the TM1 backbone can also be modelled in this 
common conformation, suggesting that the gross positioning of TM1 
may be conserved, although comparison of the density maps indicates 
that the side chain positioning differs between the ExP5- and GLP-1-
bound structures, possibly contributing to the biased agonism of ExP5. 
Indeed, in the deposited GLP-1-bound model, L1411.36, Y1451.40 and 
Y1481.43 face towards TM7, whereas in the ExP5 structure they reside 
closer to TM2 (Fig. 1d). Mutation of these residues to alanine had a 
stronger effect on ExP5-mediated cAMP signalling than on GLP-1 
signalling, supporting a role for TM1 in the control of signalling and 
an interaction between TM1 and TM7–ECL3–TM6 that manifests as 
altered Gα s efficacy and biased agonism between GLP-1 and ExP5.

Strong density was observed for the entirety of ExP5 extending from the 
NTD into deep within the transmembrane core (Extended Data Fig. 3).  
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Figure 1 | The ExP5–GLP-1R–Gs cryo-EM structure reveals molecular 
details linked to GLP-1R biased agonism. a, Left, ExP5–GLP-1R–Gs 
structure after refinement in the cryo-EM map. Middle, cryo-EM density 
map coloured by local resolution (Å). Right, low-resolution cryo-EM 
map highlighting the predominant Gα s α -helical domain location in 
ExP5–GLP-1R–Gs (grey), compared to β 2-AR–Gs (PDB:3SN6, orange). 
b, Transmembrane domain and peptide superimposition reveal backbone 
differences in ECL3, TM6, TM7 and TM1 when bound by GLP-1 relative 
to ExP5. ExP5 is located closer to TM1 than GLP-1. c, D372 and E373 in 
ECL3 are important for the pharmacology of GLP-1 and have a limited 
role in ExP5 affinity and signalling. WT, wild type; V, vehicle. d, Left, 
overlay of the GLP-1–GLP-1R deposited structure2 (GLP-1R in red) and 
ExP5–GLP-1R (GLP-1R in blue) reveals a rotation in TM1 side chains. 
Right, L1411.36, Y1451.40 and Y1481.43 mutations have a larger effect on 
ExP5-mediated than on GLP-1-mediated cAMP signalling. Whole-cell 
binding assays and cAMP signalling were assessed in CHOFlpIn cells and 
data are means +  s.e.m. of four (for TM1) and six (for ECL3) independent 
experiments, performed in duplicate.
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The peptide forms extensive interactions with residues in TMs 1, 2, 3, 
5, 7 and all 3 ECLs (Fig. 2, Extended Data Table 2). Alanine mutagen-
esis confirmed the importance of key residues in the GLP-1R for ExP5 
binding (Fig. 2c). Many of these residues lining the ExP5 binding site 
have previously been implicated as being important for binding of the 
cognate ligand, GLP-17,17–23.

E1 of ExP5 interacts with R3105.40 of GLP-1R and is crucial for the 
ability of ExP5 to promote signalling through Gα s, with R3105.40A 
almost completely abolishing ExP5-mediated cAMP accumulation 
(Fig. 2a, c). Very clear density is evident for W3065.36, which interacts 
directly with ExP5 through Van der Waal interactions with the aliphatic 
region of N5, as well as forming a direct hydrogen bond with N5 in the 
peptide. N5 also forms a hydrogen bond with Q2343.37. N300ECL2 points 
down towards the receptor core within bonding distance of W3065.36 
and may participate in stabilizing these interactions. A series of contacts 
occur between residues in TM2 and ExP5, mainly through hydrophobic  
Van der Waals interactions with either hydrophobic  residues or  
aliphatic regions of polar side chains (Fig. 2b, Extended Data Table 2). 
Peptide interactions also occur within ECL1, a region that has been 
implicated in peptide binding of other GLP-1R agonists17,22 and ECL1 
resides close to GLP-1 in the GLP-1-bound cryo-EM structure2. Van 
der Waals interactions are also formed between ExP5 and residues in 
TM1 and TM7 (Fig. 2a, Extended Data Table 2). In addition, two key 
electrostatic interactions are formed by R299ECL2 in ECL2 and R3807.35 
at the top of the TM7–ECL3 boundary with E16 and D10 of ExP5, 
respectively (Fig. 2a). These two residues also formed direct interac-
tions with the 11-mer peptide agonist in the GLP-1R X-ray structure, 
interacting with a serine at position 8 (R299ECL2) and an aspartic acid 
at position 9 (R3807.35)15. D9 in the 11-mer is the equivalent of D10 in 
ExP5 and D15 in native GLP-1. An interaction between GLP-1 D15 
and R3807.35 has also been predicted by molecular dynamics simula-
tions17 and mutagenesis23, but was not reported in the GLP-1-bound 
GLP-1R structure2. However, side chain densities were poorly resolved 
in this region of the deposited GLP-1–GLP-1R map; alternative mod-
elling can preserve this interaction and therefore it is likely to be con-
served across the three ligands for which structures are now available.  

The GLP-1-bound GLP-1R cryo-EM structure also reported that 
R299ECL2 dips into the receptor core to form a direct interaction with H7 
of GLP-12. This modelling into the cryo-EM map is also ambiguous and 
contains an alternate positioning of W3065.36 (required for R299ECL to 
reach into the bundle) to the ExP5-bound and 11-mer-bound GLP-1R 
structures15. Because this positioning of W3065.36 is not supported by  
density, and the described interaction of R299ECL2 is highly ener-
getically unfavourable, we hypothesize that W3065.36 is more likely 
to reside in a similar orientation to that observed in the ExP5- and 
11- mer-bound structures, supported by good density in these maps. 
This orientation would promote interactions of R299ECL2 with GLP-1 
higher up in the peptide.

Owing to the limited density available to define GLP-1 interactions in 
the GLP-1-bound GLP-1R cryo-EM map, it is difficult to assess direct 
differences in peptide interactions between the GLP-1- and ExP5-bound 
structures by relying on the structures alone. Nonetheless,  alanine muta-
tion of residues lining the ExP5-binding pocket (highlighted in Fig. 2c, 
Extended Data Table 1) confirmed a likely overlap of GLP-1R residues 
involved in interactions with GLP-1 and ExP5, with previous publi-
cations highlighting the importance of Y2052.75, R299ECL2, N300 ECL2,  
R3807.35 and R3105.40 in GLP-1 affinity and  signalling1,17,20,21, and our 
results confirming their importance for ExP5 binding (Fig. 2). The 
nature of these interactions is likely to differ, owing to the variations in 
peptide sequence and consequent receptor interactions, as highlighted 
by the TM1, TM7 and ECL3 mutagenesis in this study.

Class B GPCRs contain a number of highly conserved transmem-
brane polar residues that participate in key hydrogen bond interac-
tions for receptor integrity and maintenance of the apo state. A central 
polar network formed by residues R2.60, N3.43, H6.52 and Q7.49 is located 
just below the peptide binding site in the ExP5-bound structure24,25 
(Extended Data Fig. 6). Two highly conserved class B GPCR polar  
networks (TM2–TM3–TM6–TM7: H2.50, E3.50, T6.42, Y7.57 and 
TM2–TM6–TM7–H8: R2.46, R/K6.37, N7.61, E8.41) at the cytoplasmic 
face lock the base of the receptor in an inactive conformation21,25. 
Located between the central hydrogen bond network and the TM2–
TM3–TM6–TM7 network is a cluster of conserved residues that form 
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Figure 2 | The ExP5 binding site. a, Key interactions between 
ExP5 residues and TM1, TM3, TM5, TM7 and ECL2 of the GLP-1R 
transmembrane bundle (side chains located within 4 Å between the 
peptide (orange) and the GLP-1R (blue) are shown). ECL3 has been 
removed for clarity. b, Additional interactions formed by ExP5 with 
TM2, TM3 and ECL1. c, The functional effect on Gs-mediated cAMP 

accumulation following mutagenesis of key ExP5 residues that form 
interactions (highlighted in a) in the refined model supports the role 
of these residues in ExP5 interactions. cAMP signalling was assessed 
in CHOFlpIn cells and data are means +  s.e.m. of four independent 
experiments performed in duplicate.
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hydrophobic packing interactions in the inactive state, stabilizing the 
TM6 P6.47XXG6.50 motif in an inactive conformation (Extended Data 
Fig. 6). Upon peptide binding, a reorganization of the GLP-1R cen-
tral hydrogen bond network is associated with destabilization within 
TM6 around the P6.47XXG6.50 motif and a major rearrangement of 
the central hydrophobic network to form a new packing arrangement 
that stabilizes the active state (Extended Data Fig. 6, Supplementary 
Video 1). These major rearrangements break two hydrogen bond  
networks at the bottom of the receptor, facilitating movement of 
TM6 away from the transmembrane bundle to create a cavity for  
G  protein binding (Extended Data Figs 6, 7b–d, Supplementary Video 1).  
Y7.57 and H2.50 are released from their ground state constraints and 
 reorganize to form part of the hydrophobic network that stabilizes the 
active state. E3.50 maintains a hydrogen bond interaction with H2.50, 
further stabilizing this active conformation.

The GLP-1R active conformation is stabilized by extensive interac-
tions with the Gα s heterotrimeric protein (Extended Data Fig. 7). The 
receptor–Gα s heterotrimer interface is formed by residues located in 
TM2, TM3, TM5, TM6, TM7, ICL1, ICL2, ICL3 and H8 of the GLP-1R, 
and the α 5 and α N regions of Gα s and Gβ  (Extended Data Table 3).

H8 in all active structures is amphipathic, with bulky aromatic 
 residues on the membrane-proximal face heavily buried in the detergent  
micelle. Direct interactions of H8 and ICL1 with Gβ  are conserved 
across class B GPCR G protein structures2,9 (Extended Data Fig. 7e) and 
these are summarized in Extended Data Table 3. Though the importance  
of these interactions for the GLP-1R is unclear, truncation of H8 in 
the CTR reduced receptor expression and peptide-mediated cAMP 
efficacy, suggesting that receptor–Gβ  interactions are important for 
class B GPCR function9.

In all structures, the most extensive G protein contacts are formed by 
the α 5 helix of the Gα s Ras-like domain, which inserts into the central 
GLP-1R transmembrane bundle cytoplasmic cavity formed by the 15 Å 
outward movement of TM6 (Extended Data Fig. 7). These contacts 
consist of both polar and hydrophobic Van der Waals interactions and 
there is, generally, a common interaction pattern between Gα s and the 
available active class B GPCRs (Extended Data Table 3).

Superimposition of the G proteins of the GLP-1- and ExP5-bound 
GLP-1R structures reveals only relatively small differences in the 

receptor-complexed Gα sRas and Gβ γ  domains (Extended Data Fig. 7f).  
The largest change was a 4 Å variance in the conformation of the 
Gα sα N domain at its N terminus, which may reflect a ligand- 
dependent difference in conformation.

Superimposition of the transmembrane domains of the GLP-1R in 
the GLP-1- and ExP5- bound structures reveals that, although there are 
limited differences in the overall Gα sRas and Gβ γ  conformations, there 
is a six-degree variance in the angle at which the Gα s α 5 helix engages 
in the GLP-1R cytoplasmic cavity. This results in an overall rotation of 
the G protein in the ExP5-bound structure relative to the GLP-1-bound 
structure (Fig. 3a, Extended Data Fig. 7f). Notably, when ExP5 is bound 
to the GLP-1R, the α 4 helix and β 3 strand are located further from the 
receptor core, and no interactions are observed between the α 4 helix 
and the GLP-1R intracellular face, whereas there are potential contacts 
for the GLP-1-bound structure2. In addition, the α N–β 3 loop of Gα s is 
located further from ICL2 of the GLP-1R in the ExP5-bound structure; 
although these side chains are still within bonding distance, their inter-
actions are likely to be weaker than those induced by GLP-1 binding. 
Notably, there was only very limited density within the backbone for 
residues in the bottom of TM5–ICL3 (residues 337–343) in the ExP5-
bound structure, such that this region is not visible in high-resolution 
maps, whereas this backbone density was clearly visible for the GLP-
1-bound structure (Extended Data Fig. 5d). This suggests that ICL3 of 
the GLP-1R is less flexible in the GLP-1- and G protein-bound state 
than in the ExP5- and G protein-bound state.

There are multiple lines of evidence that differences in ligand– 
receptor conformation propagate to G protein conformation26,27. 
Direct assessment of conformational rearrangement between Gα s and 
Gγ , using a bioluminescence resonance energy transfer (BRET) assay, 
revealed that ExP5 promotes a faster conformational change within Gα s  
than do GLP-1 or exendin-4 at equi-occupant concentrations, accom-
panied by a lower BRET maximal signal (Emax) at saturating concen-
trations of peptide (Fig. 3b). Together with the structural data, these 
results are consistent with the distinct flexibilities of the bottom of 
TM5 and within ICL3 altering the conformational positioning of the 
Gα s α -helical domain and increasing the rate of G protein activation. 
Collectively, this may contribute to the enhanced Gα s protein-mediated 
efficacy of ExP5 that is a key element of its biased agonism.

In conclusion, the structure of the ExP5–GLP-1R–Gα s complex 
provides insights into the structural reorganization of class B GPCRs 
upon peptide activation, as well as the distinct engagement of GLP-1R 
agonists with differential signalling bias. Our results highlight that even 
when ligands share a common G protein transducer, differences in the 
mode of G protein binding can have consequences for conformational 
changes in the G protein that are linked to activation. The findings 
increase our understanding of biased agonism and may contribute to 
the rational design of novel therapeutics that target the GLP-1R.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Comparison of GLP-1R-mediated G protein conformation 
in GLP-1-bound and ExP5-bound receptors. a, Superimposition of the 
GLP-1R bundle bound by GLP-1 and by ExP5 reveals distinct angles of  
Gα s α 5 engagement (6° measured using pisco). b, Top, BRET 
measurements show distinct conformational rearrangements between 
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Bottom, similar differences are observed with the dominant-negative Gα s.  
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three independent experiments performed in triplicate. *  P <  0.05 by 
one-way analysis of variance followed by Tukey’s multiple comparisons 
post-test.
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METHODS
Constructs. The human GLP-1R was unmodified with the exception of replacing 
the native signal peptide with that of haemagglutinin (HA) to enhance  receptor 
expression and the addition of affinity tags (an N-terminal Flag tag epitope and 
a C-terminal 8×  His tag); both tags are removable by 3C protease  cleavage. The 
construct was generated in both mammalian and insect cell expression  vectors. 
These modifications did not alter receptor pharmacology (Extended Data  
Fig. 1b). A dominant-negative Gα s (DNGα s) construct was generated by site- 
directed mutagenesis to incorporate mutations that alter nucleotide handling 
(S54N28 and G226A29), stabilize the G0 state (E268A30) and substitute residues 
from Gα i2 (N271K, K274D, R280K, T284D and I285T31,32) that are reported to 
improve the dominant-negative effect, presumably by stabilizing interactions with 
the β γ  subunits.
Insect cell expression. Human GLP-1R, human DNGα s, and His6-tagged human Gβ 1  
and Gγ 2 were expressed in Tni insect cells (Expression systems) using baculovirus.  
Cell cultures were grown in ESF 921 serum-free medium (Expression Systems) to a 
density of 4 million cells per ml and then infected with three separate baculoviruses 
at a ratio of 2:2:1 for GLP-1R, DNGα s and Gβ 1γ 2. The culture was collected by 
centrifugation 60 h after infection and cell pellets were stored at − 80 °C.
Complex purification. Cell pellets were thawed in 20 mM HEPES pH 7.4, 50 mM 
NaCl, 2 mM MgCl2 supplemented with cOmplete Protease Inhibitor Cocktail  
tablets (Roche). Complex formation was initiated by addition of 1 µ M ExP5 (China 
Peptides), Nb35–His (10 µ g/ml) and apyrase (25 mU/ml, NEB); the suspension was 
incubated for 1 h at room temperature. Membranes were collected by centrifuga-
tion at 30,000g for 30 min, and complex was solubilized from membrane using 0.5% 
(w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace) supplemented with 0.03% 
(w/v) cholesteryl hemisuccinate (CHS, Anatrace) for 2 h at 4 °C in the presence 
of 1 µ M ExP5 and apyrase (25 mU/ml, NEB). Insoluble material was removed by 
centrifugation at 30,000g for 30 min and the solubilized complex was immobilized 
by batch binding to M1 anti-Flag affinity resin in the presence of 3 mM CaCl2. 
The resin was packed into a glass column and washed with 20 column volumes 
of 20 mM HEPES pH 7.4, 100 mM NaCl, 2 mM MgCl2, 3 mM CaCl2, 1 µ M ExP5, 
0.01% (w/v) LMNG and 0.006% (w/v) CHS before bound material was eluted in 
buffer containing 5 mM EGTA and 0.1 mg/ml FLAG peptide. The complex was 
then concentrated using an Amicon Ultra Centrifugal Filter (MWCO, 100 kDa) 
and subjected to size-exclusion chromatography on a Superdex 200 Increase 10/300 
column (GE Healthcare) that was pre-equilibrated with 20 mM HEPES pH 7.4, 
100 mM NaCl, 2 mM MgCl2, 1 µ M ExP5, 0.01% (w/v) MNG and 0.006% (w/v) CHS 
to separate complex from contaminants. Eluted fractions consisting of receptor 
and G-protein complex were pooled and concentrated. The final yield of purified 
complex was approximately 0.2 mg per litre of insect cell culture.
SDS–PAGE and western blot analysis. Samples collected from size-exclusion chro-
matography were analysed by SDS–PAGE and western blot. For SDS–PAGE, precast 
gradient TGX gels (Bio-Rad) were used. Gels were either stained by Instant Blue 
(Expedeon) or immediately transferred to PVDF membrane (Bio-Rad) at 100 V  
for 1 h. The proteins on the PVDF membrane were probed with two primary anti-
bodies, rabbit anti-Gα s C-18 antibody (cat. no. sc-383, Santa Cruz) against the Gα s 
subunit and mouse penta-His antibody (cat. no. 34660, QIAGEN) against His tags. 
The membrane was washed and incubated with secondary antibodies (680RD goat 
anti-mouse and 800CW goat anti-rabbit, LI-COR). Bands were imaged using an 
infrared imaging system (LI-COR Odyssey Imaging System).
Preparation of vitrified specimen. EM grids (Quantifoil, 200 mesh copper 
R1.2/1.3) were glow discharged for 30 s in high pressure air using Harrick plasma 
cleaner. Four microlitres of sample at 1.3 mg/ml was applied to the grid in the 
Vitrobot chamber (FEI Vitrobot Mark IV). The Vitrobot chamber was set to 100% 
humidity at 4 °C. The sample was blotted for 5 s with a blot force of 20 and then 
plunged into propane–ethane mixture (37% ethane and 63% propane).
Data acquisition. Data were collected on a Titan Krios microscope operated 
at 300 kV (Thermo Fisher Scientific equipped with a Gatan Quantum energy  
filter, a Gatan K2 summit direct electron detector (Gatan) and a Volta phase plate 
(Thermo Fisher Scientific)). Videos were recorded in EFTEM nanoprobe mode, 
with 50-µ m C2 aperture, at a calibrated magnification of 47,170 corresponding to 
a magnified pixel size of 1.06 Å. Each video comprised 50 frames with a total dose 
of 50 e−/Å2 and exposure time was 8 s with a dose rate of 7 e− per pixel per s on the 
detector. Data acquisition was done using SerialEM software at − 500 nm defocus33.
Data processing. We collected 2,793 movies and subjected them to motion cor-
rection using motioncor234. Contrast transfer function (CTF) estimation was done 
using Gctf software35 on the non-dose-weighted micrographs. The particles were 
picked using gautomatch (developed by K. Zhang, MRC Laboratory of Molecular 
Biology, Cambridge, UK; http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). 
An initial model was made using EMAN236 based on a few  automatically picked 
micrographs and using the common-line approach. The particles were extracted 
in RELION 2.0337 using a box size of 200 pixels. Picked particles (614,883) were 

subjected to 3D classification with 5 classes. Particles (190,135) from the best- 
looking class were subjected to 3D auto-refinement in RELION 2.03. The refined 
 particles were subjected to another run of 3D classification with 5 classes and 
without alignments, after which 184,672 particles were chosen for a final run of 3D 
auto- refinement in RELION 2.03. The final map was sharpened with a B-factor of 
− 50 Å. Local resolution was determined using RELION37 with half-reconstructions  
as input maps. The cryo-EM data collection, refinement and validation statistics 
are reported in Supplementary Table 1.
Modelling. The initial template for GLP-1R transmembrane regions, G protein 
and Nb35 was derived from rabbit GLP-1R in complex with Gα s (PDB-5VAI)2  
followed by extensive remodelling using COOT38. The ECL3 loop residues  
372–376 were stubbed owing to insufficient density for unambiguous modelling, 
and no high-resolution density was present for ICL3 residues N338–T343, which 
were omitted from the deposited structure. Owing to discontinuous and/or  variable 
density in the GLP-1R ECD region, we used the high-resolution X-ray crystal 
structure of the GLP-1R ECD–exendin(9–39) (PDB-3C5T)16 for a rigid body 
fit with limited manual adjustments. The ExP5 peptide was modelled  manually. 
The final model was subjected to global refinement and minimization in real 
space using the module ‘phenix.real_space_refine’ in PHENIX39. Validation was 
 performed in MolProbity40.
Insect cell membrane preparations. Crude membrane preparations were 
 prepared from insect cells produced using the same expression conditions as 
used for cryo-EM samples. Cells were resuspended in buffer (20 mM HEPES 7.4, 
50 mM NaCl, 2 mM MgCl2, with protease inhibitors and benzonase) and dounced  
20 times with the tight pestle, followed by centrifugation (10 min, 350g, 4 °C). The 
pellet was resuspended in buffer, dounced and clarified by centrifugation at a low g.  
Membranes were pelleted by centrifugation (1 h, 40,000g, 4 °C), resuspended in 
buffer and sonicated. Protein concentration was determined using Bradford rea-
gent (Bio-Rad).
[35S]GTPγS binding. Measurement of [35S]GTPγ S incorporation was performed 
in 20 mM HEPES pH 7.4; 100 mM NaCl; 10 mM MgCl2; 1 mM EDTA; 0.1% (w/v) 
BSA; 30 µ g/ml saponin. Membranes (50 µ g per sample) were pre-incubated with 
1 µ M GDP and increasing concentrations of ligand for 30 min at 22 °C. Reactions 
were started by the addition of [35S]GTPγ S and ATP (final concentrations: 300 pM 
and 50 µ M, respectively). After 1 h incubation at 30 °C, the reaction was termi-
nated by collecting the membranes on Whatman UniFilter GF/C plates using 
Filtermate 196 harvester (Packard). Membranes were extensively washed with ice-
cold 50 mM Tris pH 7.6, 10 mM MgCl2, 100 mM NaCl, dried, dissolved in 40 µ l  
MicroScint-O scintillation cocktail (Packard) and counted using a MicroBeta 
LumiJET counter (PerkinElmer). Data from each experiment were normalized 
to the response of GLP-1R–WTGα s–Gβ 1γ 2 membranes at 1 µ M GLP-1 (100%).
Radioligand competition binding experiments on insect cell membranes. 
Radioligand binding was performed in 20 mM HEPES, pH 7.4, 100 mM NaCl, 
10 mM MgCl2 and 0.1% (w/v) BSA. Competition binding assays with GLP-1 and 
ExP5 were performed in the presence of 50 pM [125I]-exendin(9–39). Binding 
reactions were initiated with the addition of 4 µ g of GLP-1R-expressing  membranes 
(with or without G protein) followed by 1 h incubation at 30 °C. Membranes were 
collected on UniFilter GF/C (Whatman) plates using a Filtermate 196 harvester 
(Packard), extensively washed with ice-cold NaCl, dried, dissolved in 40 µ l of 
MicroScint-O scintillation cocktail (Packard), and counted using a MicroBeta 
LumiJET counter (PerkinElmer). Data from each experiment were normalized 
to vehicle control and non-specific binding (1 µ M exendin(9–39)). Curves were 
fit to a one- or two-site competition binding equation in Prism 6.0 (GraphPad).
Generation of mutant receptor constructs in mammalian cell lines. Mutant 
receptors were generated in a 2× c-Myc epitope-tagged receptor in the pEF5/
FRT/V5-DEST vector using QuikChange site-directed mutagenesis (Invitrogen) 
and sequences confirmed. Mutant receptors were stably expressed in CHOFlpIn 
cells using the FlpIn Gateway technology system (Invitrogen) and selected using  
600 µ g/ml hygromyocin B. All cells were tested and found to be free from myco-
plasma contamination.
Mammalian whole-cell radioligand binding assays. Cells were seeded at a  
density of 30,000 cells per well into 96-well culture plates and incubated overnight 
in DMEM containing 5% FBS at 37 °C in 5% CO2. Growth medium was replaced 
with binding buffer (DMEM containing 25 mM HEPES and 0.1% (w/v) BSA) con-
taining 0.1 nM [125I]-exendin(9–39) and increasing concentrations of unlabelled 
peptide agonists. Cells were incubated overnight at 4 °C, followed by three washes 
in ice cold 1×  PBS to remove unbound radioligand. Cells were then solubilized in 
0.1 M NaOH, and radioactivity determined by gamma counting. For all experi-
ments, nonspecific binding was defined by 1 µ M exendin(9–39).
Mammalian cAMP assays. Cells were seeded at a density of 30,000 cells per well 
into 96-well culture plates and incubated overnight in DMEM containing 5% FBS 
at 37 °C in 5% CO2. cAMP detection was performed as previously described3. 
All values were converted to cAMP concentration using a cAMP standard curve 
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performed in parallel and data were subsequently normalized to the response of 
100 µ M forskolin in each cell line.
β-Arrestin recruitment assay. Cells stably expressing GLP-1R–Rluc8 and  
β - arrestin1–venus were seeded at a density of 30,000 cells per well into 96-well 
culture plates and incubated overnight in DMEM containing 5% FBS at 37 °C in 
5% CO2. β -Arrestin recruitment was performed as previously described41.
Mammalian cell membrane preparations for G protein BRET assays. 
HEK293A∆ S-GLP-1R cells were transfected with Gα s–venus (inserted at position 
72 of Gα s with a GSSSSG linker) or dominant-negative Gα s–nanoluc (inserted at 
position 72 of Gα s with a GSSSSG linker), Gβ 1 and Gγ 2–nanoluc or Gγ 2–venus 
(inserted at the N terminus of Gγ 2 with a GSAGT linker) at a 1:1:1 ratio using 
PEI. Cell membranes were prepared as described previously26 and stored at  
− 80 °C. Twenty-four hours after transfection, cells were collected with membrane 
preparation buffer (20 mM BisTris, pH 7.4, 50 mM NaCl, 1 mM MgCl2, 1×  P8340 
protease inhibitor cocktail (Sigma-Aldrich), 1 mM DTT and 0.1 mM PMSF). 
Cells were then homogenized, applied to a stepped sucrose gradient (60%, 40%, 
homogenate) and centrifuged at 22,500 r.p.m. for 2.5 h at 4 °C. The layers between 
40% and homogenate were collected, diluted in membrane preparation buffer and 
centrifuged at 30,000 r.p.m. for 30 min at 4 °C. The final pellet was resuspended in 
membrane preparation buffer, and stored at − 80 °C. Total protein concentration 
was determined using a NanoDrop.
G protein conformational determination using BRET. HEK293A∆ S cells stably 
expressing the GLP-1R (tested and confirmed to be free from mycoplasma) were 
transfected with a 1:1:1 ratio of Gγ 2:nanoluc–Gα s72:venus–Gβ 1 or Gγ 2:venus–
dominant-negative Gα s72:nanoluc–Gβ 1 24 h before collection and preparation of 
cell plasma membranes (above). Five micrograms per well of cell membrane was 
incubated with furimazine (1:1,000 dilution from stock) in assay buffer (1×  HBSS, 
10 mM HEPES, 0.1% (w/v) BSA, 1×  P8340 protease inhibitor cocktail, 1 mM DTT 
and 0.1 mM PMSF, pH 7.4). The GLP-1R-induced BRET signal between Gα s and 
Gγ  was measured at 30 °C using a PHERAstar (BMG LabTech). Baseline BRET 
measurements were taken for 2 min before addition of vehicle or ligand. BRET 
was measured at 15 s intervals for a further 7 min. All assays were performed in a 
final volume of 100 µ l.
Data analysis. Pharmacological data were analysed using Prism 7 (GraphPad). 
Concentration-dependent response signalling data were analysed as previously 
described20 using a three-parameter logistic equation. Signalling bias was quanti-
fied by  analysis of cAMP accumulation and β -arrestin1 recruitment concentration– 
response curves using an operational model of agonism modified to directly estimate  
the ratio of τ/KA as described previously5,20,42.

τ
τ

=
× / ×

× / + + /
Y E K A

A K A K
( ) [ ]

[ ] ( ) (1 [ ] )

n n

n n n
max c A

c A A

in which Emax represents the maximal stimulation of the system, KA is the agonist– 
receptor dissociation constant in molar concentration, [A] is the molar con-
centration of ligand and τ is the operational measure of efficacy in the system, 
which incorporates signalling efficacy and receptor density. All estimated τ/KA 
ratios included propagation of error for both τ and KA. Changes in τ/KA ratios 
with respect to GLP-1 for each novel peptide were used to quantify bias between  
signalling pathways. Accordingly, bias factors included propagation of error from 
the τ/KA ratios of each pathway.

Changes in the rate of change in BRET signal were fitted to a one-phase associ-
ation curve. Normalized AUC for the indicated ligand concentrations was plotted 

as a concentration–response curve and fitted with a three-parameter logistic curve. 
Statistical analysis was performed with either one-way analysis of variance and a 
Tukey’s post-test or a paired t-test, and significance accepted at P <  0.05.
Graphics. Molecular graphics images were produced using the UCSF Chimera 
package from the Computer Graphics Laboratory, University of California, San 
Francisco (supported by NIH P41 RR-01081)43. Superposition of maps was per-
formed in COOT using “transformation by LSQ model fit”38. Measurements of 
Gα Ras α 5 movements between different structures was performed in Pymol using 
the psico python module.
Data availability. All relevant data are available from the authors and/or included 
in the manuscript or Supplementary Information. Atomic coordinates and the 
cryo-EM density map have been deposited in the Protein Data Bank (PDB) under 
accession number 6B3J and EMDB entry ID EMD-7039.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | GLP-1R pharmacology. a, Peptide sequences. 
b, Pharmacology of untagged GLP-1R (WT GLP-1R) and the purification 
construct (HA–GLP-1R). c, Insect cell pharmacology of HA–GLP-1R. 
Top, radioligand competition binding. Bottom, GTPγ S binding. Left, no 
Gs protein. ExP5 has lower affinity than GLP-1 and exendin-4 and does 
not bind GTPγ S. Middle, wild-type Gs enhances peptide affinity and 
promotes GTPγ S binding. Right, dominant-negative Gs is similar to wild-
type Gs in binding, but does not bind GTPγ S. d, Bias factors calculated 
from concentration–response curves using the Black and Leff operational 
model5,20,41 (see Methods) confirm that ExP5 is a biased agonist relative 
to GLP-1. e, Top left, pIC50 of ExP5 is ∼ 100-fold lower than of GLP-1 
(CHOFlpIn whole cell). Top right, GLP-1 and ExP5 have β -arrestin1 

coupling with pEC50 ∼ 30-fold to the right of their pIC50 (dotted lines). 
ExP5 is more potent than GLP-1 in cAMP signalling (pEC50 relative to 
pIC50). Bottom left, pIC50:pEC50 ratios for G protein (cAMP) and  
β -arrestin1 of ExP5 relative to GLP-1 highlights ExP5 bias arises from 
enhanced Gs coupling, not reduced β -arrestin1 recruitment. Bottom right, 
ratio of ExP5 efficacy (calculated using the Ehlert method44) relative to 
GLP-1 in cAMP and β -arrestin1 recruitment confirms that ExP5 bias 
arises from enhanced Gα s efficacy. Data in b, c are mean ±  s.e.m. of 
three (insect cells) or four (CHOFlpIn cells) independent experiments, 
conducted in duplicate or triplicate, respectively. Data in d, e are from  
11 independent experiments performed in duplicate. * P <  0.05 by one-way 
analysis of variance and Dunnett’s post-test.
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Extended Data Figure 2 | Purification and Volta phase plate imaging 
of the ExP5–GLP-1R–Gs complex. a, Left, elution profile of the purified 
complex. Middle, pooled complex fractions, concentrated and analysed 
by size exclusion chromatography (SEC). Right, SDS–PAGE/Coomassie 
blue stain and western blot of the complex showing all components. 
Anti-His antibody detects Flag–GLP-1R–His, Gβ –His and Nb35–His 

(red) and anti-Gs antibody detects Gα s (green). b, Left, Volta phase plate 
micrograph of the complex (representative of 2,793). Middle, 2D class 
averages. Right; ‘gold standard’ Fourier shell correlation (FSC) curves; 
the overall nominal resolution is 3.26 Å. c, Left, Volta phase plate phase 
shift history throughout the dataset. Right, histogram of the estimated 
micrograph resolutions from the CTF.
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Extended Data Figure 3 | Atomic resolution model of the ExP5–
GLP-1R–Gs heterotrimer in the cryo-EM density map. EM density 
map and model are shown for all seven transmembrane helices and H8 

of the receptor, the ExP5 peptide and the α 5α  helix of the Gα Sα  Ras-like 
domain. Bulky residues are highlighted. All transmembrane helices exhibit 
good density, with TM6—which is flexible—being the least well-resolved.
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Extended Data Figure 4 | Comparison of class B GPCR structures.  
a–c, Agonist-bound full-length structures have distinct NTD orientations. 
d–f, Side view (d), extracellular view (e) and cytoplasmic view (f) of the 
conformational reorganization between inactive (GCGR, PDB 4L6R) and 
active structures (ExP5-bound GLP-1R). Distances are measured from 
Cα  residues 1.33, 6.58, 7.35 and 6.35. Numbering uses the Wootten class B 

system. g–h, Superimposition of transmembrane domains from  
sCT–CTR–Gs (grey, PDB 5U27), GLP-1–GLP-1R–Gs (red, PDB 5VAI)  
and ExP5–GLP-1R–Gs with the inactive GCGR (green, PDB 4L6R).  
The largest differences in active structures relative to the inactive GCGR 
occur in TM1, TM6, TM7 and ECL3 (h), but the nature and extent of 
conformational change varies.
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Extended Data Figure 5 | ECL3, TM7, TM1 and ICL3 may be associated 
with GLP-1R biased agonism. a, Conformational differences in GLP-1R 
ECL3 between ExP5-bound (blue) and GLP-1-bound (red) GLP-1R 
structures are supported by density in their respective cryo-EM maps. 
b, L3887.43A affected the potency of GLP-1 mediated cAMP more than 
ExP5 (mean +  s.e.m. of four independent experiments). c, Right, TM1 
overlays from agonist-bound class B GPCR structures reveals a different 

conformation for GLP-1–GLP-1R. Left, TM1 model overlays of ExP5–
GLP-1R and GLP-1–GLP-1R with their associated cryo-EM maps (GLP-1, 
red ribbon/mesh; ExP5, blue ribbon/surface) reveals limited differences in 
the TM1 backbone, but potentially distinct side-chain orientations. d, Left, 
ICL3 backbone conformation in GLP-1–GLP-1R (PDB 5VAI) is supported 
by density (EMD-3653). Limited density is observed for ICL3 (337–343) in 
ExP5–GLP-1R.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 6 | Rearrangement of conserved networks upon 
GLP-1R binding to ExP5. Comparison of conserved networks in the 
inactive (green, GCGR) and activated (blue, ExP5–GLP-1R–Gs) states; 
central polar network (cyan), cytoplasmic polar networks (orange) and 
hydrophobic residues (pink). Inactive state interactions are incompatible 
with peptide binding and reorganize on activation. Upper middle, major 
rearrangements within the hydrophobic network (top, inactive; bottom, 

activated); side chains involved in ground state stabilization in green, 
inactive and active state in pink and active state in blue. Lower left and 
lower right, reorganization of the central hydrogen bond network and 
cytoplasmic networks, respectively, where green is inactive and blue is 
active. Subscript, Wootten numbering. These conformational changes are 
detailed in Supplementary Video 1.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | GLP-1R–G protein interactions. a, GLP-1R 
forms interactions with Gα SRas and Gβ . b–e, Receptor side chains  
(blue) within 4.5 Å of Gα S side chains (gold) or Gβ  side chains (cyan).  
b–d, Gα Sα 5 forms polar and non-polar interactions with the cytoplasmic 
cavity formed by TM6 opening. Potential interactions also occur between  
Gα Sα N and ICL2 of GLP-1R. e, GLP-1R H8 aromatic residues embed 

within the detergent micelle and polar residues form direct interactions 
with Gβ . f, Left, the distinct engagement angle of Gα Sα 5 with the receptor 
(Fig. 3) results in an overall rotation of the Gα sRas,β ,γ  in ExP5–GLP-1R 
relative to GLP-1–GLP-1R. Right, overlaying Gα s from both structures 
reveals only minor differences in the G protein upon receptor engagement.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Table 1 | Effects of extracellular loop 3 alanine mutants of human GLP-1R on agonist binding and cell surface expression

Cell surface expression was determined through antibody detection of the N-terminal c-Myc epitope label and expressed as percentage of wild-type (WT) GLP-1R expression. Whole-cell competition 
radioligand binding data were analysed using either a one-site (a single pKi) or a two-site binding curve (two pKi values are reported with the fraction of receptors in the high a#nity site reported in 
brackets) as determined by an F-test in Graphpad Prism. pKi values represent the negative logarithm of the equilibrium dissociation constant (in molar) of agonist. Data were normalized to speci!c 
[125I]-exendin(-9-39) binding. cAMP concentration response data were analysed using a three-parameter logistic curve to determine pEC50 and Emax values. pEC50 values represent the negative  
logarithm of agonist concentration that produces half maximal response. Emax values are maximal response as percentage of  WT response. All values are expressed as mean ±  s.e.m. of !ve  
independent experiments conducted in duplicate. Data were analysed using one-way analysis of variance and Dunnett’s post-test. * P <  0.05 (in comparison with WT response).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Table 2 | Interactions between the GLP-1R and ExP5

Residues in black are within 4 Å of the bound peptide. Residues in grey italics are within 4.5 Å of the bound peptide, but out of bonding distance and may form transient interactions. Residues in blue 
italics are within 4 Å in our model but there is no side-chain density in the cryo-EM map.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Table 3 | Interactions formed between class B receptor and Gs heterotrimeric Gs proteins

All receptor residues within 4 Å (4.5 Å in non-bold italics) of G protein that were evident in the cryo-EM maps of the sCT–CTR–Gs, GLP-1–GLP-1R–Gs and ExP5–GLP-1R–Gs complexes are listed.  
Residues in red are conserved interactions between the three structures, those in blue are conserved between the two GLP-1R structures and those in black are unique in the di"erent structures  
(bb indicates backbone interactions).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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G protein– coupled receptors (GPCRs) can be differentially
activated by ligands to generate multiple and distinct down-
stream signaling profiles, a phenomenon termed biased ago-
nism. The glucagon-like peptide-1 receptor (GLP-1R) is a class B
GPCR and a key drug target for managing metabolic disorders;
however, its peptide agonists display biased signaling that
affects their relative efficacies. In this study, we combined
mutagenesis experiments and mapping of surface mutations
onto recently described GLP-1R structures, which revealed two
major domains in the GLP-1/GLP-1R/Gs protein active struc-
ture that are differentially important for both receptor quies-
cence and ligand-specific initiation and propagation of biased
agonism. Changes to the conformation of transmembrane helix
(TM) 5 and TM 6 and reordering of extracellular loop 2 were
essential for the propagation of signaling linked to cAMP for-
mation and intracellular calcium mobilization, whereas order-
ing and packing of residues in TMs 1 and 7 were critical for
extracellular signal–regulated kinase 1/2 (pERK) activity. On
the basis of these findings, we propose a model of distinct
peptide–receptor interactions that selectively control how these
different signaling pathways are engaged. This work provides
important structural insight into class B GPCR activation and
biased agonism.

GPCRs7 are ubiquitous integrators of extracellular signals for
the control of cellular responses. As such, they are key drug
targets, and !40% of approved therapeutics act via this recep-
tor class (1). Nonetheless, many potential drugs fail in late-stage
clinical trials due to lack of predicted efficacy, indicating gaps in
our understanding of drug action and/or the specific contribu-
tions of signaling events to the control of diseases.

It has become increasingly evident that GPCRs are highly
dynamic proteins that can adopt numerous ligand-specific con-
formational ensembles with distinct impact on signaling and
regulatory profiles, even with ligands acting via a common
binding pocket, a phenomenon termed biased agonism (2, 3).
This not only provides an unprecedented opportunity to sculpt
biological responses for therapeutic benefit, but it also creates
increased challenges for drug discovery and developmental
programs to identify the spectra of ligand behavior and to elu-
cidate structure–activity relationships linking observed behav-
ior to physiology and disease processes.

Class B peptide hormone GPCRs bind important physiolog-
ical peptides of about 30 – 40 amino acids, including calci-
tonin, amylin, adrenomedullin, calcitonin gene-related peptide,
secretin, parathyroid hormones, vasoactive intestinal peptide,
gastric inhibitory peptide, glucagon, and the glucagon-like pep-
tides (4, 5). As such, these receptors are crucial targets for treat-
ment of chronic diseases, notably osteoporosis, migraine, obe-
sity, and type 2 diabetes. Class B GPCRs are pleiotropically
coupled, and biased agonism is commonly observed when sig-
naling is studied across multiple pathways, creating novel ther-
apeutic opportunities. However, optimally exploiting this prop-
erty requires detailed mechanistic understanding of the drivers
of bias (4).

The glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) is a
class B GPCR that is both critical to the natural incretin
response of the body and a major target for treatment of meta-
bolic disorders. It is among the best studied for biased agonism,
and such bias is readily observed for both naturally occurring
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and synthetic peptide mimetics (6 –11). This biased agonism
alters responses in pancreatic !-cells (11) and disease models in
vivo (10). The prevailing view for class B GPCR peptide binding
and receptor activation is a two-domain theory with initial
binding of the peptide C terminus to the receptor extracellular
domain (ECD) that positions the peptide N terminus relative to
the receptor core to facilitate receptor activation (12). The
prevalence of GLP-1R biased agonism and the therapeutic
implications of this behavior make understanding of the trig-

gers for, and propagation of, bias important for rational drug
design and development. We recently revealed that the extra-
cellular loops (ECLs) of the GLP-1R play a crucial role in the
biased agonism of exendin-4, oxyntomodulin, and GLP-1(7–
36)-NH2 (GLP-1): the first clinically approved GLP-1 mimetic,
a biased endogenous GLP-1R peptide, and the most common
circulating form of GLP-1, respectively (11, 13). Nonetheless,
interpretation of the data was limited by lack of experimentally
determined structure for the GLP-1R core and, indeed, any full-

Figure 1. Location of the TM/N-terminal ECD interface in active and inactive models of the human GLP-1R and expression of GLP-1R constructs in
stable cell lines. A, surface residues of the GLP-1R. Left-hand panel, inactive model of the hGLP-1R TM domain (residues 134 – 422) based on the inactive
glucagon receptor (PDB code 4L6R). Right-hand panel, active full-length exendin-P5 (ExP5)– hGLP-1R–Gs complex (PDB code 6B3J). The far N-terminal ECD
(residues 24 –30) and the TM1/ECD stalk (residues 128 –148) are illustrated in gray. ECL residues mutated in previous analyses (11) are colored by ECL. ECL1
(residues 201–223; cyan), ECL2 (residues 285–307; dark blue), ECL3 (residues 372–387; light purple) are shown. The position of exendin-P5 is shown as red ribbon
representation. B, cell-surface expression was determined by ELISA to the N-terminal c-Myc epitope tag on the hGLP-1R and mutant hGLP-1R isogenically
expressed in CHO–Flp-In cells. Data were normalized to the WT receptor. All values are mean # S.E. of four to six independent experiments, conducted in
duplicate. One-way ANOVA and Dunnett’s post-test were performed to determine statistical differences (*, p $ 0.05).

Structural insights into GLP-1R biased agonism
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length and active class B GPCR structures. Recently, several
near-atomic resolution structures of the GLP-1R have been
published that include structures of a stabilized inhibitor-
bound human receptor transmembrane (TM) domain (14), a
stabilized full-length human receptor bound to a modified
11-mer peptide agonist (15), and GLP-1Rs in complex with het-
erotrimeric Gs protein and either GLP-1 (16) or a newly iden-
tified biased agonist, exendin-P5 (17). In the meantime, the
structure of a full-length glucagon receptor (GCGR) in complex
with a weak partial agonist (18) and the full-length active calci-
tonin receptor in complex with peptide agonist and heterotri-
meric Gs were also solved (19). Collectively, this work has pro-
vided novel insights into gross conformational changes linked to
the dynamics of class B GPCR activation, including marked kink-
ing of transmembrane helix (TM) 6, outward movement of helices
6 and 7, and the interlinking ECL3, required for full activation, as
well as manifest reorganization of other ECLs (16, 17, 19).

The ECD is structurally linked to the receptor core through
extension of TM1, and there is accumulating evidence that the
far N terminus of the ECD may have a dynamic role in class B
GPCR function, both with respect to maintenance of an inac-
tive state, as has been suggested for the glucagon receptor
(GCGR) (20), and in ligand-dependent signaling (21, 22). Nota-
bly, the TM1 stalk domain is unstructured in complexes of class
B receptors complexed to agonist and G protein, but it main-
tains an extended "-helix in GCGR bound to a partial agonist
but without G protein (18). In this study, we performed alanine-
scanning analysis of the GLP-1R surface of the far N-terminal 7
amino acids (residues 24 –30, immediately after the receptor

signal peptide) and the 21 amino acids that link TM1 and the
ECD (residues 128 –148), and we assessed cell-surface expres-
sion, peptide affinity, and peptide efficacy for activation of
pathways linked to cAMP accumulation, intracellular calcium
([Ca2"]i) mobilization and phosphorylation of extracellular sig-
nal-regulated kinase 1/2 (pERK). Each of these pathways is of
physiological relevance for GLP-1R signaling (4, 23), and both
these regions are dynamically involved in GLP-1R peptide
affinity and signal transduction. The overlay of the new data
and that from our prior mutagenic analysis of the ECLs (11)
onto the recently solved GLP-1R structures revealed that
changes to the conformation of TMs 5 and 6 and reordering of
ECL2 were essential for propagation of cAMP formation and
[Ca2"]i mobilization signaling, whereas ordering and packing of
residues in TMs 1 and 7 were critical for pERK that is principally
driven by the Gi–G!#–arrestin interaction in the WT receptor.

Results

The far N-terminal ECD (Arg-24 –Val-30) and TM1/ECD
linker (Glu-128 –Tyr-148) residues of GLP-1R were mutated to
alanine by site-directed mutagenesis and stably expressed in
CHO–Flp-In cells by isogenic recombination, with the excep-
tion of Ala-28 that was mutated to glycine. The location of these
amino acids within the GLP-1R extracellular surface is illus-
trated on inactive (TM1/ECD linker only) and active hGLP-1R
models in Fig. 1A.

Cell-surface expression levels for WT and mutant GLP-1Rs
in the CHO–Flp-In stable cell lines were measured through
ELISA of anti– c-Myc antibody binding to the N-terminal

Table 1
Effects of human GLP-1R TM1/N-terminal mutants on peptide ligand binding and cell-surface expression
Binding data were analyzed using a three-parameter logistic equation and normalized to the maximal binding of the radiolabeled antagonist 125I-exendin-4(9 –39) and the
nonspecific binding in the presence of 1 $M exendin-4(9 –39). pKi is the negative logarithm of peptide affinity. All the values for binding are mean # S.E. of three independent
experiments, conducted in triplicate. Cell-surface expression was accessed through ELISA detecting the N-terminal c-Myc epitope label on the receptor. Mutant data are
compared with the wildtype human GLP-1R expression and shown as percentage. The data for cell-surface expression are mean # S.E. of four to six independent
experiments, conducted in duplicate. One-way ANOVA and Dunnett’s post-test were used to determine statistical differences (*, p $ 0.05). ND, not determined.

Whole-cell competition radioligand binding (pKi) Cell-surface expression
(% wildtype)GLP-1(7–36)-NH2 Exendin-4 Oxyntomodulin Exendin(9 –39)

Wildtype 8.12 # 0.06 9.31 # 0.06 7.52 # 0.08 7.85 # 0.05 100 # 7
R24A 8.10 # 0.08 9.54 # 0.13 7.69 # 0.08 7.74 # 0.06 130 # 8
P25A 8.17 # 0.09 9.56 # 0.12 7.80 # 0.08 7.71 # 0.06 107 # 15
Q26A 7.96 # 0.09 9.23 # 0.11 7.56 # 0.10 7.72 # 0.07 115 # 13
G27A ND ND ND ND 28 # 8*
A28G 7.67 # 0.08* 8.89 # 0.11* 7.07 # 0.08* 7.61 # 0.06 106 # 15
T29A ND ND ND ND 16 # 5*
V30A 8.16 # 0.09 9.31 # 0.11 7.72 # 0.08 7.77 # 0.08 108 # 8
E128A ND ND ND ND 6 # 2*
S129A 8.10 # 0.11 9.94 # 0.10 7.71 # 0.15 7.79 # 0.10 83 # 6
K130A 8.12 # 0.08 9.25 # 0.07 7.52 # 0.12 7.64 # 0.09 51 # 8*
R131A 8.28 # 0.12 9.37 # 0.09 7.72 # 0.14 7.78 # 0.09 114 # 15
G132A ND ND ND ND 80 # 6
E133A 8.16 # 0.07 9.45 # 0.10 7.70 # 0.09 7.84 # 0.10 97 # 12
R134A 8.12 # 0.09 9.14 # 0.08 7.60 # 0.12 7.65 # 0.11 118 # 4
S135A 8.35 # 0.09 9.40 # 0.10 7.79 # 0.09 7.82 # 0.09 60 # 14*
S136A 7.84 # 0.11 9.29 # 0.07 7.39 # 0.13 7.59 # 0.15 123 # 15
P137A 7.18 # 0.13* 8.54 # 0.09* 6.94 # 0.12* 6.98 # 0.18* 102 # 14
E138A 8.22 # 0.07 9.19 # 0.10 7.21 # 0.07 7.87 # 0.07 164 # 13*
E139A ND ND ND ND 37 # 8*
Q140A 7.84 # 0.15 8.65 # 0.13* 7.68 # 0.21 8.15 # 0.16 37 # 6*
L141A 7.50 # 0.06 8.53 # 0.06* 6.17 # 0.28* 7.17 # 0.06* 136 # 8
L142A 7.89 # 0.07 9.23 # 0.07 6.89 # 0.10* 7.84 # 0.07 94 # 11
F143A 8.19 # 0.06 9.33 # 0.09 7.35 # 0.09 7.65 # 0.06 102 # 11
L144A 7.94 # 0.15 9.41 # 0.17 7.15 # 0.19 8.03 # 0.15 25 # 6*
Y145A 8.25 # 0.09 9.51 # 0.09 7.38 # 0.10 7.92 # 0.07 88 # 8
I146A 8.07 # 0.09 9.32 # 0.12 7.57 # 0.14 7.91 # 0.09 50 # 8*
I147A 7.78 # 0.05 9.00 # 0.08 7.26 # 0.08 7.67 # 0.08 108 # 18
Y148A 6.79 # 0.15* 8.06 # 0.06* 6.26 # 0.25* 8.09 # 0.08 67 # 8

Structural insights into GLP-1R biased agonism
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c-Myc epitope. All receptors were expressed at the cell sur-
face; however, the expression of G27A, T29A, E128A, K130A,
S135A, E139A, Q140A, L144A, and I146A mutants was signif-
icantly lower and that of E138A was markedly higher than WT
GLP-1R. All the other mutant receptors were not significantly
different from the WT (Fig. 1B and Table 1).

Peptide agonist affinity

Heterologous whole-cell competition binding with 125I–
exendin-4(9 –39) was performed to determine peptide agonist
affinity for the WT and mutant GLP-1Rs. As reported previ-
ously (6), at the WT receptor exendin-4 had the highest affinity
(pKi %9.31), followed by GLP-1 (pKi %8.12), whereas oxynto-
modulin had the lowest affinity (pKi %7.52) (Table 1 and Fig. 2).
No specific binding window could be established for the G132A
mutant, despite good cell–surface expression by ELISA, or for
the low-expressing mutants G27A, T29A, E128A, and E139A;
for all others, competitive binding isotherms were established
for each of the peptides. Of the far N-terminal ECD residues
that exhibited specific binding, only the A28G mutation modi-
fied affinity ($5-fold) for GLP-1 and exendin-4, with a similar

trend for oxyntomodulin (Figs. 2 and 3A and Table 1). Of
the TM1/stalk residues, P137A, L141A, and Y148A mutations
reduced affinity for each of the agonist peptides, whereas the
P137A and L141A mutations also reduced affinity of the antag-
onist exendin-4(9 –39). Ligand-specific reductions in affinity
were seen for Q140A (exendin-4) and L142A (oxyntomodulin).
All other mutations were without significant effect on peptide
affinity (Figs. 2 and 3A and Table 1).

Agonist efficacy

Concentration-response curves for each of the peptides
were established to determine agonist potency and maximal
responses for canonical signaling endpoints, cAMP accumula-
tion, [Ca2"]i mobilization, and pERK1/2 (Figs. 3, B–D, and 4–6
and Tables 2–4). These data were subject to operational mod-
eling (26) to determine affinity-independent measures of effi-
cacy (% for each pathway). The operational efficacy term “%” is a
measure of the number of receptors that need to be occupied to
give a specified response. The % values were normalized to
receptor expression to derive a receptor expression-indepen-

Figure 2. Competitive inhibition of 125I-exendin(9 –39) binding by peptide agonists for Ala mutants of the hGLP-1R N-terminal ECD and TM1 and
linker region. Binding affinity data are expressed as a percentage of measured bound versus bound in the absence of peptide, each corrected for nonspecific
binding (measured in the presence of 1 $M unlabeled exendin(9 –39)). Inhibition curves of WT and mutant receptors were stimulated by GLP-1(7–36)NH2 (upper
panels), exendin-4 (middle panels), or oxyntomodulin (lower panels) in CHO–Flp-In cells stably expressed WT or mutant receptors. Data were fitted with a
three-parameter logistic equation. All values are means # S.E. of four to six independent experiments, conducted in duplicate.

Structural insights into GLP-1R biased agonism

J. Biol. Chem. (2018) 293(24) 9370 –9387 9373

 at M
onash U

niversity (C
A

U
L) on July 18, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Figure 3. Changes in affinity (A) and efficacy (B–D) of the agonists GLP-1, exendin-4, and oxyntomodulin at mutant GLP-1Rs. A, pKi values for the agonist
peptides were derived from competition of 125I– exendin-4(9 –39) binding. Data were plotted as differences in pIC50 of the alanine mutants compared with the
wildtype (WT) hGLP-1R for GLP-1 (left panel), exendin-4 (middle panel), and oxyntomodulin (right panel). All pIC50 values were mean # S.E. of three independent
experiments performed in triplicate. B–D, &log%c values are the difference in the coupling efficacy (log%c) for cAMP accumulation (B), [Ca2"]i mobilization (C),
and ERK phosphorylation (pERK) (D) of the alanine mutant GLP-1Rs compared with the WT receptor for GLP-1 (left panels), exendin-4 (middle panels), and
oxyntomodulin (right panels). All functional values are mean # S.E. of four to six independent experiments, conducted in duplicate. One-way ANOVA
and Dunnett’s post-test were performed to determined statistical differences (*, p $ 0.05), and the bars are colored according to the fold-change between WT
and mutant receptors (yellow, 2–5-fold decrease; light orange, 5–10-fold decrease; dark orange, 10 –30-fold decrease; red, '30-fold decrease; green, increased
affinity (A) or efficacy (B–D)). N.D., not defined.
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dent and quantitative measure of pathway activation “%c” for
individual peptides at each of the mutants (27, 28).

cAMP accumulation

Within the far N terminus of the ECD, mutants G27A and
T29A that had poor expression displayed very weak to no mea-
surable cAMP response. Unlike binding affinity, which was
unaltered, the R24A mutant had reduced efficacy for GLP-1
and exendin-4 (Figs. 3B and 4 and Table 2). Within the TM1/
ECD linker there was only limited correlation between effects
on binding affinity and cAMP efficacy and on cAMP efficacy
between peptides. E128A that was poorly expressed responded
very weakly to all peptides. The I147A mutant induced modest
loss of efficacy, and the G132A mutant exhibited 10 –30-fold
decreased efficacy for all peptides. The L142A mutant had a
significantly attenuated efficacy for GLP-1, with similar fold
decreases for exendin-4 and oxyntomodulin, although these
latter effects did not achieve significance. The E139A mutant
that had undetectable 125I– exendin-4(9 –39) binding had
reduced efficacy with exendin-4 and to a lesser extent oxynto-
modulin but not GLP-1. There were statistically significant
increases in efficacy for oxyntomodulin at E133A, whereas
K130A, S135A, Y145A, and I146A caused selective increases in
GLP-1 efficacy, and R131A induced a weak and selective
decrease in GLP-1 efficacy (Figs. 3B and 4 and Table 2).

iCa2! mobilization

Because of relatively weak [Ca2"]i mobilization by oxynto-
modulin, only a single high concentration (!3 $M) was
assessed. For GLP-1 and exendin-4, no measurable response
was seen at the poorly expressed G27A, T29A, and E128A
mutants, whereas the E138A mutant exhibited increased
efficacy for both peptides, even after correction for the
higher cell-surface expression (Figs. 3C and 5 and Table 3).
There was decreased efficacy for both peptides with the
L142A mutant, whereas L144A abolished [Ca2"]i mobiliza-
tion, despite unaltered cAMP efficacy. There was selective
loss of exendin-4 efficacy at the S135A and Y148A mutants
and of GLP-1 efficacy at the S136A, Q140A, and I147A
mutants, although these effects were relatively small (Figs.
3C and 5 and Table 3). There was also a weak and selective
increase in GLP-1 efficacy at the R24A mutant, whereas the
opposite effect was seen for GLP-1– dependent cAMP effi-
cacy (Fig. 3, C versus B, and Tables 2 and 3). Of interest,
although not quantitative, there was no measurable response
for the single high concentration of oxyntomodulin at the
P137A and Y148A mutants, despite approximately WT lev-
els of cell-surface receptor expression and limited (for
P137A) or no (Y148A) effect of the mutation on oxynto-
modulin affinity (Fig. 3C and Table 1).

Figure 4. cAMP concentration-response curves for Ala mutants of the hGLP-1R N-terminal ECD and TM1 and linker region. Concentration-response
curves for cAMP accumulation of WT and mutant receptors were stimulated by GLP-1(7–36)NH2 (upper panels), exendin-4 (middle panels), or oxyntomodulin
(lower panels) in CHO–Flp-In cells stably expressing WT or mutant receptors. Data were normalized to the response elicited by the WT and analyzed with an
operational model of agonism. All values are means # S.E. of four to six independent experiments, conducted in duplicate.
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ERK1/2 phosphorylation

As seen with the other pathways, the poorly expressed
mutants G27A, T29A, and E128A had no measurable pERK
response to any of the peptides. For the far N-terminal ECD
mutations, there was a slightly increased efficacy for all peptides
with the Q26A mutant and a selective weak increase in efficacy
for exendin-4 at the A28G and V30A mutants (Figs. 3D and 6
and Table 4). For the TM1/ECD linker, there was increased
efficacy for all three peptides at the K130A, E138A and I147A
mutants and decreased efficacy at the S136A mutant. A weak
loss of efficacy for exendin-4 and oxyntomodulin, but not
GLP-1, occurred with the G132A mutant, whereas the L144A
mutant abolished pERK response to GLP-1 and oxyntomodulin
but did not alter efficacy for exendin-4. Of the remaining
mutants, only L141A (increased exendin-4 efficacy) and Q140A
(weak loss of oxyntomodulin efficacy) had any significant effect
(Figs. 3D and 6 and Table 4).

Discussion

Structural insights into GLP-1R biased agonism

Our results indicate that the far N terminus and the linker
region between TM1 and the ECD play discrete roles in recep-
tor stability and expression and in peptide-specific signaling.
Recent advances in structural determination for class B GPCRs
and particularly the GLP-1R provide an unprecedented oppor-
tunity to map key surface residues in three-dimensional space
relevant to both inactive and active structures. For the GLP-1R,

four new structures have recently been solved, which include a
modified human GLP-1R TM domain structure bound to neg-
ative allosteric modulators (NAMs) (14), a thermostabilized
full-length human GLP-1R bound to a modified 11-mer agonist
peptide (15), a fully active rabbit GLP-1R in complex with
GLP-1 and the heterotrimeric Gs protein (16), and human
GLP-1R in complex with the biased agonist, exendin-P5, and
the Gs protein (17). Details of structures, including differences
from WT human GLP-1R, are described in Table 5. This work
complements the previously published inactive structures of
the related GCGR (29, 30). The NAM-bound GLP-1R contains
structural alterations, including an introduced cysteine bridge
between TM helices 5 and 6, that disrupt key networks of the
native inactive receptor. As such, we have used the inactive
GCGR (PDB code 4L6R) (29) as a template to model the inac-
tive GLP-1R (Fig. 1A) (28). The active rabbit GLP-1R complex
has a global resolution of 4.1 Å, with limited side-chain resolu-
tion and ambiguity in potential modeling of ECLs, whereas the
exendin-P5–GLP-1R complex has a global resolution of 3.3 Å
with good side-chain resolution for most of the receptor; we
have used this structure as the principal template for compar-
ative mapping of the effects of mutations between active and
inactive states (Fig. 1A). All full-length structures lack density
for residues 24 –28 of the far N terminus, indicating that this
segment is flexible upon ligand binding. However, the position
of Val-30 that is resolved in the structures suggests that the far
N-terminal residues likely make transient interactions with

Table 2
Effects of human GLP-1R TM1/N-terminal mutants on agonist-mediated cAMP accumulation
cAMP accumulation data were analyzed using a three-parameter logistic equation to determine pEC50 and Emax values. pEC50 is the negative logarithm of the molar
concentration of agonist that induced half the maximal response. Emax for mutants is expressed as a percentage of wildtype. Log%c is the operational efficacy value
(determined via the Black and Leff operational model (24)), corrected for cell-surface expression of GLP-1R. All values for cAMP accumulation are mean # S.E. of four to
six independent experiments, conducted in duplicate. One-way ANOVA and Dunnett’s post-test were used to determine statistical differences (*, p $ 0.05). ND, not
determined.

Agonist-mediated cAMP accumulation
GLP-1(7–36)-NH2 Exendin-4 Oxyntomodulin

pEC50 Emax Log"c pEC50 Emax Log"c pEC50 Emax Log"c

Wildtype 9.84 # 0.04 97.77 # 1.13 0.77 # 0.07 10.43 # 0.03 99.32 # 0.90 0.81 # 0.09 7.99 # 0.03 98.16 # 1.13 0.73 # 0.06
R24A 10.55 # 0.14* 77.09 # 2.92* 0.18 # 0.05* 10.83 # 0.16 74.16 # 3.10* 0.13 # 0.06* 8.52 # 0.11 81.17 # 2.99 0.25 # 0.06
P25A 10.33 # 0.08 97.02 # 2.21 0.67 # 0.10 10.67 # 0.18 97.12 # 4.65 0.67 # 0.10 8.29 # 0.11 102.90 # 4.26 0.86 # 0.18
Q26A 10.20 # 0.09 92.56 # 2.61 0.53 # 0.07 10.56 # 0.08 97.69 # 2.24 0.66 # 0.11 8.31 # 0.10 109.70 # 3.98 1.15 # 0.28
G27A 9.36 # 0.49 6.91 # 0.99* (0.70 # 0.16* 10.39 # 0.57 6.62 # 0.94* (0.70 # 0.16* ND ND ND
A28G 10.14 # 0.10 102.20 # 3.14 0.84 # 0.15 10.51 # 0.12 110.00 # 3.61 1.22 # 0.19 8.10 # 0.07 108.20 # 3.07 1.13 # 0.30
T29A ND ND ND ND ND ND ND ND ND
V30A 9.93 # 0.16 108.20 # 5.48 1.09 # 0.14 10.50 # 0.10 110.50 # 3.01 1.24 # 0.22 8.14 # 0.14 95.92 # 5.19 0.64 # 0.11
E128A 9.87 # 0.39 4.59 # 0.42* (0.25 # 0.14* 10.62 # 0.72 4.63 # 0.48* (0.22 # 0.25 8.08 # 0.53 4.15 # 0.83* (0.35 # 0.20*
S129A 9.85 # 0.10 98.92 # 3.30 0.83 # 0.12 10.44 # 0.09 111.50 # 2.93 1.45 # 0.31* 8.10 # 0.11 87.57 # 3.84 0.57 # 0.07
K130A 9.35 # 0.09 116.20 # 3.83* 1.47 # 0.20* 10.05 # 0.18 77.74 # 4.44* 0.59 # 0.05 7.46 # 0.17 89.78 # 7.01 0.82 # 0.10
R131A 10.15 # 0.21 76.34 # 4.84* 0.22 # 0.05* 10.78 # 0.15 101.40 # 4.12 0.78 # 0.14 8.16 # 0.26 108.70 # 10.93 1.10 # 0.22
G132A 9.83 # 0.16 33.04 # 1.67* (0.31 # 0.06* 10.58 # 0.25 35.90 # 2.36* (0.28 # 0.06* 8.29 # 0.12 29.04 # 1.30* (0.39 # 0.06*
E133A 9.74 # 0.17 87.76 # 4.92 0.55 # 0.07 10.09 # 0.16 103.40 # 5.28 1.01 # 0.38 7.90 # 0.11 110.50 # 5.20 1.30 # 0.26*
R134A 9.86 # 0.12 102.80 # 4.06 0.80 # 0.15 10.28 # 0.17 89.67 # 4.44 0.48 # 0.08 7.97 # 0.10 104.30 # 4.41 0.87 # 0.20
S135A 9.72 # 0.15 114.00 # 5.30* 1.24 # 0.11* 9.99 # 0.09 99.42 # 2.79 1.11 # 0.15 7.99 # 0.11 113.40 # 5.13 1.03 # 0.14
S136A 9.42 # 0.23 96.37 # 7.34 0.67 # 0.10 10.00 # 0.10 81.16 # 2.54* 0.29 # 0.05 7.70 # 0.10 116.20 # 5.12 1.07 # 0.33
P137A 9.64 # 0.12 101.30 # 3.90 0.82 # 0.13 10.45 # 0.29 88.74 # 7.37 0.50 # 0.07 7.65 # 0.20 79.11 # 6.64 0.32 # 0.07
E138A 9.63 # 0.15 94.25 # 4.49 0.41 # 0.08 10.46 # 0.14 112.30 # 4.24* 1.22 # 0.18 7.86 # 0.16 100.40 # 6.56 0.57 # 0.13
E139A 10.29 # 0.19 58.81 # 3.12* 0.43 # 0.06 10.90 # 0.51 28.03 # 3.75* (0.08 # 0.07* 8.16 # 0.31 34.23 # 3.94* 0.04 # 0.06*
Q140A 7.91 # 0.15* 59.59 # 5.48* 0.52 # 0.08 8.68 # 0.14* 59.75 # 3.60* 0.45 # 0.07 6.32 # 0.18* 63.82 # 9.80 0.40 # 0.07
L141A 9.68 # 0.18 95.20 # 5.60 0.51 # 0.09 10.43 # 0.12 113.20 # 3.68* 1.42 # 0.23 7.22 # 0.18* 106.90 # 10.38 0.88 # 0.18
L142A 9.48 # 0.19 72.12 # 4.84* 0.24 # 0.08* 10.79 # 0.27 76.65 # 5.75* 0.21 # 0.05 7.41 # 0.18 72.94 # 5.98 0.25 # 0.08
F143A 10.18 # 0.13 91.47 # 3.55 0.56 # 0.11 10.78 # 0.21 84.00 # 4.91* 0.41 # 0.10 7.96 # 0.24 91.72 # 9.10 0.56 # 0.10
L144A 8.03 # 0.18* 53.89 # 5.51* 0.57 # 0.07 8.90 # 0.14* 68.52 # 3.71* 0.75 # 0.09 ND ND ND
Y145A 9.36 # 0.13 116.40 # 5.51* 1.44 # 0.21* 10.00 # 0.09 109.30 # 3.28 1.25 # 0.25 7.57 # 0.11 103.90 # 4.88 0.98 # 0.22
I146A 9.41 # 0.16 108.30 # 6.35 1.43 # 0.18* 10.55 # 0.21 87.23 # 5.09 0.78 # 0.10 7.79 # 0.27 77.14 # 8.62 0.59 # 0.07
I147A 9.34 # 0.20 80.68 # 5.54* 0.32 # 0.05* 10.83 # 0.39 69.46 # 7.47* 0.14 # 0.07* 7.74 # 0.36 46.61 # 6.97 0.19 # 0.07*
Y148A 8.45 # 0.12* 106.20 # 6.02 1.08 # 0.07 9.96 # 0.29 95.57 # 9.29 0.84 # 0.10 5.95 # 0.50* 173.10 # 106.70* 0.83 # 0.27
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ECLs 2 and 3 and/or the peptide agonist (Fig. 7). The new data
are considered holistically consistent with previously published
ECL alanine-scanning mutagenesis studies (11, 13) to yield a
comprehensive structure-function analysis of signal propaga-
tion networks in the GLP-1R. Nonetheless, as with all such
structure–function analyses, our observations are influenced
by the recombinant cellular environment, including the relative
expression of transducer and regulatory proteins that will differ
from endogenous sites of receptor expression.

Structural reorganization upon receptor activation

ECD–receptor core interactions—There is accumulating evi-
dence that interactions between the ECD and TM core of class
B GPCRs contribute to receptor quiescence and peptide-medi-
ated receptor activation (20, 21, 31). For the related GCGR,
interactions of the far N terminus and the residues in ECL3
contribute to maintenance of a quiescent state (20), although
ground state interactions at the intracellular face also play a key
role (22, 32, 33). As noted above, the far N terminus is dynamic
in peptide-bound states (15, 16), making interpretation of
mutations in the context of available structures difficult. The
dramatic loss of cell-surface expression for G27A and T29A is
indicative of the important roles of these amino acids in
receptor stability, potentially via loss of stabilizing interaction
between Thr-29 and the receptor core that would be consistent

with a role of the far N terminus in maintaining receptor qui-
escence. Nevertheless, the GLP-1R is expressed at the cell sur-
face when the full ECD is truncated (31), suggesting that loss of
receptor expression is due to destabilizing interactions of the
modified ECD. Glycines provide structural flexibility, and
Gly-27 may be required for favorable positioning of Thr-29. In
the active GLP-1- and exendin-P5– bound receptors, Thr-29 is
proximal to the peptide ligand, although not within hydrogen-
bonding distance. In the structure of the modified 11-mer
bound receptor, the position of the ECD is not constrained
by peptide binding, where Thr-29 interacts with the linker
between TM1 and the ECD (Fig. 7B).

Class B GPCRs, including the GLP-1R, exhibit an extracellu-
lar-oriented V-shape cavity within the TM bundle that provides
domain separation of the external facing segments of TMs 1, 7,
and 6, and TMs 2–5 (Fig. 8A). Nonetheless, in the inactive
model, there are key hydrogen-bonded interactions between
Asp-198 of TM2 and Tyr-145, Tyr-148, and Thr-149 of TM1
that coordinate Tyr-145 and Tyr-148 away from TM7 (Fig. 9A),
and this facilitates tight packing of TMs 1 and 7. Consistent
with this, D198A mutation leads to marked loss of receptor
expression and/or GLP-1-stimulated cAMP signaling (34 –36).
In the active, exendin-P5– bound structure, this hydrogen bond
network is weakened, with loss of interactions between Asp-

Figure 5. [Ca2!]i mobilization concentration-response curves for Ala mutants of the hGLP-1R N-terminal ECD and TM1 and linker region. Concentra-
tion-response curves of [Ca2"]i mobilization of WT and mutant receptors were stimulated by GLP-1(7–36)NH2 (upper panels), exendin-4 (middle panels), or
oxyntomodulin (lower panels) in CHO–Flp-In cells stably expressing WT or mutant receptors. Data were normalized to the response elicited by the WT and
analyzed with an operational model of agonism. All values are means # S.E. of four to six independent experiments, conducted in duplicate.
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198 and both Tyr-148 and Thr-149, facilitating the movement
of TM1 toward TM7, whereas the kink in TM1 is stabilized by
hydrogen bonding of the side chain of Thr-149 with the back-
bone oxygen of Tyr-145 (Fig. 9B). A similar pattern of interac-
tion is observed in the 11-mer bound structure (Fig. 9E).
Although the position of the kink in TM1 of the GLP-1/GLP-1R
structure is likely conserved (17) (although modeled differently
in 5VAI), there is further loss of the interaction between Tyr-
145 and Asp-198, and this leads to an anti-clockwise rotation of
the upper end of TM1, with a parallel rotation of TM7 that is
not seen in the exendin-P5 structure (Fig. 9, B and C). This
likely contributes to the distinct conformation of ECL3 bet-
ween the GLP-1– and exendin-P5– bound structures that has
been linked to efficacy differences of the two peptides (17).

Both Tyr-148 and Thr-149 (37, 38) play important roles in
peptide agonist affinity but do not make direct interactions with
GLP-1 in the active structure, and the same is true for P137A
and L141A in the TM1 stalk. Thus, these residues contribute to
the reorganization of TM1 and packing with TM7. These
changes are also likely to impact the position of Glu-139. Muta-
tion of this amino acid causes loss of exendin-4(9 –39) binding.
In the GLP-1– bound active structure, the side chain of Glu-139
is directed toward the GLP-1 peptide, suggesting a direct inter-
action that may be more prevalent for the truncated exendin
peptide (and indeed, this is observed in the exendin-P5/GLP-
1R/Gs structure (17)). This would be consistent with the lack of
effect of the E139A mutant on GLP-1 signaling, and only lim-
ited attenuation of oxyntomodulin and exendin-4–mediated

cAMP production (Fig. 3). Of the TM1 stalk residues, only muta-
tions to Thr-149 also translate into a major impact on signaling
(37, 38), implying that its role in structural reorganization is also
critical for activation transition and effector binding. This loss can
be recovered by allosteric modulator binding at the intracellular
face of the receptor that is predicted to destabilize ground state
interactions at the base of the receptor (14, 37, 38).

In the active and Gs protein-complexed receptor structures,
the linker region between the ECD and the core is poorly
resolved, suggesting a high degree of flexibility even when the
peptide is bound. In the inactive GCGR (PDB 4L6R) (29), the
TM1 stalk is present as an extended "-helix, and although this
may be partially due to crystal-packing artifacts, an extended
"-helix is also present in the structure of the full-length GCGR
bound to a partial agonist peptide, NNC1702 (Fig. 7) (18). This
suggests that order to disorder transition of the TM1 stalk may
be required for full receptor activation. Indeed, this would be
required to accommodate the movement of TM1 toward TM7,
seen in the active and active-like structures. An important role
for the TM1 stalk is supported by our current mutagenesis data
(Fig. 3). Polar residues in this region, particularly Ser-136, Lys-
130, and Glu-138, had effects on peptide signaling in a pathway-
and peptide-specific manner, indicating that formation and
disruption of interactions formed by these amino acids contrib-
ute to conformational transition for activation. Similar behav-
ior was seen for the G132A mutant, suggesting that backbone
flexibility plays a role in these effects. Somewhat surprisingly,
E128A had a profound effect on receptor expression, presum-

Table 3
Effects of human GLP-1R TM1/N-terminal mutants on agonist-mediated [Ca2!]i mobilization
[Ca2"]i mobilization data were analyzed using a three-parameter logistic equation to determine pEC50 and Emax values. pEC50 is the negative logarithm of the molar
concentration of agonist that induced half the maximal response. Emax for mutants is expressed as a percentage of wildtype. Log%c is the operational efficacy value
(determined via the Black and Leff operational model (24)), corrected for cell-surface expression of GLP-1R. All values for cAMP accumulation are mean # S.E. of four to
six independent experiments, conducted in duplicate. One-way ANOVA and Dunnett’s post-test were used to determine statistical differences (*, p $ 0.05). ND, not
determined.

Agonist-mediated intracellular calcium mobilization
GLP-1(7–36)-NH2 Exendin-4

pEC50 Emax Log"c pEC50 Emax Log"c

Wildtype 7.83 # 0.04 100.00 # 1.11 (0.22 # 0.03 8.45 # 0.04 100.00 # 1.35 (0.22 # 0.02
R24A 7.60 # 0.27 179.60 # 20.27* 0.19 # 0.10* 8.25 # 0.12 130.40 # 5.76* (0.12 # 0.05
P25A 7.89 # 0.17 151.30 # 11.07* 0.09 # 0.09 8.07 # 0.14 120.50 # 6.80* (0.11 # 0.05
Q26A 8.14 # 0.29 146.40 # 16.50* 0.02 # 0.09 8.31 # 0.12 104.50 # 4.87 (0.24 # 0.05
G27A ND 16.77 # 4.36* ND ND ND ND
A28G 7.86 # 0.14 96.66 # 5.98 (0.27 # 0.10 8.45 # 0.19 165.90 # 11.23* 0.21 # 0.09
T29A ND ND ND ND ND ND
V30A 7.93 # 0.24 70.75 # 7.07* 0.17 # 0.07 8.31 # 0.24 111.50 # 9.64 (0.17 # 0.06
E128A ND ND ND ND ND ND
S129A 7.83 # 0.12 101.30 # 5.03 (0.13 # 0.07 8.47 # 0.19 80.73 # 5.52 (0.27 # 0.06
K130A 7.83 # 0.18 52.81 # 4.09* (0.32 # 0.13 7.89 # 0.17 59.33 # 4.30* (0.25 # 0.11
R131A 7.76 # 0.25 133.80 # 14.52* (0.05 # 0.11 8.50 # 0.24 98.00 # 8.13 (0.28 # 0.07
G132A 7.79 # 0.20 58.45 # 4.75* (0.47 # 0.13 8.14 # 0.23 76.96 # 7.21* (0.29 # 0.07
E133A 7.84 # 0.18 89.51 # 6.77 (0.28 # 0.10 8.30 # 0.21 84.37 # 6.62 (0.31 # 0.06
R134A 8.15 # 0.32 79.99 # 9.90 (0.44 # 0.09 8.36 # 0.19 84.59 # 5.60 (0.40 # 0.06
S135A 7.99 # 0.20 48.35 # 3.85* (0.44 # 0.15 8.71 # 0.22 34.19 # 2.48* (0.61 # 0.11*
S136A 7.81 # 0.18 61.68 # 4.72* (0.61 # 0.12* 8.56 # 0.16 106.70 # 5.75 (0.26 # 0.06
P137A 7.35 # 0.25 124.00 # 14.18 0.08 # 0.12 8.13 # 0.10 126.00 # 5.21 (0.04 # 0.08
E138A 7.56 # 0.13 209.20 # 11.92* 0.35 # 0.10* 8.27 # 0.20 253.40 # 18.09* 1.13 # 0.27*
E139A 7.94 # 0.20 42.50 # 3.51* (0.30 # 0.11 7.94 # 0.21* 58.47 # 4.87* (0.12 # 0.08
Q140A 8.89 # 0.30* 20.06 # 2.38* (0.83 # 0.14* 7.49 # 0.42* 34.38 # 4.54* (0.41 # 0.17
L141A 7.49 # 0.25 101.00 # 11.56 (0.34 # 0.11 7.79 # 0.18 80.46 # 6.34 (0.49 # 0.09
L142A 8.74 # 0.32* 25.97 # 2.71* (0.95 # 0.17* 8.77 # 0.23 33.56 # 2.55* (0.82 # 0.11*
F143A 7.65 # 0.12 127.20 # 7.06 (0.05 # 0.11 8.48 # 0.08 140.70 # 3.98* 0.05 # 0.05
L144A ND ND ND ND ND ND
Y145A 6.76 # 0.20* 108.50 # 10.35 (0.12 # 0.12 8.10 # 0.25 94.96 # 9.30 (0.19 # 0.09
I146A 7.97 # 0.19 60.52 # 4.60* (0.23 # 0.10 8.80 # 0.28 52.91 # 5.09* (0.30 # 0.07
I147A 7.60 # 0.22 44.28 # 4.42* (0.73 # 0.15* 8.50 # 0.28 66.87 # 6.33* (0.51 # 0.07
Y148A 7.99 # 0.25 40.42 # 3.79* (0.59 # 0.14 8.30 # 0.21 18.91 # 1.50* (0.95 # 0.22*
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ably via destabilization of the receptor protein, in a similar man-
ner to that observed for the T29A mutant. Although specula-
tive, it is possible that these amino acids are in close proximity
in the inactive receptor and form part of an important network
that stabilizes this state. In studies where E128A is further over-
expressed by transient expression, there is a $3-fold loss of
GLP-1 potency and an !5-fold loss of exendin-4 potency for
cAMP production (39), consistent with a limited role of this
residue for peptide binding.

In the inactive homology model, the deeper binding cavity
occupied by agonist peptides is capped by a series of large aro-
matic residues, particularly Trp-297 and Tyr-305 (Fig. 8, B and
C versus D and E), whose position is predicted to be stabilized by
H-bonding. In the active structure, these amino acids undergo
large-scale movements associated with reorganization of ECL2
that reorients Trp-297 away from the binding pocket, where it
forms interactions with other ECL2 residues, accompanied
by small outward movements of Arg-299 and Asn-300 that
directly contact the peptide in the active structure. Release of
ground state interactions in the inactive ECL2 loop structure
enables unwinding of the top of TM6 with an !180° rotation of
Tyr-305 accompanied by an !9-Å displacement of the C" car-
bon. Previous molecular dynamics simulations on the inactive
GLP-1R model suggested that this aromatic cap provided a
significant energy barrier to deeper entry of the GLP-1 N

terminus, with entry facilitated by Glu-9 of the peptide that
forms a salt bridge with Arg-190 of the receptor (11). Intrigu-
ingly, mutation of Trp-297 and the adjacent Cys-296 (that is
covalently linked to Cys-226 in TM3) markedly attenuated
GLP-1 and exendin-4 affinity, but it did not impact oxyntomodu-
lin affinity. Oxyntomodulin contains an uncharged Gln, position-
ally equivalent to GLP-1 Glu-9, and does not interact with Arg-190
in the receptor core (11). It is therefore possible that oxyntomodu-
lin binds in a shallower orientation. A significant and selective
decrease in oxyntomodulin affinity for F381A, L142A, and K202A
mutants and lack of an effect for the R380A mutant are consistent
with this hypothesis (Fig. 10).

Peptide-mediated signaling and bias—Comparison of the
position of mutated residues that affect GLP-1–mediated
cAMP formation between fully active and inactive models
reveals two major networks involved in GLP-1R function (Figs.
10 and 11). The first includes residues of ECL2 and the mem-
brane-proximal TM regions and the proximal segment of
ECL3. K288A impacted ligand binding and was critical for
propagation of cAMP signaling (13, 24, 40). It stabilizes the
center of the ECL2 network and may coordinate interactions
between the ECL2 residues. Both exendin-4 and oxyntomodu-
lin were similarly affected by mutations to ECL2 indicating a
general role in propagation of cAMP signaling (Figs. 10 and 11).
Despite the lack of effect of W297A on oxyntomodulin binding,

Figure 6. pERK1/2 concentration-response curves for Ala mutants of the hGLP-1R N-terminal ECD and TM1 and linker region. Concentration-response
curves of pERK of WT and mutant receptors were stimulated by GLP-1(7–36)-NH2 (upper panels), exendin-4 (middle panels), or oxyntomodulin (lower panels) in
CHO–Flp-In cells stably expressing WT or mutant receptors. Data were normalized to the response elicited by the WT and analyzed with an operational model
of agonism. All values are means # S.E. of four to six independent experiments, conducted in duplicate.
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it was crucial for signaling of all three peptides. In the active
agonist-bound calcitonin receptor, there is a high degree of
overlap in the structural organization of ECL2 despite consid-
erable sequence variation; Arg-281 that is positionally equiva-
lent to Lys-288 of the GLP-1R appears to play a similar coordi-
nating role in maintenance of this structure (19, 25). The
organization of the ECL2 network is also required for calcium

signaling, although it does not appear as important for peptide-
mediated pERK (Figs. 10 and 11).

The second network involves residues in TM1 and the TM7
proximal residues of ECL3 (Figs. 10 and 11). This network
exhibits a higher degree of peptide-specific effects that are
likely related to both differences in the peptide sequences and
orientation of the peptides in the active structures. As noted

Table 4
Effects of human GLP-1R TM1/N-terminal mutants on agonist-mediated pERK1/2
pERK1/2 phosphorylation data were analyzed using a three-parameter logistic equation to determine pEC50 and Emax values. pEC50 is the negative logarithm of the molar
concentration of agonist that induced half the maximal response. Emax for mutants is expressed as a percentage of wildtype. Log%c is the operational efficacy value (determined via
the Black and Leff operational model (24)), corrected for cell-surface expression of GLP-1R. All values for cAMP accumulation are mean # S.E. of four to six independent
experiments, conducted in duplicate. One-way ANOVA and Dunnett’s post-test were used to determine statistical differences (*, p $ 0.05). ND, not determined.

Agonist-mediated ERK1/2 phosphorylation
GLP-1(7–36)-NH2 Exendin-4 Oxyntomodulin

pEC50 Emax Log"c pEC50 Emax Log"c pEC50 Emax Log"c

Wildtype 8.07 # 0.05 100.00 # 1.87 0.03 # 0.02 8.77 # 0.05 98.37 # 1.56 0.02 # 0.02 7.53 # 0.04 101.40 # 1.64 0.05 # 0.03
R24A 8.21 # 0.19 108.50 # 7.64 (0.03 # 0.06 8.83 # 0.18 90.87 # 5.55 (0.16 # 0.07 7.82 # 0.11 100.40 # 4.85 (0.07 # 0.07
P25A 8.51 # 0.13 125.30 # 5.34 0.22 # 0.06 8.95 # 0.18 96.53 # 5.67 (0.03 # 0.06 7.73 # 0.14 110.80 # 6.22 0.09 # 0.07
Q26A 8.57 # 0.16 157.30 # 7.93* 0.47 # 0.08* 8.68 # 0.16 137.30 # 7.13* 0.31 # 0.08* 7.76 # 0.22 126.10 # 12.12 0.49 # 0.12*
G27A ND ND ND ND ND ND ND ND ND
A28G 8.25 # 0.24 131.40 # 11.84* 0.30 # 0.08 8.71 # 0.29 142.10 # 13.91* 0.42 # 0.09* 7.66 # 0.20 110.20 # 9.56 0.11 # 0.08
T29A ND ND ND ND ND ND ND ND ND
V30A 8.16 # 0.12 120.80 # 5.95 0.20 # 0.07 8.96 # 0.23 132.90 # 10.41* 0.31 # 0.07* 7.45 # 0.11 107.80 # 5.45 0.07 # 0.08
E128A ND ND ND ND ND ND ND ND ND
S129A 8.42 # 0.12 104.10 # 4.55 0.15 # 0.06 9.00 # 0.17 87.98 # 5.16 0.01 # 0.06 7.45 # 0.15 86.48 # 5.89 (0.004 # 0.08
K130A 7.93 # 0.08 151.20 # 5.17* 0.85 # 0.11* 9.08 # 0.21 151.40 # 9.84* 0.83 # 0.09* 7.51 # 0.12 122.50 # 6.66 0.55 # 0.09*
R131A 7.93 # 0.16 109.70 # 7.47 0.06 # 0.07 8.88 # 0.13 96.88 # 4.49 (0.05 # 0.06 7.50 # 0.16 104.10 # 7.36 0.005 # 0.08
G132A 8.19 # 0.17 57.61 # 4.22* (0.26 # 0.08 8.93 # 0.29 46.60 # 5.30* (0.38 # 0.09* 7.45 # 0.24 35.06 # 4.55* (0.51 # 0.15*
E133A 8.37 # 0.13 101.80 # 5.00 0.07 # 0.06 9.08 # 0.15 102.90 # 5.02 0.07 # 0.06 7.76 # 0.17 72.90 # 5.38 (0.19 # 0.08
R134A 8.09 # 0.13 122.30 # 6.33 0.15 # 0.07 9.36 # 0.21 116.90 # 7.21 0.11 # 0.06 7.63 # 0.16 79.86 # 5.78 (0.20 # 0.08
S135A 8.06 # 0.18 88.91 # 6.40 0.15 # 0.07 8.90 # 0.19 86.39 # 5.43 0.13 # 0.06 7.57 # 0.14 48.80 # 3.35* (0.22 # 0.10
S136A 7.81 # 0.16 45.74 # 3.36* (0.58 # 0.10* 8.26 # 0.16 35.37 # 2.32* (0.72 # 0.13* 6.73 # 0.25* 32.54 # 6.85* (0.73 # 0.16*
P137A 7.64 # 0.15 102.70 # 6.67 0.05 # 0.07 7.80 # 0.25* 114.50 # 11.67 0.14 # 0.08 7.17 # 0.16 112.30 # 9.51 0.13 # 0.09
E138A 8.29 # 0.21 214.30 # 16.04* 1.07 # 0.24* 8.82 # 0.13 214.00 # 9.04* 0.71 # 0.13* 7.30 # 0.16 258.30 # 20.51* 0.88 # 0.18*
E139A 7.95 # 0.20 52.17 # 4.96* 0.02 # 0.08 7.98 # 0.24* 48.99 # 5.12* (0.02 # 0.11 7.90 # 0.18 51.16 # 4.23* 0.01 # 0.08
Q140A 7.02 # 0.21* 57.35 # 7.44* 0.08 # 0.11 7.70 # 0.31* 38.88 # 5.68* (0.15 # 0.12 6.78 # 0.26* 27.40 # 5.10* (0.39 # 0.19*
L141A 7.71 # 0.11 137.10 # 6.84* 0.26 # 0.09 8.52 # 0.13 158.10 # 6.82* 0.50 # 0.11* 7.30 # 0.18 126.10 # 11.22 0.13 # 0.10
L142A 8.00 # 0.16 106.40 # 6.71 0.12 # 0.06 8.05 # 0.17* 94.20 # 6.46 0.00 # 0.08 7.03 # 0.19 97.49 # 11.29 0.06 # 0.10
F143A 8.22 # 0.16 116.70 # 6.85 0.17 # 0.06 8.24 # 0.28 86.81 # 9.12 (0.10 # 0.07 7.50 # 0.22 104.80 # 10.36 0.06 # 0.08
L144A ND ND ND 7.57 # 0.36* 29.28 # 5.54* (0.08 # 0.21 ND ND ND
Y145A 7.78 # 0.41 76.36 # 13.92 (0.12 # 0.06 8.13 # 0.28* 99.84 # 11.07 0.08 # 0.06 7.32 # 0.46 106.00 # 24.78 0.15 # 0.09
I146A 7.14 # 0.34* 68.81 # 13.41* 0.07 # 0.13 8.30 # 0.22 76.61 # 6.48 0.13 # 0.08 7.38 # 0.18 89.57 # 8.13 0.26 # 0.08
I147A 7.77 # 0.16 144.90 # 9.75* 0.45 # 0.11* 8.21 # 0.12 140.80 # 6.46* 0.38 # 0.09* 7.58 # 0.17 149.10 # 11.18* 0.51 # 0.11*
Y148A 7.11 # 0.21* 93.43 # 11.28 0.16 # 0.11 8.01 # 0.20* 105.60 # 8.68 0.25 # 0.07 7.12 # 0.17 78.45 # 7.84 0.03 # 0.10

Table 5
Sequence variations in published structures

PDB code Description Structure fragment
Mutations/differences from

hGLP-1R
Missing residues
in the structure

5VEW (Song et al. 14) Crystal structure of human
GLP-1R transmembrane
domain in complex with
negative allosteric
modulator PF-06372222

Residues 128–431. Residues
258–260 at intracellular
loop 2 were replaced with
T4 lysozyme. Residues
205–214 from ECL1 were
replaced by a GSG linker

S193C, I196F, Y205G, &Thr-
207, &Ala-208, &Ala-209,
&Gln-210, &Gln-211, &His-
212, &Gln-213, W214G,
S225A, M233X, S271A,
I317C, G318I, K346A,
C347F, G361C

Glu-128, Ser-129, Lys-130, Arg-
131, Gly-132, Glu-133, Arg-
134, Ser-135, Met-204, Asp-
215, Glu-373, His-374, Ala-
375, Arg-376, Gly-377, Thr-
378, Leu-379, Glu-423, His-
424, Leu-425, His-426, Ile-
427, Gln-428, Arg-429, Asp-
430, Ser-431

5NX2 (Jazayeri et al. 15) Crystal structure of human
GLP-1 receptor bound to
the 11-mer agonist
peptide 5

Residues 24–432 T207E, Q211A, D215R, L232F,
L260F, G295A, T298A,
C329A, P358A, G361A,
H363V, V405A

Arg-24, Pro-25, Gln-26, Gly-27,
Ala-28, Glu-418, Arg-419,
Trp-420, Arg-421, Leu-422,
Glu-423, His-424, Leu-425,
His-426, Ile-427, Gln-428,
Arg-429, Asp-430, Ser-431,
Ser-432

5VAI (Zhang et al. 16) Cryo-EM structure of active
rabbit GLP-1 receptor in
complex with GLP-1 and
Gs protein

Residues 24–422 T106A, H112P, Q140R Arg-24, Pro-25, Gln-26, Gly-27,
Ala-28, Ser-129, Arg-130,
Arg-131, Gly-132, Glu-133,
Ser-134, Leu-422

6B3J (Liang et al. 17) Cryo-EM structure of active
human GLP-1 receptor in
complex with exendin-P5
and Gs protein

Residues 23–466 None Ala–23–Thr–29, Ser–129–Ser–
136, Asn–338–Thr–342,
His–424–Gly–466
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above, this region of the receptor is involved in coordination of
TM1 in the inactive structure and the reorganization and pack-
ing of TM1 with TM7 in the active structures (Fig. 9). Unlike
GLP-1 and exendin-4, oxyntomodulin-mediated cAMP pro-
duction is also weakly attenuated by mutation to amino acids in
ECL1 that sit within the short "-helix formed in the active
structure that extends to the ECL2 network. This is likely due to
the predicted distinct positioning of oxyntomodulin when
bound to the receptor (Fig. 10). The boundary of ECL1 at the
top of TM3 is covalently linked to ECL2 by disulfide linkage of
Cys-226 (TM3) and Cys-296 (ECL2), whereas Arg-227 in inac-
tive/partially active structures may also stabilize ECL2. R227A
mutation decreases affinity of all three peptides, but with min-
imal impact on signaling efficacy (32). As such, the extent to

which the oxyntomodulin-specific effects are due to unique
direct interactions with ECL1 versus potential differences in
Cys-296 and Trp-297 is not clear.

Overall, the pattern of effect of mutation was similar for
calcium and cAMP signaling across GLP-1 and exendin-4
where efficacy effects could be quantified, although there
was generally a greater magnitude of effect on calcium sig-
naling (Figs. 10 and 11). Previous pharmacological inhibitor
studies revealed that both these pathways were regulated by
G protein interaction at the WT receptor in the CHO–Flp-In
cell background, although Gi and Gq interactions had more
prominent roles in calcium mobilization (11); this is indica-
tive of broad similarities in changes required to enable G
protein coupling. Exendin-4 –mediated signaling is also gen-

Figure 7. Peptide-bound full-length structures of GLP-1R and GCGR. A, full-length structures illustrating the relative position of the N-terminal ECD to the
receptor core. B, zoom-in of the resolved far N-terminal residue(s) and TM1/ECD stalk (highlighted in dark gray). The backbones of the peptide agonists are
illustrated in ribbon (GLP-1, exendin-P5 (ExP5), and NNC1702) or X-stick (11-mer).
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erally more sensitive to mutation than that mediated by
GLP-1, and the required ECL2 network extends to the top of
TM4 for this peptide (Fig. 10).

Peptide-mediated pERK was least sensitive to GLP-1R sur-
face mutations, being principally confined to mutations of the
distal ECL3/TM7 boundary, and residues of TM1 and the linker
extension that provides physical connection to the ECD, which
were revealed in this study (Figs. 10 and 11). This was particu-
larly evident for exendin-4, which was least affected by muta-
tion (Fig. 11). Intriguingly, there was effectively no involvement
of the ECL2 residues that were absolutely required for cAMP
and calcium signaling. Inhibitor studies at the WT receptor

indicated that Gs and Gq have limited contribution to exendin-
4 –mediated pERK, with signaling principally driven by Gi,
G!#, and arrestin interactions, although those are likely to be at
least partly interdependent (11). For GLP-1, and more promi-
nently oxyntomodulin, selective mutations in ECL2 also
impacted pERK, and this could relate to greater contribution of
Gq (GLP-1) and Gs (oxyntomodulin) in pERK at the WT recep-
tor. Also of interest, for TM1 and ECL3/TM7, the effects of
individual mutation were highly peptide-specific (Fig. 10). The
data are consistent with a model whereby selective and peptide-
specific interactions alter the TM1/TM7 interface linked to
Gi/G!#/arrestin coupling to pERK. Moreover, our mutational

Figure 8. Peptide binding to the GLP-1R requires reorganization of aromatic/hydrophobic residues in the receptor core. A, side view of the inactive
GLP-1R model (gray) or exendin-P5-bound GLP-1R structure (blue) with the exendin-P5 peptide illustrated in purple. Residues that occupy the core of the
receptor in the inactive model are shown as space fill. B–E, top view of the structures where the ECD has been omitted for clarity. B and C, inactive GLP-1R model.
D and E, exendin-P5-bound GLP-1R structure.
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data suggest these changes can occur relatively independent of
the reorganization of TMs 5 and 6 that are critical for cAMP
formation and [Ca2"]i mobilization, events that are Gs/Gq-de-
pendent at the WT receptor. Exendin-P5 is a G protein-biased
peptide agonist that exhibits bias toward cAMP relative to
arrestin interaction, compared with the related exendin-4 pep-
tide and GLP-1 (10, 17). It has distinct actions in vivo compared
with exendin-4 (10). As noted above, comparison of the
exendin-P5– and GLP-1– bound active GLP-1R structures
reveals major differences in ECL3 and the upper TM boundar-
ies of TMs 6 and 7 that are linked to distinct rotational differ-
ences in the upper region of TM1. Mutation in these domains
has confirmed peptide-specific differences in the engagement
of GLP-1 versus exendin-P5 with amino acids in TM1, as well as
the TM6 proximal region of ECL3 (17), thereby providing addi-
tional structural evidence for distinctions in the role of these
domains in propagation of signaling. An important caveat for
extrapolation of our observations to more proximal measures of

signaling is that they are based on inferences from WT receptor
signaling. Direct measurement of proximal transducer engage-
ment for mutant receptors will be required to validate hypotheses.

The novel structures for the GLP-1R are enabling us to begin
to unravel the complexities associated with receptor activation
and biased agonism. Combining new data from this study with
our previous work on GLP-1R ECLs in the context of inactive
and active structures has advanced our understanding of receptor
domains that control signaling. Importantly, the work provides
evidence for two, at least partially independent, structural domains
linked to signaling. The first involves the interface between TMs 5
and 6 and is linked to reorganization of ECL2 into a structured
network that is required for propagation of signaling linked to Gs
and Gq-dependent pathways at the WT receptor. The second is
the interface between TMs 1 and 7 that, although important for at
least Gs-dependent cAMP signaling, may be independently linked
to Gi/G!#/arrestin-mediated signaling that is the key driver of
pERK at the WT receptor. Our data support a model where dis-

Figure 9. Polar residues in the GLP-1R TM1 are coordinated by Asp-198 (TM2) in the inactive model, orienting key side chains away from TM7 and
facilitating tight packing of TM1/TM7. View facing the TM1/TM2 boundary is shown. Key TM1 side chains interacting with Asp-198 are depicted in X-stick
representation and labeled. A, inactive GLP-1R model. B, exendin-P5 (ExP5)/GLP-1R structure. C, GLP-1/GLP-1R structure. D, NNC1702/GCGR structure. E, 11-mer
agonist/GLP-1R structure. TM helices are labeled in roman numerals.
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tinct peptide–receptor interactions can provide selective control
of how these different networks are engaged.

Experimental procedures

Mutagenesis

Desired mutations were introduced to the N-terminal dou-
ble c-Myc–labeled human GLP-1R gene in pDONR201 (Invit-
rogen) via the Muta-directTM kit (Beijing SBS Genetech Co., Ltd.,
China), and then LR recombination reactions were conducted to
transfer the N-terminal double c-Myc–labeled human GLP-1R
gene into the pEF5/FRT/V5-DEST destination vector using Gate-
way Technology (Invitrogen). The oligonucleotides for mutagen-
esis were purchased from GeneWorks (Thebarton, SA, Australia),
and mutants were confirmed by automated DNA sequencing.

Stable cell line generation and cell culture

The mutant or wildtype (WT) receptor genes were inte-
grated into the Flp-In-Chinese hamster ovary (Flp-In-CHO)

cells, passage 4 (Invitrogen), using the Flp-InTM system. Stable
Flp-In expression cell lines were generated through polyclonal
selection, screened, and maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) FBS, 600 $g/ml
hygromycin B at 37 °C in 5% CO2. The WT receptor is ex-
pressed at !170,000 receptors/cell. Cell lines were routinely
tested for mycoplasma and were mycoplasma free. Stable cells
were frozen at passage 14, and all assays were performed with
cells between passage 14 and 25.

Heterologous whole-cell competitive binding assay

Competition of 125I– exendin-4(9 –39) binding to hGLP-1R
was performed as described previously (13) on whole cells in
96-well plates using the radiolabeled antagonist 125I– exendin-
4(9 –39) (!0.1 nM) and increasing concentrations of unlabeled
peptide. Nonspecific binding was defined by co-incubation
with 1 $M unlabeled exendin-4(9 –39). Following overnight
incubation, nonbound ligand was removed, and radioactivity
was determined using a gamma counter.

Figure 10. Peptide-selective effects on agonist affinity, cAMP accumulation, [Ca2!]i mobilization, and pERK. Mutated amino acids with similar effects
across peptides are not highlighted. Maps for affinity, cAMP, and pERK include all three peptides. The map for [Ca2"]i includes only GLP-1 and exendin-4. The
exendin-P5 peptide is displayed in magenta.
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Cell-surface expression by enzyme-linked immunosorbent
assay

1.5 ) 105 cells/well were seeded into 24-well culture plates
and incubated overnight. Expression was determined through
detection of N-terminal double c-Myc of GLP-1R by ELISA as
described previously (13). Data were normalized to WT
GLP-1R and Flp-In CHO parental cell lines.

Calcium mobilization

3 ) 104 cells/well were seeded into 96-well culture plates and
incubated overnight. Cells were incubated with Fluo4-AM for 45
min and stimulated with different concentrations of peptides, and
fluorescence was determined in a FlexStation! plate reader every
1.36 s for 120 s after ligand addition as described previously (13).

Data were normalized to the maximal response elicited by 100 $M
ATP.
cAMP accumulation

3 ) 104 cells/well were seeded into 96-well culture plates and
incubated overnight. Cells were stimulated with increasing con-
centrations of ligands for 30 min in the presence of isobutylmeth-
ylxanthine. The liquid was discarded, changed to absolute ethanol,
and volatilized to dry in room temperature. cAMP was detected
using a Lance kit (PerkinElmer Life Sciences), as described previ-
ously (11). Data were normalized to the response of 100 $M forskolin.
ERK1/2 phosphorylation

3 ) 104 cells/well were seeded into 96-well culture plates and
incubated overnight. Initially, pERK1/2 time-course experi-

Figure 11. Reorganization of the extracellular surface of the GLP-1R is critical to propagation of signaling. Amino acids involved in efficacy across cAMP
(upper panels), [Ca2"]i (middle panels), and pERK (lower panels) for GLP-1 (left-hand panels) and exendin-4 (right-hand panels) were mapped onto the inactive
GLP-1R model and the fully active exendin-P5 (ExP5)-bound GLP-1R structure. Displayed in surface representation are mutated amino acids that affect efficacy:
yellow (2–5-fold reduction in affinity); light orange (5–10-fold reduction in affinity); red ('30-fold reduction in affinity); or green (increased affinity). Mutated
residues not affected are displayed as gray (inactive receptor) or blue (active receptor).
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ments were performed over 1 h to identify the time point
when the pERK1/2 response is maximal. Subsequently, dose
responses for different agonists were determined at this peak
time point with stimulation performed after serum starvation
overnight. pERK1/2 was detected using an AlphaScreen assay
as described previously (13). Data were normalized to the max-
imal response elicited by 10% FBS determined at 6 min.

Data analysis

IC50 values were estimated from competitive inhibition of
125I-exendin(9 –39) binding using a three-parameter logistic
equation (log(inhibitor versus response)) in Prism (version 7,
Graphpad). In all cases, the concentration of the radioligand
was &1% of the Kd values. Under these conditions, the IC50
approximates Ki, and such data are reported as pKi. Emax and
EC50 were estimated from concentration-response curves
using with a three-parameter logistic equation in Prism (ver-
sion 7). These values are a composite of affinity, efficacy, and
stimulus response coupling. The Black and Leff operational
model of agonism (26) was applied to separate effects on path-
way-specific signaling from those that modify ligand affinity.
Derived values (%) were normalized to experimentally deter-
mined levels of cell-surface expression to provide a measure of
efficacy (%c) that is independent of affinity and altered cell-sur-
face receptor expression (11). Log %c values for mutant recep-
tors were statistically compared with those of the WT receptor
using a one-way analysis of variance (ANOVA) and Dunnett’s
post-test. Significance was accepted at p $ 0.05.

Molecular modeling and mapping of mutational effects

A homology model of the inactive GLP-1R TM domain was
built using the minimally modified GCGR (PDB code 4L6R)
(29), as described previously (28); the first amino acid in this
model is Arg-134. The thermostabilized and full-length human
GLP-1R bound to modified 11-mer peptide agonist (PDB code
5NX2) (15); the full-length and GLP-1 bound to rabbit GLP-1R
in complex with Gs (PDB code 5VAI) (16), and the full-length
and exendin-P5 bound to human GLP-1R in complex with Gs
(PDB code 6B3J) (16) were used as deposited; the first amino
acids in these structures are Thr-29, Thr-29, and Val-30,
respectively.
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A B S T R A C T

The glucagon-like peptide-1 receptor (GLP-1R) is a major therapeutic target in the treatment of type 2 diabetes
due to its roles in regulating blood glucose and in promoting weight loss. Like many GPCRs, it is pleiotropically
coupled, can be activated by multiple ligands and is subject to biased agonism. The GLP-1R undergoes agonist
mediated receptor internalisation that may be associated with spatiotemporal control of signalling and biased
agonism, although to date, this has not been extensively explored. Here, we investigate GLP-1R trafficking and
its importance with regard to signalling, including the localisation of key signalling molecules, mediated by
biased peptide agonists that are either endogenous GLP-1R ligands or are used clinically. Each of the agonists
promoted receptor internalisation through a dynamin and caveolae dependent mechanism and traffic the re-
ceptor to both degradative and recycling pathways. This internalisation is important for signalling, with cAMP
and ERK1/2 phoshorylation (pERK1/2) generated by both plasma membrane localised and internalised re-
ceptors. Further assessment of pERK1/2 revealed that all peptides induced nuclear ERK activity, but ligands,
liraglutide and oxyntomodulin that are biased towards pERK1/2 relative to cAMP (when compared to GLP-1 and
exendin-4), also stimulated pERK1/2 activity in the cytosol. This compartmentalisation of ERK1/2 signalling was
reliant on receptor internalisation, with restriction of receptor localisation to the plasma membrane limiting
ERK1/2 signalling to the cytosol. Thus, this study implicates a role of receptor internalisation in spatiotemporal
control of ERK1/2 signalling that may contribute to GLP-1R biased agonism.

1. Introduction

The glucagon-like peptide-1 receptor (GLP-1R) has been extensively
studied due to its physiological importance in mediating the effects of
the incretin hormone GLP-1 in regulation of blood glucose levels. It is a
major, validated, therapeutic target for the treatment of type 2 diabetes
[1]. The GLP-1R is expressed in pancreatic β-cells where it mediates
direct glucoregulatory effects by increasing insulin, and decreasing
glucagon, secretion [2]. In addition, GLP-1 increases the mass of pan-
creatic β-cells by increasing β-cell neogenesis and proliferation, while
decreasing apoptosis [3]. Independent of insulin, GLP-1R activation
also reduces plasma glucose concentrations through the inhibition of
gastric emptying and reduces appetite and body weight, which can
assist with controlling obesity, a condition that is often associated with
diabetes [4].

The GLP-1R is a class B G protein-coupled receptor (GPCR) that has

multiple endogenous agonists, including GLP-1 and oxyntomodulin. It
is targeted clinically to treat type 2 diabetes and obesity, with exendin-4
and liraglutide being the two most commonly prescribed of the 6 FDA
approved GLP-1R drugs. Upon activation, the receptor predominantly
activates Gαs proteins to promote the production of cAMP. However, it
is pleiotropically coupled and signals via other G protein-dependent
and independent mechanisms, activating downstream pathways in-
cluding intracellular calcium (iCa2+) mobilisation and phosphorylation
of mitogen activated kinases, such as extracellular regulated kinases 1
and 2 (ERK1/2) [5–7]. Due to this pleiotropic coupling, the GLP-1R is
subject to biased agonism, where different GLP-1R agonists can induce
distinct patterns of receptor signalling and regulation. Relative to GLP-
1, oxyntomodulin exhibits bias towards ERK1/2 phosphorylation over
cAMP production and iCa2+ mobilisation, and both oxyntomodulin and
exendin-4 are biased towards β-arrestin recruitment [7,8].

A growing body of evidence suggests that the location (spatial) and
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duration (temporal) of signalling within a cell play an important role in
the diverse cellular outputs that are mediated by GPCRs and in the
generation of differential ligand responses at the same GPCR [9–11]
Spatiotemporal compartmentalisation of signalling can arise through
multiple mechanisms that include (but are not restricted to) regulatory
mechanisms that control the location and duration of receptor activa-
tion, such as desensitisation and internalisation [12]. Upon activation,
the GLP-1R internalises rapidly and enters pathways that either recycle
the receptor back to the plasma membrane or that sort the receptor to
lysosomal and recycling pathways [13–15]. GLP-1 and exendin-4 are
reported to be 10-fold more potent at inducing internalisation than
liraglutide, but GLP-1 causes the receptor to recycle two–three times
faster than when stimulated with exendin-4 or liraglutide [13]. The
mechanism underlying this internalisation is unclear, with both cla-
thrin- and caveolae-dependent mechanisms being identified that vary
with cell type [16–19]. Sustained signalling by internalised GLP-1Rs
and colocalisation of intracellular GLP-1R with GLP-1, adenylate cy-
clase and Gαs has also been reported, with inhibition of receptor in-
ternalisation decreasing GLP-1 mediated cAMP formation, ERK1/2
phosphorylation, Ca2+ mobilisation and insulin secretion [14,20,21].

To date, the influence of compartmentalised signalling on GLP-1R
biased agonism and the role of GLP-1R internalisation in this process
has not been extensively explored. In this study, we test the hypothesis
that GLP-1R internalisation is important for the spatiotemporal control
of signalling and that this in turn may be linked to biased agonism.
Here, we characterise signalling, regulatory protein interactions, in-
ternalisation and trafficking of the GLP-1R and identify distinct profiles
of compartmentalised signalling that are influenced by receptor inter-
nalisation for different biased agonists.

2. Materials and methods

2.1. Peptides

GLP-1, exendin-4 and oxyntomodulin were purchased from
Mimotopes (Melbourne, VIC, Australia). Liraglutide was purchased
from Bachem (Bubendorf, Switzerland). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Invitrogen (Carlsbad, CA, USA).
AlphaScreen™ reagents, Bolton-Hunter reagent [125I] and 384-well
ProxiPlates were purchased from PerkinElmer Life and Analytical
Sciences (Waltham, MA, USA). Fetal bovine serum (FBS) was purchased
from Thermo Fisher Scientific (Melbourne, VIC, Australia).
SureFire™ ERK1/2 reagents were generously supplied by TGR
Biosciences (Adelaide, SA, Australia). Unless specifically listed below,
all other reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) or BDH Merck (Melbourne, VIC, Australia) and were of an ana-
lytical grade.

2.2. Plasmids and constructs

Human c-myc-GLP1R was generated in the laboratory as previously
described [7]. The c-myc-GLP-1R-Rluc8 was generated by removal of
the GLP-1R stop-codon and sub-cloning it into a gateway cassette (In-
vitrogen, Carlsbad, CA) containing a Rluc8 insert. The c-myc and Rluc8
tags have no effect on GLP-1R pharmacology [22]. Caveolin-1 (cav-1)
and cav-1 P132L were generated via site-directed mutagenesis to in-
troduce a stop codon in the Cav-1 P132L-mEGFP plasmid (prior to the
mEGFP) from Addgene (Cambridge, MA, USA) with the QuikChange
mutagenesis kit (Agilent Technologies, Santa-Clara, USA). The BRET
sensors Rab5a, Rab7a, Rab11 and KRas-Venus were provided by Nevin
Lambert (Augusta University, Georgia) and have been described pre-
viously [23,24]. The cAMP FRET sensors were provided by Martin
Lohse (cytoEpac2 [25]) and Dermot Cooper (pmEpac2 [26]), the ERK
FRET sensors were obtained from Addgene (nucEKAR plasmid 18,681
and cytoEKAR plasmid 18,679 [27]). HA-dynamin I K44E (dyn-K44E)
and HA-dynamin I (dyn) constructs were provided by Nigel Bunnett

(Columbia University) and have been previously described [28].

2.3. Cell culture and transfection

FlpIn-Chinese hamster ovary (FlpIn-CHO) cells (Invitrogen) were
used due to their lack of endogenous GLP-1R expression. GLP-1R sig-
nalling has been well-characterised in this cell background [22]. Cells
were cultured in Dulbecco's Modified Eagle’s Medium (DMEM) (In-
vitrogen) supplemented with 5% v/v heat-inactivated fetal bovine
serum (FBS) (Thermo Electron Corporation, Melbourne, VIC, Australia)
at 37˚C and 95% O2 /5% CO2 in a humidified incubator. FlpIn-CHO
cells were either stably transfected with either human c-myc-GLP-1R, or
c-myc-GLP-1R-Rluc8 with either β-arrestin1- or β-arrestin2-Venus using
gateway technology. These cell lines were characterised and described
previously [22,29]. Parental FlpIn-CHO cells were also transiently
transfected, using polyethylenimine (PEI) (Polysciences, Warrington,
PA), and plated simultaneously. DNA and PEI diluted in 150mM NaCl
were combined in a 1:6 ratio and incubated for 15min, before the
mixture was added to the cell suspension and the cells plated.

2.4. cAMP accumulation

FlpIn-CHO cells stably transfected with human c-myc-GLP-1R cells
were seeded at a density of 30,000 cells/well into clear 96-well culture
plates and incubated overnight at 37 °C in 5% CO2. For cAMP accu-
mulation assays in conditions where GLP-1R internalisation was in-
hibited, parental FlpIn-CHO cells were transiently transfected with
42 ng/well of human c-myc-GLP-1R and 107 ng/well of dyn-K44E or
pcDNA3.1 and 15,000 cells/well were seeded into clear 96-well plates
and incubated at 37 °C in 5% CO2 for 48 h.

On the day of assay, growth media was replaced with stimulation
buffer [phenol-free DMEM containing 0.1% (w/v) BSA, 1M HEPES and
0.5 mM 3-isobutyl-1-methylxanthine, pH 7.4] and incubated for 30min
at 37 °C in 5% CO2 before cells were stimulated with the indicated
concentrations of peptide. After 30min the reaction was terminated by
aspiration of the buffer and addition of 50 μl of ice-cold 100% (v/v)
ethanol. Upon evaporation of ethanol, 75 μl of lysis buffer [5 mM
HEPES, 0.1% (w/v) BSA, 0.3% (w/v) Tween20, pH 7.4)] was added.
Five μl of lysate was transferred to a 384-well OptiPlate (PerkinElmer).
The cAMP detection was performed using a LANCE TR FRET kit (Perkin
Elmer). 5 μl of anti-cAMP antibody (0.5% v/v diluted in the detection
buffer) was added in reduced lighting conditions and the plate in-
cubated for 30min at room temperature. 10 μl of detection mix was
added [0.02% v/v Eu-W8044 labelled streptavidin, 0.07% v/v biotin-
cAMP diluted in the detection buffer] in reduced-lighting. The plate was
incubated for 60min at RT before measurement on the EnVision multi-
label plate reader (PerkinElmer) using the LANCE protocol settings. All
values were converted to an absolute concentration of cAMP using a
cAMP standard curve performed in parallel. Data were analysed and
curve fitting performed using a three-parameter logistic equation using
GraphPad Prism version 6.0 (Graphpad Software Inc.).

2.5. ERK1/2 phosphorylation

FlpIn-CHO cells stably transfected with human c-myc-GLP-1R cells
were seeded at a density of 30,000 cells/well into clear 96-well culture
plates and incubated overnight for 30min at 37 °C in 5% CO2, and
serum-starved in FBS-free DMEM for 6 h prior to being assayed. For
pERK1/2 assyas in conditions where GLP-1R internalisation was in-
hibited, parental FlpIn-CHO cells were transiently transfected with
75 ng/well of human c-myc-GLP-1R and 75 ng/well of dyn-K44E or
pcDNA3.1 and seeded into clear 96-well plates at 30,000 cells/well and
assayed 48 h later. Cells were serum-starved overnight before the assay.

On the day of assay, cells were stimulated with ligand for the in-
dicated time periods at 37 °C before stimulation was terminated by
removal of media, then the addition of 40 μl of SureFire lysis buffer
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(TGR Biosciences) and the plate agitated for two min. 5 μl of lysate was
added to a 384-well ProxiPlate (PerkinElmer), and 8.5 μl of detection
buffer [10 parts Activation buffer, 60 parts Reaction buffer, 0.3 parts
AlphaScreen acceptor beads, 0.3 parts AlphaScreen donor beads] was
added in reduced lighting conditions. The plate was incubated at 37 °C
for 1 h, the plate cooled to RT for 30min, before reading on the
EnVision multilabel plate reader (PerkinElmer) (excitation

wavelength= 680 nm; emission wavelength=520–620 nm). All data
were expressed as a percentage of the ERK1/2 phosphorylation medi-
ated after 6 or 15min of exposure to 10% v/v FBS (as stated). Data were
analysed and curve fitting performed using a three-parameter logistic
equation using GraphPad Prism version 6.0.

Fig. 1. Signalling bias exhibited by GLP-1R ligands in FlpIn-CHO cells stably expressing the GLP-1R. (A) Concentration-response data for GLP-1 (black), exendin-4
(red), oxyntomodulin (blue) and liraglutide (purple) for cAMP signalling, pERK1/2 signalling at two time points and β-Arrestin (β-Arr) 1 and 2 recruitment. (B) Web
of bias illustrating peptide bias relative to GLP-1 and cAMP signalling. Concentration-response data were analysed using the operational model to determine bias
factors (τ/KA). These were normalized to GLP-1 and cAMP accumulation (ΔΔτ/KA) and plotted on a logarithmic scale on the web. Circles represent data significantly
different from GLP-1 as assessed using a one-way ANOVA followed by Dunnett’s post test (P < 0.05). Data are mean+ SEM from four to five experiments performed
in duplicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Compartmentalised cAMP signalling. Time course of cAMP signalling upon stimulation of GLP-1R, by GLP-1, exendin-4, liraglutide and oxyntomodulin as
measured by the FRET sensors pmEpac2 and cytoEpac2 in FlpIn-CHO cells following transient transfection of the GLP-1R and the relevant FRET sensor. Cell images
for each sensor are shown, confirming the localization of the two sensors to the plasma membrane (pmEpac2) or the cytosol (cytoEpac2). Data are plotted as change
in CFP/YFP ratio relative to the maximum response (Fmax) for each cell and baseline corrected to the vehicle response. Data points are mean+SEM, of 3–6 individual
experiments (n), with 48–211 individual cells per condition in each individual n.
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2.6. Bioluminescence resonance energy transfer (BRET) assays to assess β-
arrestin recruitment

FlpIn-CHO cells stably expressing the human c-myc-GLP-1R-Rluc8
and either β-arrestin1- or β-arrestin2-Venus were seeded in 96-well
white-walled CulturPlates (PerkinElmer) at a density of 30,000 cells/
well and cultured for 24 h. Cells were washed once with HBSS with
0.1% w/v BSA, to remove traces of phenol red and incubated in this
solution for a further 15min. Cells were challenged with drug or vehicle
at indicated time points, and the Rluc substrate coelenterazine-h
(Nanolight) added to reach a final concentration of 5 µM 10min before
BRET reads. BRET readings were collected using a LumiSTAR Omega
(BMG LabTech) that allows sequential integration of signals detected in
the 465–505 nm and 515–555 nm windows using filters with the ap-
propriate band pass. The BRET ratio for each sample (515–555 nm
emission over 465–505 nm emission) was vehicle subtracted to express
results as ligand-induced BRET. This eliminates the requirement for
measuring a donor only control sample. Initial time course experiments
were performed over 20min to determine the time at which β-arrestin1
and β-arrestin2 recruitment was maximal for each ligand. Subsequent
concentration response data were collected at this peak time. Data were
normalized to the maximal response elicited by GLP-1. Data were
analysed and curve fitting performed using a three-parameter logistic
equation using GraphPad Prism version 6.0.

2.7. BRET assays to assess receptor trafficking

FlpIn-CHO were transiently transfected with 20 ng/well human c-
myc-GLP-1R-Rluc8, 80 ng/well BRET biosensor (either Rab5a-, Rab7a-,
Rab11- or KRas- Venus) and 50 ng/well of either dyn-K44E, dyn, cav-1,

cav-1 P132L or pcDNA3.1. The cells were plated at 15,000 cells/well,
into 96-well white-walled CulturPlates (PerkinElmer) and assays per-
formed 48 h later. Cells were washed once with HBSS containing 0.1%
w/v BSA and 10 µg/µl cycloheximide (Sigma Aldrich), then incubated
in this solution for another 30min. Cycloheximide was added to pre-
vent de novo protein synthesis.

In Pitstop2 studies, 30 µM of Pitstop2 was added to the buffer for the
30min incubation. Cells were challenged with the drug or vehicle at
indicated time-points and washed 30min after addition. Ten min before
reading the plate, coelentrazine h was added to give a final con-
centration of 5 µM. The plate was read on a LUMIstar Omega using
465–505/515–555 nm filters. The BRET ratio for each sample
(515–555 nm emission over 465–505 nm emission) was vehicle sub-
tracted to express results as ligand-induced BRET, and corrected to
baseline values at time 0.

2.8. Forster resonance energy transfer assays to assess signalling

FlpIn-CHO cells were transiently transfected with 55 ng/well human
c-myc-GLP-1R and 45 ng/well of FRET sensor (cytoEpac2, pmEpac,
nucEKAR or cytoEKAR) or for studies assessing the impact of inter-
nalisation, 42 ng/well receptor, 45 ng/well biosensor (cytoEpac2,
pmEpac, nucEKAR or cytoEKAR) and 63 ng/well of dyn-K44E or
pcDNA3.1. Cells were seeded at 15,000 cells/well into 96-well clear-
bottomed, black-walled ViewPlates (PerkinElmer). Assays were per-
formed 48 h after transfection and cells were serum-starved overnight
before assay. The assay method is adapted from that previously de-
scribed [30]. On the day of assay cells were equilibrated in HBSS at
37˚C for 30min. Fluorescence was measured on the GE Healthcare high-
content INCell 2000 Analyzer, with CFP and YFP filters and a

Fig. 3. Concentration-response curves of cAMP signalling upon stimulation of GLP-1R, by GLP-1, exendin-4, liraglutide and oxyntomodulin measured using FRET
sensors pmEpac2 and cytoEpac2 in FlpIn-CHO cells following transient transfection of the GLP-1R and the relevant FRET sensor Data are the AUC of F/Fmax over
30min as in Fig. 2. Data points are mean+ SEM, of 3–6 individual experiments (n), with 48–211 individual cells per condition in each individual n.

Table 1
Summary of the pEC50 and Emax values of AUC concentration–response curves of cAMP detected by the pmEpac2 and cytoEpac2 sensors upon stimulation of GLP-1R
with peptide ligands. pEC50 is the negative logarithm of the concentration that produces 50% of the maximal response. Emax is the maximal response, as indicated by
the maximum of the concentration–response curve. Values are mean ± SEM calculated from a three-parameter curve fit. Statistical tests are one-way ANOVA,
followed by Tukey’s post-test, # compared to GLP-1 for each sensor, #p < 0.01.

pEC50 (M)

GLP-1 Exendin-4 Liraglutide Oxyntomodulin

pmEpac2 8.66 ± 0.40 (3) 9.64 ± 0.36 (3) 10.01 ± 0.47 (3) 8.98 ± 0.61 (3)
cytoEpac2 11.23 ± 0.20 (3) 11.35 ± 0.23 (5) 10.28 ± 0.17 (3) 9.97 ± 0.18 (3)#

Emax (relative units AUC)
GLP-1 Exendin-4 Liraglutide Oxyntomodulin

pmEpac2 15.23 ± 0.28 (3) 15.44 ± 0.77 (3) 11.31 ± 2.44 (3) 9.06 ± 2.24 (3)
cytoEpac2 19.99 ± 1.16 (3) 17.93 ± 1.14 (5) 24.84 ± 1.35 (3) 21.42 ± 1.19 (3)
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polychroic optimised for the CFP/YFP filter pair (Quad3). Images of up
to 14 wells were collected at one min intervals. Baseline emission ratio
images were captured for four min. Cells were the challenged with the
drug or vehicle and the images captured for 30min, before the cells
were stimulated with the positive control [10 µM forksolin and 100 µM
3-isobutyl-1-methylxanthine (IBMX) for cAMP or 200 nM phorbol-
12,13-dibutyrate for ERK] for 10min to generate maximal FRET, and
positive images collected for four min. Data were analysed with three
macros that run in the FIJI distribution of Image J, as previously de-
scribed [30]. Briefly, the baseline, stimulated and positive image stacks
were collated and aligned with the StackCreator script. The cells and

background were selected, the fluorescence intensity measured across
the stack, and the background fluorescence subtracted. The FRET re-
sponse was graphed as the FRET ratio relative to the positive control (F/
Fmax) for each cell at each time-point. Only cells with > 5% increase in
the background corrected FRET ratio (F/F0) to the positive control were
selected for analysis. To generate the concentration–response curves,
the area under the curve was plotted against the log concentration of
peptide, and the curves were fit in GraphPrism version 6 using a three-
parameter logistic equation.

2.9. Bias calculations

To quantify biased agonism, which may be manifested as selective
functional affinity (KA) and/or efficacy (τ) of an agonist for a given
pathway, concentration response data were analysed with an opera-
tional model of agonism directly modified to estimate the ratio of τ/KA

for each pathway as described previously [7]. All estimated parameters
are expressed as logarithms (mean ± S.E.M.).

2.10. Statistics

Comparisons of multiple different groups were assessed using a one-
way or two-way analysis of variance (ANOVA) followed by either
Sidak’s, Dunnett’s or Tukey’s post-test. Paired or unpaired t-tests were
performed to compare the effects of dyn-K44E and pcDNA and differ-
ences between the pmEpac2 and cytoEpac2 sensors with regard to
potency and maximal responses calculated from concentration response
curves. Significance was accepted at p < 0.05.

3. Results

3.1. Exendin-4, liraglutide and oxyntomodulin are biased peptides relative
to GLP-1

Agonist concentration–response data were generated to assess
biased agonism in multiple pathways; cAMP accumulation, ERK1/2
phosphorylation and β-arrestin recruitment (Fig. 1A). cAMP assays
were performed as an accumulation assay over 30min. For β-arrestin
recruitment, concentration–response data were generated at the time-
point of the peak response (3min). For ERK1/2 phosphorylation, con-
centration–response curves were generated at two time points, chosen
to reflect peak response (6min) and the sustained response (15min), as
determined from kinetic time course experiments. Calculation of
transduction ratios (tau/Ka) determined from operational fitting to
concentration–response data [31], revealed both oxyntomodulin and
liraglutide are biased agonists relative to GLP-1, generating greater
ERK1/2 phosphorylation relative to the same amount of cAMP
(Fig. 1B). This bias was greater for liraglutide than oxyntomodulin at
the peak (6min) response, but oxyntomodulin was greater when mea-
suring the sustained response (15min time point). When assessing β-
arrestin 1 or 2 recruitment, liraglutide displayed no bias relative to
cAMP when compared with GLP-1. This was in contrast to oxyntomo-
dulin and exendin-4 that were both biased towards recruitment of β-
arrestin 2, similar to previous observations (Fig. 1B), [32]. Oxynto-
modulin was also significantly biased towards β-arrestin 1.

3.2. Ligand-dependent spatiotemporal signalling of the GLP-1R

To gain temporal and spatial resolution of GLP-1R signalling, we
utilised a cytosolically located (cytoEpac2) and a plasma membrane
targeted (pmEpac2) cAMP Epac2 biosensor. cAMP was detected with
both sensors, immediately upon stimulation with all peptides (Fig. 2).
cAMP signals at lower concentrations of ligand were more transient at
the plasma membrane, decreasing back towards baseline over the
30min after stimulation. Cytosolically localised responses were sus-
tained over this time scale. Taking the area under the curve (AUC) of

Fig. 4. Time course of ERK activity upon stimulation of GLP-1R, by GLP-1,
exendin-4, liraglutide (100 nM) and oxyntomodulin (1 µM) as measured by
cytoEKAR (A) and nucEKAR (B) in FlpIn-CHO cells following transient trans-
fection of the human GLP-1R and the relevant FRET sensor. Cell images are
shown in A and B to confirm the localization of the sensors to the cytosol
(cytoEKAR) or the nucleus (nucEKAR). Data are plotted as change in cerulean/
venus ratio relative to the maximum response to FBS (Fmax) for each cell. Data
points are mean+SEM, of three individual experiments (n), with 68–176 total
cells per condition. Statistical tests are two-way ANOVA, followed by Dunnett’s
test compared to vehicle, ***p < 0.001.
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each of these graphs, concentration–response curves were plotted
(Fig. 3, Table 1). Consistent with population-based global assays of
cellular cAMP, oxyntomodulin had the weakest response in both cel-
lular compartments with statistically lower potency relative to GLP-1 at
the cytoplasmic localised sensor and a lower maximal response than
GLP-1 in generating plasma membrane-localised cAMP (Table 1). In-
terestingly, equipotent responses were measured for liraglutide in both
compartments, whereas GLP-1, exendin-4 and oxyntomodulin were
372-, 51- and 10- fold more potent, respectively, in detecting cAMP
using the cytosolically localised sensor relative to the plasma mem-
brane localised sensor. Consequently, GLP-1 and exendin-4 were sig-
nificantly more potent in the generation of cytosolic cAMP than lir-
aglutide. In contrast, GLP-1 was 10-fold less potent than exendin-4 and
liraglutide, which were equipotent, in the generation of cAMP at the
plasma membrane (albeit these differences did not reach statistical
significance for this sensor). These data suggest that individual peptides
differentially generate localised pools of cAMP.

Compartmentalised ERK activation was detected in time-course as-
says using a single saturating concentration of ligand, by ERK activity
sensors localised to the cell cytosol (cytoEKAR; Fig. 4A) or nucleus
(nucEKAR; Fig. 4B). Nuclear ERK activity was detected upon stimula-
tion with all four peptides, although the oxyntomodulin response was
more transient than the other three ligands (Fig. 4B, 4C). In contrast,
within the cytosol, a different profile of ERK activity was observed
where the biased agonists liraglutide and oxyntomodulin generated
cytosolic ERK activity but GLP-1 and exendin-4 did not elicit a response

(Fig. 4A and C). Interestingly, the response to oxyntomodulin was
sustained over the 20min time-course, whereas the response to lir-
aglutide was transient, decreasing back to baseline by 15min.

3.3. GLP-1R internalises into early, recycling and late endosomes upon
activation by all peptide ligands

To assess the role of receptor internalisation in GLP-1R signalling,
we first assessed the internalisation and trafficking of the GLP-1R using
bioluminescence resonance energy transfer (BRET) to measure the co-
localisation of a Rluc8 tagged receptor (GLP-1R-Rluc8) with Venus-
tagged markers that are targeted to defined subcellular locations (KRas-
Venus, Rab5a-Venus, Rab7a-Venus, Rab11-Venus). Upon stimulation
with all four peptide ligands, the GLP-1R rapidly internalised as de-
tected by a decrease in co-localisation of the GLP-1R and the plasma
membrane marker KRas (decrease in BRET signal) that reached a
maximum at 30min post ligand stimulation (Fig. 5A). Accordingly, this
was correlated with increased co-localisation between the GLP-1R and
the early endosomal marker Rab5a (increased BRET signal), which
peaked at 60min (Fig. 5B). These data exemplify the GLP-1R leaving
the plasma membrane, via internalisation, and entering early endo-
somes. An increase in BRET was also observed with GLP-1R and the
markers Rab11 and Rab7a, peaking at 60 and 120min, respectively
(Fig. 5C and D). This indicates that receptor trafficking diverges into
both recycling and late endosomes, from which the receptor is likely
trafficked either back to the plasma membrane or to lysosomes. No

Fig. 5. The trafficking of GLP-1R-Rluc8 in FlpIn-CHO cells upon stimulation with GLP-1 (100 nM), exendin-4 (100 nM), liraglutide (100 nM) and oxyntomodulin
(1 μM). Cells were transiently transfected with human GLP-1R-Rluc8 and the relevant BRET sensor targeted to the various subcellular compartments. Cells were
challenged with ligand for 30min before they were washed and BRET measured between GLP-1R-Rluc8 and subcellular markers (A) KRas (plasma membrane), (B)
Rab5a (early endosome), (C) Rab7a (late endosome) and (D) Rab11 (recycling endosome). Data are mean+SEM from four to five experiments performed in
triplicate.
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statistical difference was observed in the kinetics or magnitude of li-
gand-induced trafficking between the different peptide agonists at any
time point assessed.

3.4. GLP-1R internalises via caveolin-1, clathrin and dynamin-dependent
mechanisms in FlpIn-CHO cells

Previous literature has provided evidence for clathrin and/or ca-
veolae-mediated GLP-1R internalisation across a range of cellular
backgrounds. A partial role of clathrin-coated pits has been implicated
in CHO and CHL cells [16,17], whereas a caveolin-1 dependent me-
chanism has been observed in HEK293 cells, with GLP-1R and caveolin-
1 co-localising inside the cell [18,19]. Both clathrin and caveolae-
mediated mechanisms are dynamin-dependent. To determine the me-
chanism by which GLP-1R internalises in the FlpIn-CHO cells used in
the current study, we measured BRET between the early endosomal

marker, Rab5a-Venus, and the GLP-1R-Rluc8 60min after ligand sti-
mulation, in the presence or absence of various inhibitors of GPCR in-
ternalisation. Consistent with previous reports, overexpression of dyn-
K44E, a dominant negative form of dynamin with no GTPase activity
[33], abolished all ligand-mediated GLP-1R internalisation when com-
pared to the wild type dynamin and the pcDNA3.1 transfection control
(Fig. 6A). Also consistent with published literature, the clathrin-de-
pendent inhibitor, Pitstop2, partially inhibited internalisation for ex-
endin-4 (Fig. B). Caveolin-1 (cav-1) is a key protein in the formation of
caveolae, and cav1-P132L, is dominant negative mutant of the protein
that is intracellularly retained [34]. Transfection of cav1-P132L also
abolished internalisation of GLP-1R compared to wildtype and
pcDNA3.1 for all peptides (Fig. 6A).

Fig. 6. The co-localisation of GLP-1R-Rluc8 with the early endosome was assessed in FlpIn-CHO cells transiently transfected with GLP-1R-Rluc8, Rab5a-Venus and
either dyn, cav-1 or their dominant-negative forms, dyn-K44E and cav-1-P132L (A) or treated with clathrin inhibitor Pitstop2 (B). Cells were treated with peptide
agonists GLP-1 (100 nM), exendin-4 (100 nM), liraglutide (100 nM) and oxyntomodulin (1 μM), the ligand was washed out at 30min and the BRET between GLP-1R-
Rluc8 and Rab5a-Venus (early endosome) measured at 60min. Data points are vehicle-corrected and are mean+ SEM from five experiments, performed in triplicate.
Statistical tests are two-way ANOVA, (with variables pcDNA3 and each inhibitor) followed by Dunnett’s post-test, compared to pcDNA control for each ligand) (A) or
two-way ANOVA, (variables DMSO control and Pitstop2), followed by Sidak’s post-test, compared to DMSO control for each ligand (*p < 0.05, ***p < 0.001,
****p < 0.0001) (B).
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3.5. Inhibition of GLP-1R internalisation decreases global cAMP formation
and ERK1/2 phosphorylation

To determine the influence of GLP-1R internalisation on cAMP
mediated signalling, cAMP production was assessed in a population-
based accumulation assay in the presence of dyn-K44E to completely
abolish ligand-mediated receptor internalisation (Fig. 7). Over-
expression of dyn-K44E reduced the maximal cAMP response for all
peptides by approximately 50% (Fig. 7, Table 2). In contrast, there was
only limited attenuation of GLP-1, exendin-4 or liraglutide potency for
cAMP signalling, while a significant reduction of potency was observed
for oxyntomodulin (Fig. 7, Table 2).

To assess the influence of receptor internalisation on ERK1/2
phosphorylation, an initial kinetic assay was performed in a population-
based cell assay with GLP-1 in the absence or presence of dyn-K44E

(Fig. 8A). A decrease in pERK1/2 response in the presence of dyn-K44E
was evident across the entire time-course with the greatest reduction
occurring at 15min. As such, concentration response curves for ERK1/2
phosphorylation were performed at 15min. Treatment of cells with
dyn-K44E attenuated responses of all four ligands (Fig. 8B). For lir-
aglutide and oxyntomodulin, both potency and maximal responses,
relative to the control, were statistically reduced upon inhibition of
internalisation (Fig. 8B, Table 2). For GLP-1 and exendin-4, there was
little effect on potency, however a similar reduction in maximal re-
sponse (Fig. 8B, Table 2).

3.6. GLP-1R internalisation plays a role in the control of spatiotemporal
signalling

To observe if the reduced cAMP production and pERK1/2 observed

Fig. 7. Concentration-response curves for 30min cAMP accumulation upon stimulation of the GLP-1R with GLP-1, liraglutide, oxyntomodulin, exendin-4, in FlpIn-
CHO cells transiently transfected with GLP1R and either dyn-K44E or pcDNA. Data points are vehicle corrected and represent the mean+SEM from four to five
individual experiments performed in triplicate.

Table 2
pEC50 and Emax values calculated from concentration-response data performed in FlpIn CHO cells transfected with either dyn-K44E or pcDNA3.1. Emax is the maximal
response expressed as a percentage of the pcDNA3.1 control. Values represent the mean ± SEM from 3 to 5 individual experiments performed in triplicate.
Individual number of experiments are shown in brackets. Statistical tests are unpaired students t-tests comparing dyn-K44E to the pcDNA3.1 control for each ligand
*p < 0.05.

GLP-1 Exendin-4 Liraglutide Oxyntomodulin

pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax

cAMP pcDNA3.1 9.65 ± 0.12 (5) 100 ± 4 10.4 ± 0.19 (5) 100 ± 5 9.76 ± 0.22 (5) 100 ± 7 8.45 ± 0.17 (4) 100 ± 6
dyn-K44E 8.97 ± 0.29 (4) 47 ± 6* 9.95 ± 0.15 (5) 45 ± 2* 8.98 ± 0.19 (5) 51 ± 4* 7.43 ± 0.23 (4)* 51 ± 5*

pERK1/2 pcDNA3.1 8.93 ± 0.11 (3) 100 ± 4 9.18 ± 0.17 (5) 100 ± 6 9.63 ± 0.15 (5) 100 ± 5 8.23 ± 0.19 (4) 100 ± 7
dyn-K44E 7.98 ± 0.43 (3) 65 ± 12* 8.88 ± 0.41 (5) 60 ± 7* 8.72 ± 0.22 (5)* 73 ± 7* 7.03 ± 0.35* (4) 64 ± 12*
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upon inhibition of GLP-1R internalisation in global assays is correlated
to alterations in spatiotemoral profiles of cAMP production or ERK1/2
activity, a single saturating concentration of peptide was used to assess
the role of receptor internalisation in the generation of compartmen-
talised cAMP and pERK1/2 activity. Inhibition of GLP-1R internalisa-
tion using dyn-K44E attenuated cAMP signaling in both compartments,
although the magnitude of the effect was both peptide- and compart-
ment-dependent. Using the plasma membrane-localised sensor, there
was a reduction in AUC response for exendin-4 and liraglutide in the

presence of dyn-K44E, but no effect on oxyntomodulin (Fig. 9A and C).
In contrast, cAMP production measured with the cytosolically-localised
sensor was attenuated for GLP-1, exendin-4 and oxyntomodulin, but not
liraglutide, following inhibition of GLP-1R internalisation (Fig. 9B and
C).

Intriguingly, inhibition of GLP-1R internalisation using dyn-K44E
eliminated all nuclear ERK activity. In contrast, inhibition of GLP-1R
internalisation revealed cytoEKAR responses to GLP-1 and exendin-4
that did not produce cytosolic signalling under control conditions

Fig. 8. pERK1/2 in FlpIn-CHO cells transiently transfected with the GLP-1R and either pcDNA or dyn-K44E. A) Time course of ERK1/2 phosphorylation over 30min
after stimulation with GLP-1 (100 nM) normalised to FBS response at 6min. dyn-K44E reduced pERK1/2 relative the control (pcDNA3). B) Concentration-response
curves for pERK1/2 after 15min stimulation with GLP-1, liraglutide, exendin-4 and oxyntomodulin. Data are vehicle-corrected and mean+ SEM from three (A) or
three-five (B) experiments performed in triplicate.
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(Fig. 10A–C). In addition, the temporal profile of liraglutide ERK ac-
tivity within the cytosol switches from a transient response to a sus-
tained profile, consistent with retention of the receptor at the plasma
membrane. Consequently, a similar degree of sustained cytosolic ERK
activity was observed for all four peptides following inhibition of in-
ternalisation (Fig. 10A and C).

4. Discussion

Biased agonism is well established at the GLP-1R and multiple re-
cent studies have implicated a role for receptor internalisation in the
control of GLP-1R signalling that may have clinical implications for
development of novel therapeutics. Here, we reveal important and
unappreciated roles of internalisation and trafficking in the control of
differential GLP-1R activation that leads to distinct spatiotemporal

signalling profiles by GLP-1R biased agonists.
Consistent with previous publications [32], this study confirmed

oxyntomodulin as a biased GLP-1R agonist favouring pERK1/2 and β-
arrestin recruitment relative to cAMP when compared with GLP-1. The
clinically used ligands exendin-4 and liraglutide are also biased ago-
nists; for liraglutide this manifests as bias towards pERK1/2 in the
absence of β-arrestin bias relative to cAMP, whereas exendin-4 dis-
played a modest degree of bias towards β-arrestin recruitment with no
change in pERK1/2 relative to cAMP. pERK1/2 is predicted to be
downstream of β-arrestin recruitment, however the lack of direct cor-
relation between pERK1/2 and β-arrestin bias relative to cAMP for
some ligands suggest multiple signalling and regulatory pathways link
GLP-1R activation and signalling to downstream mediators, such as
pERK1/2. This is consistent with our earlier work that demonstrates
both β-arrestin and G protein mediated pathways play a role in

Fig. 9. Time course of cAMP signalling upon stimulation of GLP-1R, in FlpIn-CHO cells transiently transfected with the GLP-1R, the relevant FRET sensor and either
pcDNA or dyn-K44E, by equi-occupant concentrations of GLP-1, exendin-4, liraglutide (1 nM) and oxyntomodulin (10 nM) as measured by FRET sensors pmEpac2
and cytoEpac2. Data are plotted as change in CFP/YFP ratio relative to the maximum response to forskolin and IBMX (Fmax) for each cell. Data points are
mean ± SEM, of three-four individual experiments for pmEpac2 and three individual experiments for cytoEpac2, with 141–324 total cells per condition. Statistical
tests are two-way ANOVA, (variables pcDNA and dyn-K44E), followed by Sidak’s post test to compare each ligand in the different treatments, (****p < 0.0001) or
Dunnett’s post test, to compare each ligand to GLP-1 within each treatment (##p < 0.01, ###p < 0.001, ####p < 0.0001).
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activating this pathway [32].
Using biophysical approaches to assess GLP-1R signalling in real

time revealed differential activation of the GLP-1R leads to distinct
spatiotemporal profiles of signalling, particularly for ERK1/2 activity
that may, in part, account for some of the observed GLP-1R biased
agonism. Strikingly, while GLP-1, exendin-4, liraglutide and oxynto-
modulin all promoted nuclear localised ERK1/2 activity (albeit with
slightly different temporal properties), only the pERK1/2 biased ago-
nists liraglutide and oxyntomodulin were able to generate cytosolic
pERK1/2. Interestingly, oxyntomodulin produced a more sustained
response than liraglutide, a kinetic profile consistent with the observed
bias relative to cAMP observed from global ERK assays, whereby oxy-
ntomodulin was biased when assessed at two distinct time points (6 and
15 mins), but liraglutide was only biased at the 6min time point. This
highlights the importance that spatiotemporal profiles of signalling can

play in engendering biased agonist profiles, as has been noted for other
receptor systems [35]. Interestingly, these two ligands each have a
different profile for β-arrestin recruitment, with oxyntomodulin being a
biased agonist favouring recruitment, while liraglutide displayed si-
milar recruitment relative to GLP-1. β-arrestins are scaffolding proteins
that can regulate GPCR signalling. Speculatively, this β-arrestin bias
may in part lead to the differences in the cytosolic ERK1/2 kinetic
profile. Indeed, β-arrestin 1-dependent GLP-1R ERK1/2 activation is
reported to be sustained and cytosolically restricted, at least in β-cells
[36].

Differences in temporal cAMP signalling were less striking than
those for ERK activity, nonetheless some important observations were
revealed in our study. Whereas all ligands displayed sustained signal-
ling that was detected within the cytosol, responses detected by the
plasma membrane localised sensor for GLP-1 and exendin-4 had greater

Fig. 10. Time course of ERK activity upon stimulation of GLP-1R in FlpIn-CHO cells transiently transfected with the GLP-1R, the relevant FRET sensor and either
pcDNA or dyn-K44E, by GLP-1 (100 nM), exendin-4 (100 nM), liraglutide (100 nM) and oxyntomodulin (1 µM) as measured by cytoEKAR (A) and nucEKAR (B). Data
are plotted as change in cerulean/venus ratio relative to the maximum response to FBS (Fmax) for each cell. Data points are mean ± SEM, of 3 individual ex-
periments, with 75–253 cells per condition. Statistical tests are two-way ANOVA (variables pcDNA and dyn-K44E), followed by Sidak’s post test to compare each
ligand in the different treatments, (*p < 0.05, ***p < 0.001, ****p < 0.0001) or followed by Dunnett’s post test, to compare each ligand to GLP-1 within each
treatment (#p < 0.05, ###p < 0.001, ####p < 0.0001).
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Emax values immediately following ligand stimulation, but they were
also more transient in nature than those generated by liraglutide and
oxyntomodulin. Of particular interest was the relative rank order of
potencies where GLP-1 and exendin-4 were more potent at production
of cAMP within the cytosol than liraglutide, but GLP-1 had weaker
potency than exendin-4 and liraglutide detectable by the plasma
membrane localised sensor. This reveals that different ligands may
display distinct spatiotemporal profiles of signalling that may differ-
entially influence physiological functions.

Assessment of GLP-IR internalisation in our system revealed that the
receptor internalises rapidly when activated by GLP-1, exendin-4, lir-
aglutide and oxyntomodulin, where it traffics into early endosomes,
before moving through either recycling or degradative pathways, illu-
strated by co-localisation with both Rab7a and Rab11 biosensor re-
porters. This is consistent with previous observations in HEK293 cells
and the insulinoma cell line, BRIN-BD11 [13,14]. In our study no sig-
nificant differences between the ligands could be established, in the
route or in kinetics of trafficking, however these studies were per-
formed with saturating concentrations of ligand and it is possible that
distinction in recycling versus degradative trafficking may occur with
lower ligand concentrations. Unfortunately, limitations in the sensi-
tivity of this assay for Rab7a and Rab11 markers precluded establish-
ment of concentration responses. Nonetheless, it has been reported that
liraglutide induces greater receptor internalisation than GLP-1 and ex-
endin-4 [15] and that exendin-4 and liraglutide stimulated receptors
recycle slower than those activated with GLP-1 [13]. These data suggest
that the differences in spatiotemporal profiles of signalling that we
observed using our localised FRET sensors may be linked to the inter-
nalisation and localisation of the receptor following ligand stimulation.

Dynamin, clathrin and caveolin are important for GLP-1R inter-
nalisation in the cells assessed within this study with inhibition of dy-
namin and caveolin completely ablating receptor internalisation and
clathrin inhibition resulting in a partial reduction. Consistent with
previous studies [14,21], inhibition of GLP-1R internalisation markedly
decreased global cAMP accumulation and pERK1/2 mediated by GLP-1
and exendin-4. This was also true for the pERK1/2 biased ligands
oxyntomodulin and liraglutide suggesting that, for all four ligands, in-
ternalised receptors contribute to the overall signalling response. In-
triguingly, inhibition of internalisation had differential effects on the
integrated cAMP signaling from equi-occupant concentrations of in-
dividual peptides when localised signaling was examined (Fig. 9). This
may be related to the subtle differences in ligand-dependent receptor
trafficking noted above [13,15]. Perhaps not surprisingly, cAMP re-
sponses were still measurable with the cytosolic Epac2 sensor despite
inhibition of internalisation, indicating that plasma membrane gener-
ated cAMP is likely to rapidly diffuse into the cytosol (and maybe vice
versa), contributing to the measured response. Thus, while our data
illustrates that compartmentalisation of cAMP signaling is a likely
component of observed biased agonism, more discriminative tools will
be required to fully understand these behaviours. In contrast to the
limitations with the cAMP biosensors, there was clear separation of
signaling with the cytosolic and nuclear localized ERK sensors that re-
vealed important, localisation-dependent, distinctions in peptide-
mediated ERK activity. Maintaining the GLP-1R at the plasma mem-
brane eliminated all nuclear ERK signaling, while either preserving
(liraglutide, oxyntomodulin) or engendering (GLP-1, exendin-4) cyto-
solic ERK activity. This indicates that GLP-1R-mediated nuclear ERK
activity is generated from internalised receptors while cytosolic ERK is
generated by plasma membrane localised receptors. These different
localised signals are likely to produce distinct cellular outcomes. In-
deed, cytosolic and nuclear ERK activity have been implicated in dif-
ferent physiological roles with nuclear translocation involved in tran-
scriptional control [36] and cytosolically restricted ERK mediating anti-
apoptotic effects in β cells [36].

Mechanistic insight into GLP-1R biased agonism at the cellular level
is of importance due to the broad therapeutic relevance of the receptor

to diseases ranging from diabetes and obesity through to neurodegen-
erative diseases including Parkinson’s and Alzheimer’s. Our study fur-
ther highlights the role of receptor internalisation in control of spatio-
temporal GLP-1R signalling that contributes to biased agonism.
Promising recent studies in rodent models of diabetes suggest that
biased GLP-1R agonists with a reduced ability to internalise may offer a
therapeutic advantage as they produce greater long-term insulin re-
lease, faster agonist dissociation rates and elicit glycemic benefits
without signs of nausea in animal models, which is a common side
effect of GLP-1R therapies [15]. Our work, combined with this recent
study, thus emphasises the need to fully understand the interplay be-
tween GLP-1R internalisation, spatiotemporally organised signalling
and biased agonism and how these ligand behaviours can be utilised to
develop novel, optimised disease-specific therapeutics.
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Activation of the GLP-1 receptor by a  
non-peptidic agonist

Peishen Zhao1,9, Yi-Lynn Liang1,9, Matthew J. Belousoff1,9, Giuseppe Deganutti2,9,  
Madeleine M. Fletcher1, Francis S. Willard3, Michael G. Bell3, Michael E. Christe3,  
Kyle W. Sloop3, Asuka Inoue4, Tin T. Truong1, Lachlan Clydesdale1, Sebastian G. B. Furness1, 
Arthur Christopoulos1, Ming-Wei Wang5,6, Laurence J. Miller7, Christopher A. Reynolds2, 
Radostin Danev8*, Patrick M. Sexton1,6* & Denise Wootten1,6*

Class B G-protein-coupled receptors are major targets for the treatment of chronic 
diseases, including diabetes and obesity1. Structures of active receptors reveal 
peptide agonists engage deep within the receptor core, leading to an outward 
movement of extracellular loop 3 and the tops of transmembrane helices 6 and 7, an 
inward movement of transmembrane helix 1, reorganization of extracellular loop 2 
and outward movement of the intracellular side of transmembrane helix 6, resulting 
in G-protein interaction and activation2–6. Here we solved the structure of a non-
peptide agonist, TT-OAD2, bound to the glucagon-like peptide-1 (GLP-1) receptor. Our 
structure identi!ed an unpredicted non-peptide agonist-binding pocket in which 
reorganization of extracellular loop 3 and transmembrane helices 6 and 7 manifests 
independently of direct ligand interaction within the deep transmembrane domain 
pocket. TT-OAD2 exhibits biased agonism, and kinetics of G-protein activation and 
signalling that are distinct from peptide agonists. Within the structure, TT-OAD2 
protrudes beyond the receptor core to interact with the lipid or detergent, providing 
an explanation for the distinct activation kinetics that may contribute to the clinical 
e"cacy of this compound series. This work alters our understanding of the events 
that drive the activation of class B receptors.

Class B peptide G-protein-coupled receptors (GPCRs) regulate the 
control of glucose and energy homeostasis, bone turnover, and car-
diovascular development and tone1. Several peptide agonists are 
clinically approved for disorders of energy and bone metabolism1; 
however, attempts to develop non-peptide, orally available analogues 
have yielded only limited success. Understanding the structural basis 
of class B GPCR activation is crucial to the rational development of 
peptidic and non-peptidic drugs. Recent structural determination 
of full-length, active class B receptors bound to peptide agonists2–6 
confirmed that the N terminus of the peptide ligands, required for 
receptor activation, binds deep within the seven-transmembrane 
helical bundle. This is associated with an outward movement of the 
tops of transmembrane helices (TM) 6 and 7 (and interconnecting 
extracellular loop (ECL) 3) and a large kink in the centre of TM6 that 
opens up the intracellular face of the receptor to allow G-protein 
coupling2–4,7–10. In parallel, a conformational reorganization of ECL2 
and an inward movement of TM1 facilitates peptide interaction and 
receptor activation.

The GLP-1 receptor (GLP-1R) is an established therapeutic target for 
type 2 diabetes and obesity11. Despite their clinical success, GLP-1R 
peptide drugs are suboptimal owing to their route of administration 

and side-effect profiles, most notably nausea and vomiting that reduce 
patient compliance11. For many years, oral GLP-1R agonists have been 
pursued, with recent studies reporting promising clinical trial data for 
oral semaglutide—a new formulation of the approved peptide sema-
glutide12,13. However, it induced slightly greater severity of nausea and 
gastrointestinal side effects than those observed with injectable GLP-1 
mimetics13. Future development of non-peptide drugs could offer more 
traditional small molecule absorption characteristics that may assure 
better long-term patient compliance with the potential for reduced gas-
trointestinal liability, especially for patients who are co-administering 
with other medications.

Several non-peptidic GLP-1R agonists have been identified14. One 
class form covalent interactions with C3476.36 (in which the superscript 
denotes the Wootten class B GPCR numbering) and are predicted to 
allosterically disrupt polar networks at the base of the receptor, pro-
moting activation15, whereas other small molecule compounds bind 
to unknown sites at the receptor extracellular face14,16,17. However, it is 
assumed that these molecules may need to mimic key interactions of 
the peptide N terminus deep within the transmembrane core to initiate 
receptor activation, as is seen for short stabilized 11-mer peptides, that 
occupy an overlapping site to full-length peptides18.
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Here we investigate TT-OAD2 (Fig. 1a), a non-peptidic compound 
reported in the patent literature and part of the chemical series that 
contains the vTv Therapeutics investigational drug candidate, TTP273. 
TTP273, an orally administered GLP-1R agonist, successfully completed 

phase IIa efficacy trials for type 2 diabetes (ClinicalTrials.gov Identi-
fier: NCT02653599), in which it met its primary endpoint, reducing 
levels of glycated haemoglobin in patients with type 2 diabetes, with no 
reported cases of nausea19, suggesting a potential clinical advantage for 
compounds of this series. Little has been disclosed about the molecular 
properties of this compound series; however, recent progression of 
TTP273 has been hampered by unexpected complexity in identifying 
optimal dosing that may be linked to a lack of understanding of its 
mechanism of action. Assessment of acute in vivo activity in human-
ized GLP-1R mice revealed that TT-OAD2 is insulinotropic and that this 
effect is dependent on the GLP-1R (Fig. 1b).

TT-OAD2 is a biased agonist with slow kinetics
In HEK293 cells that overexpress GLP-1R, TT-OAD2 only partially dis-
placed the orthosteric probes 125I-exendin(9–39) and ROX-exendin-4 
(Fig. 1c, Extended Data Fig. 1a), consistent with an allosteric mode of 
interaction16. Although GLP-1R signals to several cellular pathways, TT-
OAD2 activated only a subset of these responses; it was a low-potency 
partial agonist for cAMP accumulation, with only weak responses 
detected for mobilization of intracellular Ca2+ and phosphorylation of 
ERK1/2 at very high concentrations (100 µM) (Fig. 1d) and no detectable 
recruitment of β-arrestin-1. These data are indicative of bias towards 
cAMP and away from these other pathways relative to endogenous 
GLP-1. There is considerable interest in exploiting biased agonism at 
GPCRs to maximize the beneficial effects of receptor activation, while 
minimizing on-target side-effect profiles.

CRISPR-engineered HEK293 cells in which Gs/olf or Gi/o/z proteins were 
deleted revealed that Gs was essential for the production of cAMP; 
however, this response, for both ligands, was also dependent on the 
presence of Gi/o/z proteins. (Extended Data Fig. 1b). Assessment of proxi-
mal activation of Gs and Gi transducers using split luciferase NanoBit 
G-protein sensors (Extended Data Fig. 1c) determined GLP-1-decreased 
luminescence in a bi-phasic, concentration-dependent, manner for 
both G proteins with similar potencies in each phase. For TT-OAD2, the 
Gi sensor gave a similar decrease in luminescence to GLP-1; however, 
enhanced luminescence was observed for the Gs sensor, which suggests 
a different mechanism of Gs activation. To probe these differences fur-
ther, we used membrane-based assays of bioluminescence resonance 
energy transfer (BRET) G-protein sensors to assess the rate and nature 
of the Gs conformational change. In contrast to the rates of change in 
the conformation of Gi, which were similar for both ligands (Extended 
Data Fig. 1), there was a marked distinction in kinetics for Gs coupling. 
GLP-1 promoted a rapid conformational change in Gs protein, whereas 
for TT-OAD2 this was very slow (Fig. 1e). However, both agonists induced 
a similar plateau of the measured response (Fig. 1e) that was reversed 
by excess GTP (Extended Data Fig. 1d), indicative of a similar overall 
conformational rearrangement. Together, this suggests that slower 
Gs conformational transitions, required for the exchange of GDP for 
GTP and Gs activation, would result in lower turnover of G protein and 
rate of cAMP production by TT-OAD2. Direct kinetic measurements 
of cAMP production validated this hypothesis (Fig. 1f, Extended Data 
Fig. 1e). Overall, these data revealed TT-OAD2 as a biased agonist that 
can only activate a subset of pathways with limited efficacy and with 
distinct activation kinetics relative to peptide agonists.

TT-OAD2 has an unexpected binding mode
To understand how TT-OAD2 binds and activates the GLP-1R, we deter-
mined the GLP-1R structure bound to TT-OAD2 and the transducer 
heterotrimeric Gs protein (Fig. 2). Complex formation was initiated 
in Tni insect cells by stimulation with 50 µM TT-OAD2, and complexes 
were then solubilized and purified (Extended Data Fig. 2a). Vitrified 
complexes were imaged by single-particle cryo-electron microscopy 
(cryo-EM) on a Titan Krios. Following 2D and 3D classification, the most 
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Fig. 1 | Pharmacology exhibited by TT-OAD2 relative to GLP-1. a, Chemical 
structure of TT-OAD2. b, Plasma insulin induced by GLP-1 (10 µg kg−1), TT-OAD2 
(3 mg kg−1) or gastric inhibitory polypeptide (GIP; 25 µg kg−1) in an acute IVGTT 
on humanized GLP-1R knock-in (KI) and GLP-1R knockout (KO) mice. c, Whole-
cell binding assays showing the ability of GLP-1 and TT-OAD2 to displace 
125I-exendin(9-39). d, cAMP accumulation, intracellular calcium mobilization, 
β-arrestin-1 recruitment and ERK1/2 phosphorylation (pERK1/2). e, Agonist-
induced changes in trimeric Gs conformation in cell plasma membrane 
preparations for GLP-1 (left) and TT-OAD2 (middle). Rates (top right) and 
plateau (bottom right) at saturating concentrations (1 µM GLP-1, 10 µM TT-
OAD2) were quantified by applying a one-phase association curve. f, Kinetics  
of cAMP production measured by an EPAC biosensor for GLP-1 (left) and  
TT-OAD2 (middle). Rates were quantified using approximate EC50 and Emax 
concentrations (1 nM and 0.1 µM for GLP-1, 0.1 µM and 10 µM for TT-OAD2) by 
applying a one-phase association curve. In e and f, arrows refer to the time at 
which ligand or vehicle was added. Parameters derived from kinetic data are 
represented as scatter plots with each individual experiment shown by black 
circles. All experiments were performed in GLP-1R expressing HEK293A cells. 
Data in b are mean + s.e.m. from 4–5 mice per treatment, representative of 3 
independent experiments. Data in c–f are mean + s.e.m. of 4–5 independent 
experiments (in duplicate or triplicate). *P < 0.05, Student’s paired t-test.
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abundant class was resolved to 3.0 Å (Extended Data Fig. 2c–f, Sup-
plementary Table 1). The cryo-EM density map allowed unambiguous 
assignment of the TT-OAD2-binding site and pose, and clear rotamer 
placement for most amino acids within the receptor core and G protein 
(Fig. 2, Extended Data Figs. 3, 4a, b). The GLP-1R extracellular domain 
(ECD) and the Gαs α-helical domain were not resolved at high resolu-
tion, consistent with their greater mobility. Rigid body fitting of an 
available X-ray structure of the GLP-1R ECD domain (PDB code 3C5T)20 
was performed into the density to generate a full-length model.

TT-OAD2 bound high up in the helical bundle interacting with res-
idues within TM1, TM2, TM3, ECL1 and ECL2 (Fig. 2, Extended Data 
Fig. 4a). Most interactions are hydrophobic in nature (Fig. 2), includ-
ing numerous π–π stacking interactions between receptor aromatic 
residues and phenolic regions within the ligand. Unexpectedly, TT-
OAD2 adopts a ‘boomerang-like’ orientation within the binding site 
with the 3,4-dichloro-benzyl ring of TT-OAD2 protruding beyond the 
receptor core through transmembrane helices 2 and 3, interacting 
with W2032.73, and embedding in the detergent micelle, consistent with 
probable interactions with the lipid bilayer in a native system. F2303.33 
and W297ECL2 interact with the 2,3-dimethyl-pyridin-4-yl-phenol region, 
Y220ECL1 forms a hydrogen bond with the 2,3-dimethyl-pyridine ring 
and K1972.67 forms a polar interaction with the propionic acid part of 
the ligand. Additional hydrophobic contacts are formed with TT-OAD2  
by Y1451.40, L2012.71, I1962.69, A2002.70, L217ECL1, V2293.32 and M2043.36  

(Fig. 2, Extended Data Fig. 4a). Molecular dynamics simulations of the 
TT-OAD2–GLP-1R–Gs complex predicted further transient interactions 
with TM1, TM2, TM3, ECL1, ECL2 and the ECD of GLP-1R (Extended 
Data Table 1). Assessment of TT-OAD2-induced cAMP production 
at alanine mutants of key receptor residues within the binding site 
revealed reduced potency (negative logarithm of the half-maximal 
effective concentration, pEC50), reduced maximal responses (Emax) or 
both relative to the wild-type receptor (Fig. 2, Supplementary Table 2). 
Application of the operational model of agonism revealed these muta-
tions directly alter TT-OAD2 functional affinity (KA) and/or efficacy (τ) 
(Supplementary Table 2), which highlights the importance of these 
residues in TT-OAD2 function.

Peptide versus non-peptide binding sites
The TT-OAD2-binding pose has very limited overlap with full-length 
peptides, GLP-1 and exendin-P5 (ExP5)3,6 (Fig. 3, Extended Data Fig. 5). 
Structural comparisons, combined with associated molecular dynam-
ics simulations performed on models generated from the cryo-EM data, 
identified only 10 out of 29 residues that interact with both TT-OAD2 
and GLP-1. Moreover, the persistence and nature of ligand interactions 
formed by common residues differed (Fig. 3c, Extended Data Table 1). 
In contrast to TT-OAD2, peptide ligands engage transmembrane heli-
ces 5–7 in addition to extensive interactions deep within the bundle 
in transmembrane helices 1–3 (Fig. 3, Extended Data Fig. 5, Extended 
Data Table 1).

The relatively limited overlap between the peptide- and TT-OAD2-
binding sites suggests that this compound series may modulate pep-
tide function in a physiological setting. To address this, we assessed 
the effect of TT-OAD2 on the signalling of two physiological ligands 
(Extended Data Fig. 6). TT-OAD2 inhibited GLP-1- and oxyntomodu-
lin-mediated cAMP, calcium, pERK1/2 and β-arrestin responses in a 
concentration-dependent manner (Extended Data Fig. 6). This suggests 
that the profile of signalling observed from the GLP-1R when using 
TT-OAD2-like compounds as drugs may depend on the dose adminis-
tered; at high concentrations, their presence would probably inhibit all 
endogenous peptide effects, biasing receptor responses primarily to 
cAMP formation mediated by the compound itself. However, at lower 
concentrations, some endogenous peptide signalling may still occur. 
Notably, TTP273 was reported to exhibit greater clinical efficacy at 
lower concentrations, indicating that maintenance of some aspects 
of physiological signalling may be important for clinical efficacy19.

GLP-1R conformational changes and activation
At a gross level, the TT-OAD2-complexed GLP-1R helical bundle displays 
the key hallmarks of activated, peptide-occupied, class B GPCRs2–6. 
At the extracellular face, this includes the large outward movement 
of TM6, ECL3 and TM7, inward movements of TM1, helical extensions 
within TM2 and TM3, a reordering of ECL1, and conformational transi-
tions within ECL2 that increases upward towards the extracellular side 
(Extended Data Fig. 5). At the intracellular side, there is an equivalent 
large outward movement of TM6 away from the centre of the helical 
bundle, and the smaller outward movement of TM5. It is important to 
note that the fully active state is driven in part by allosteric conforma-
tional changes, including those in the extracellular face, linked to G 
protein binding21. Nonetheless, all the GLP-1R structures are solved with 
the same G protein yet reveal conformational differences at their extra-
cellular face, including within the extent of movement of TM6, ECL3, 
ECL7 and the conformation of the ECD, TM2–ECL1 and ECL2 that are 
linked to the bound agonists (Fig. 3a, b, Extended Data Fig. 5b, c). This 
suggests that distinct receptor activation triggers converge to common 
changes at the intracellular face that allow coupling to transducers.

Although the low resolution of the receptor ECD for the TT-OAD2 
complex indicates extensive mobility, it occupied a distinct orientation 
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Fig. 2 | TT-OAD2–GLP-1R–Gs cryo-EM structure reveals non-peptide binding 
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(left) and the structure after refinement in the cryo-EM map (right), colour-
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TT-OAD2 (red). Bottom, TT-OAD2-mediated cAMP production by receptors 
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relative to the transmembrane core in comparison to peptide-bound 
complexes, whereas both GLP-1- and ExP5-bound receptors stabilized 
a similar conformation3,6 (Extended Data Fig. 5a). Similarly, the short 
11-mer peptide HepP5 forms few interactions with the ECD18 and occu-
pies a distinct orientation relative to GLP-1 and ExP5, but this conforma-
tion also differs from that stabilized by TT-OAD2 (Extended Data Fig. 5c). 
The cryo-EM map of the TT-OAD2-bound receptor complex supports 
extended interactions of the ECD with ECL1 and ECL2 (Extended Data 
Fig. 4c) and this is supported by molecular dynamics simulations that 
predicts interactions of R40ECD with D215ECL1 and E34ECD with R299ECL2 
(Extended Data Table 2). This later interaction is particularly important 

as R299ECL2 directly, and stably interacts with peptide ligands, but in 
the TT-OAD2-bound receptor, stabilizes the N terminus of the ECD in 
a position that may have an analogous role to the peptide in stabilizing 
ECL2. Indeed, in our models, the position of the far N-terminal ECD 
helix overlapped with the location of the C-terminal region of GLP-1 
and ExP5 when comparing the TT-OAD2- and peptide-bound structures 
(Fig. 3a). Thus, the ECD is likely to be important for both stabilizing the 
TT-OAD2-binding site and facilitating receptor activation, as previously 
proposed for different classes of peptide ligands22,23.

Distinctions from peptide-bound receptors observed within TM2/
ECL1 and ECL2 (Fig. 3b) are probably driven by direct ligand interactions 
by TT-OAD2 (Fig. 2), whereas those within TM6 and TM7 by direct inter-
actions formed by peptide agonists. Molecular dynamics simulations 
also support a role of membrane lipid interactions in directly stabilizing 
both these regions within the TT-OAD2-bound structure (Extended Data 
Fig. 7). Notably, the helical bundle of the TT-OAD2-complexed receptor 
is in a more open conformation than the peptide-occupied receptors, 
largely owing to the top of TM6/ECL3, TM7 and TM1 residing 16 Å, 6 Å 
and 7 Å further outwards relative to the GLP-1-bound structure (meas-
ured from the Cα atoms of D3726.62/ECL3, F3817.37 and P1371.32, respectively 
(Fig. 3b). The orientation of TM6, ECL3 and TM7 also differs between 
ExP5- and GLP-1-bound structures, with ExP5 adopting a more open 
conformation3; however, the outward positioning of ECL3 induced 
by TT-OAD2 is much larger (Extended Data Fig. 5b). Peptide-bound 
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structures of all solved class B GPCRs revealed direct interactions of 
the engaged peptide with residues within TM5, TM6, TM7 and ECL3 
with the peptide volume (minimally) presumed to actively contribute 
to the outward conformational change in this region2–4,8,9,24. In the apo-
state of the glucagon receptor, interactions occur between ECL3 and 
the ECD that contribute to maintenance of receptor quiescence7,8,25,26. 
Molecular dynamics simulations on the GLP-1R structures, performed 
after the removal of either TT-OAD2 or GLP-1, predict that the GLP-1R 
ECD also adopts both open and closed conformations in the apo-state, 
in which it can form transient interactions with both ECL2 and ECL325 
(Extended Data Fig. 8). Combining this information with the GLP-1R 
active structures suggests that interactions, with either peptide or 
non-peptide agonists, can release ECL3-ECD constraints, lowering the 
energy barrier for receptor activation. However, the degree of ligand 
interaction with TM6–ECL3–TM7 determines the extent to which the 
transmembrane bundle opens, and this in turn directly contributes to 
G-protein efficacy and biased agonism, as these regions (TM6–ECL3–
TM7 and TM1) have been identified as key drivers for these phenomena, 
particularly for the GLP-1R3,27–29.

Despite the different binding modes, commonalities observed in 
interactions with TT-OAD2 and peptide with transmembrane helices 
1–3 and stabilization of ECL2 are sufficient to initiate conformational 
transitions that propagate to a similar reorganization of the class B 
GPCR conserved central polar network that is linked to activation, 
albeit the mechanism for this differs for peptide agonists versus TT-
OAD2 (Fig. 4a, Supplementary Video 1, Extended Data Fig. 9). Molecular 
dynamics simulations of the GLP-1-bound GLP-1R predicted persistent 
interactions between Y1521.47, R1902.60, Y2413.44 and E3646.53 and the 
N terminus of GLP-1 that directly engage the central polar network 
(Fig. 4a, Extended Data Tables 1, 2, Supplementary Video 1). By contrast, 
TT-OAD influences the central polar network allosterically via interac-
tions with K1972.67, Y1451.40 and Y1481.43. TT-OAD2 also promotes unique 
hydrogen bond networks with crucial residues in TM2 (Fig. 4a, Extended 
Data Table 2) that result in different interaction patterns at the top of 
TM1 and TM2 relative to peptide-occupied receptors. These effects 
propagate to the polar network through transient contacts between 
TT-OAD2 with Y1481.43 and Y1521.47 that in turn interact with R1902.60 of 
the central polar network (Supplementary Video 2). When bound by 
GLP-1, the polar network is stabilized by ligand and a network of water 
molecules, whereas for TT-OAD2, this occurs via a distinct network of 
structural waters rather than by the ligand (Fig. 4b, Supplementary 
Video 1). These differences in the mechanism of conformational tran-
sitions and stabilization of conserved polar networks (summarized in 
Extended Data Fig. 9) may contribute to the different kinetic profiles 
of G-protein activation, as well as the full versus partial agonism for 
cAMP production.

Collectively, our work provides key advances in understanding 
the activation of class B GPCRs and Gs protein efficacy, identifying a 
non-peptide binding site within the GLP-1R that can promote distinct 
efficacy and biased signalling relative to peptide ligands, and this may 
extend to other class B GPCRs. The demonstration that non-peptide 
agonists of the GLP-1R are not required to mimic the extensive recep-
tor contacts formed by peptides within the transmembrane cavity to 
promote receptor activation will advance the pursuit of non-peptide 
agonists for therapeutically important class B receptors.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation.

TT-OAD2 synthesis
Several azoanthracene-based derivatives are reported as potent  
agonists of the GLP-1R (WO10114824), and a compound from this 
series known as OAD2 was selected for our studies (WO14113357). 
OAD2, (S)-2-{[(3S,8S)-3-[4-(3,4-dichloro-benzyloxy)-phenyl]-7-((S)-1-
phenyl-propyl)-2,3,6,7,8,9-hexahydro-[1,4]dioxino[2,3-g]isoquinoline-
8-carbonyl]-amino}-3-[4-(2,3-dimethyl-pyridin-4-yl)-phenyl]-propionic 
acid, was synthesized using procedures previously described (see exam-
ple 179 in WO10114824), and a dihydrochloride salt form (OAD2.2HCl) 
was prepared by standard methods from the free base. Therefore, TT-
OAD2 is the dihydrochloride salt of OAD2 in patent WO14113357. The 
purity of TT-OAD2 was determined by liquid chromatography–mass 
spectrometry (LC–MS) to be 98.62%.

Constructs
GLP-1R was modified to contain either a 2xcMyc-N-terminal epitope tag 
(for signalling and radioligand-binding assays) or a Nanoluc tag (with 
a 12xGly linker; for NanoBRET binding studies) after the native signal 
peptide. For β-arrestin recruitment assays, a C-terminal Rluc8 was fused 
to the C terminus of the receptor. For G-protein conformational assays, 
a Nanoluc flanked by SGGGGS linkers was inserted into Gαs and Gαi2 
after G(h1ha10) in Gαs or E(HA.03) in Gαi2 as previously described30,31. 
These were used in conjunction with an N-terminally Nluc-labelled Gγ2. 
For G-protein steady-state assays, G-protein NanoBit-split luciferase 
constructs were generated by fusing the LgBIT after G(h1ha10) in Gαs 
or E(HA.29) in Gαi2 and the SmBIT to Gγ2. For structural studies, human 
GLP-1R in the pFastBac vector was modified to include an N-terminal 
Flag tag epitope and a C-terminal 8×histidine tag; both tags are remov-
able by 3C protease cleavage. These modifications did not alter the 
pharmacology of the receptor3. A dominant-negative Gαs construct 
was generated previously by site directed mutagenesis to incorporate 
mutations that alter nucleotide handling, stabilize the G0 state and 
interactions with the βγ subunits30.

Insect cell expression
GLP-1R, human dominant-negative Gαs, His6-tagged human Gβ1 and Gγ2 
were expressed in Tni insect cells (Expression systems) using baculovi-
rus. Cell cultures were grown in ESF 921 serum-free media (Expression 
Systems) to a density of 4 million cells per ml and then infected with 
three separate baculoviruses at a ratio of 2:2:1 for GLP-1R, dominant-
negative Gαs and Gβ1γ2. Cells were obtained by centrifugation 60 h 
after infection and the cell pellet was stored at −80 °C.

Purification of the TT-OAD2–GLP-1R–Gs complex
Cell pellet was thawed in 20 mM HEPES, pH 7.4, 50 mM NaCl, 2 mM 
MgCl2 supplemented with cOmplete Protease Inhibitor Cocktail tablets 
(Roche). Complex formation was initiated by addition of 50 µM TT-
OAD2, Nb35–His (10 µg ml−1) and apyrase (25 mU ml−1, NEB) to catalyse 
hydrolysis of unbound GDP and allow for stabilization of the G0 state; 
the suspension was incubated for 1 h at room temperature. Membrane 
was solubilized by 0.5% (w/v) lauryl maltose neopentyl glycol (LMNG, 
Anatrace) supplemented with 0.3% (w/v) cholesteryl hemisuccinate 
(CHS, Anatrace) for 2 h at 4 °C. Insoluble material was removed by 
centrifugation at 30,000g for 30 min and the solubilized complex 
was immobilized by batch binding to M1 anti-Flag affinity resin in the 
presence of 3 mM CaCl2. The resin was packed into a glass column and 
washed with 20 column volumes of 20 mM HEPES pH 7.4, 100 mM NaCl, 
2 mM MgCl2, 3 mM CaCl2, 1 µM OAD, 0.01% (w/v) MNG and 0.006% (w/v) 

CHS before bound material was eluted in buffer containing 5 mM EGTA 
and 0.1 mg ml−1 Flag peptide. The complex was then concentrated using 
an Amicon Ultra Centrifugal Filter (molecular mass cut off 100 kDa) 
and subjected to size-exclusion chromatography on a Superdex 200 
Increase 10/300 column (GE Healthcare) that was pre-equilibrated 
with 20 mM HEPES pH 7.4, 100 mM NaCl, 2 mM MgCl2, 1 µM OAD, 0.01% 
(w/v) MNG and 0.006% (w/v) CHS to separate complex from contami-
nants. Eluted fractions consisting of receptor and G-protein complex 
were pooled and concentrated. Final yield of purified complex was 
approximately 0.15 mg per litre of insect cell culture.

Electron microscopy
Samples (3 µl) were applied to a glow-discharged Quantifoil R1.2/1.3 
CuRh 200 mesh holey carbon grid (Quantifoil GmbH) and were flash 
frozen in liquid ethane using the Vitrobot mark IV (Thermo Fisher 
Scientific) set at 100% humidity and 4 °C for the prep chamber. Data 
were collected on a Titan Krios microscope (Thermo Fisher Scientific) 
operated at an accelerating voltage of 300 kV with a 50 µm C2 aperture 
at an indicated magnification of 105 K in nanoprobe EFTEM mode. 
Gatan K3 direct electron detector positioned post a Gatan Quantum 
energy filter, operated in a zero-energy-loss mode with a slit width 
of 25 eV was used to acquire dose fractionated images of the GLP-1R 
TT-OAD2-bound sample without an objective aperture. Movies were 
recorded in hardware-binned mode (previously called counted mode 
on the K2 camera) yielding a physical pixel size of 0.826 Å pixel−1 with 
an exposure time of 3.715 s amounting to a total dose of 65.6 e− Å−2 at a 
dose rate of 12.2 e− pixel−1 s−1, which was fractionated into 62 subframes. 
A second dataset of 1,568 micrographs was also recorded using the 
same microscope but in ‘super-resolution’ mode on the K3 detector, 
the physical pixel size was 0.413 Å with an exposure time of 4.015 s 
amounting to a total dose of 63.5 e− Å−2, which was fractionated into 67 
subframes. Defocus range was set between −0.7 and −1.5 µm. A total of 
3,158 plus 1,568 movies were collected in two data collection sessions.

Electron microscopy data processing
Movies were motion-corrected with UCSF MotionCor232 (movies col-
lected in super-resolution mode were Fourier scaled by a factor of ×2 
to match the pixel size of the larger data set). This was followed by CTF 
estimation sing the GCTF software packag33. Particles were picked 
from the micrographs using the automated reference-free procedure 
in RELION34,35. Reference free 2D and 3D classification (by generating 
multiple ab initio models with no structural identity enforced) was 
carried out in CryoSPARC (v.2.5.0)36. A homogeneous subset of par-
ticles was then subjected to movie refinement and Bayesian particle 
polishing as implemented in RELION (v.3.0). This homogeneous subset 
of polished particles was used in a 3D refinement in RELION and then 
further classified into 3D classes with alignment of Euler angles not 
taken into account. Particles belonging to the 3D class that yielded 
the best resolved map were then subjected to signal subtraction to 
subtract density due to the detergent micelle and the alpha domain 
of the G protein. Final 3D refinement was performed in RELION (3.0) 
yielded a map of resolutions 3.01 Å. Local resolution estimations were 
performed using the ResMAP software packag37.

Atomic model refinement
Fitting the model to the cryoEM electron density map was achieved 
using the MDFF routine in namd38. The fitted model was further refined 
by rounds of manual model building in coot39 and real space refinement 
as implemented in the Phenix software package40, the model restraints 
for the TT ligand were prepared by using the coordinates generated 
from Chem3D and the ELBOW software package41. The ligands were 
fitted after the first round of real-space refinements, manually first in 
coot39, then refined using Phenix real-space refinement42. Ramachan-
dran, rotamer and secondary structure restraints were applied for the 
first round of real-space refinement, and after manual inspection and 
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adjustment of the model in coot further real-space refinements were 
carried out with only Ramachandran and rotamer restraints applied 
and the model/data weight was allowed to freely refine. The density 
around the extracellular domain was poorly resolved (local resolution 
estimated at >8 Å) and was not modelled.

Modelling methods for preparation of molecular dynamic 
simulations
The two missing receptor loops, namely the stalk region and ICL3, were 
generated using PLOP43; ICL3 was also minimized in the presence of 
Gα to eliminate steric clashes. On the basis of the electron density of 
our structures, TM1 for the GLP-1-bound 5VAI structure6 was replaced 
by TM1 from the P5-bound structure (PDB code 6B3J)3 by the method 
of molecular superposition. The missing residues in the stalk region 
were reconstructed using Modeller44 subject to the constraint that 
the high variability positions45 in the GLP-1R multiple sequence align-
ment (E133–R134) faced outwards. The missing loops in the G protein 
were generated by molecular superposition, using VMD46, of the cor-
responding loops in the β2-adrenergic receptor–G protein complex47, 
PDB code 3SN6 to the flank either side of the gap, since this particular 
X-ray structure (with 99% identity to the G protein used in this study) 
generally gave a lower root mean squared deviation value on molecu-
lar superposition than plausible alternative G-protein structures (for 
example, PDB 5VAI). The joining point was taken as the closest atom 
pairs (usually separated by approximately 0.2 Å) that maintained an 
appropriate Cα–Cα distance (3.7–3.9 Å) across the join; selected resi-
dues spanning the join were minimized using PLOP where additional 
refinement was deemed necessary. The exception to this was the loop 
between A249–N264, which was completed using the shorter loop from 
the adenosine A2A receptor–G-protein complex, PDB code 5G5348. The 
helical domain, between residues G47 and G207, which is not visible in 
the cryo-EM structure, was omitted as in earlier work.

Molecular dynamics methods
Four GLP-1R complexes (GLP-1R–TT-OAD2–Gs; GLP-1R–TT-OAD2; GLP-
1R–GLP-1–Gs; and GLP-1R–GLP-1; Supplementary Table 3) and two apo 
GLP-1R structures (obtained by removing both the Gs protein and the 
ligands; Supplementary Table 3) were prepared for simulation with the 
CHARMM36 force field49, through use of in-house python htmd50 and 
TCL (Tool Command Language) scripts. The pdb2pqr51 and propka52 
software were used to add hydrogen atoms appropriate for a pH of 7.0; 
the protonation of titratable side chains was checked by visual inspec-
tion. The coordinates were superimposed on the corresponding GLP-
1R coordinates from the OPM database53 so as to orient the receptor 
before insertion54 in a rectangular pre-built 125 Å × 116 Å 1-palmitoyl-
2-oleyl-sn-glycerol-3-phosphocholine (POPC) bilayer; lipid molecules 
overlapping the receptor were removed. TIP3P water molecules were 
added to the 125 Å × 116 Å × 195 Å simulation box using the VMD Solvate 
plugin 1.5 (Solvate Plugin, v.1.5; http://www.ks.uiuc.edu/Research/vmd/
plugins/solvate/). Overall charge neutrality was maintained by adding 
Na+ and Cl− counter ions to a final ionic concentration of 150 mM using 
the VMD Autoionize plugin 1.3 (Autoionize Plugin, v.1.3; http://www.
ks.uiuc.edu/Research/vmd/plugins/autoionize/). CGenFF force field 
parameters55–57 and topology files for TT-OAD2 were retrieved from the 
Paramch56 webserver. No further optimization was performed because 
the obtained parameters were associated to low penalty scores.

Systems equilibration and molecular dynamics simulation 
settings
ACEMD58 was used for both equilibration and molecular dynamics 
productive simulations. Isothermal-isobaric conditions (Langevin 
thermostat59 with a target temperature of 300 K and damping of 1 ps−1 
and Berendsen barostat60 with a target pressure 1 atm) were used to 
equilibrates the systems through a multi-stage procedure (integra-
tion time step of 2 fs). Initial steric clashes between lipid atoms were 

reduced through 3,000 conjugate-gradient minimization steps, then a 
2 ns molecular dynamics simulation was run with a positional constraint 
of 1 kcal mol−1 Å−2 on protein atoms and lipid phosphorus atoms. Subse-
quently, 20 ns of molecular dynamics simulations were performed con-
straining only the protein atoms. In the final equilibration stage, protein 
backbone alpha carbons constraints were applied for a further 60 ns.

Productive trajectories in the canonical ensemble (NVT) at 300 K 
(four 500-ns-long replicas for each GLP-1R complex; Supplementary 
Table 3) were computed using a thermostat damping of 0.1 ps−1 with 
an integration time step of 4 fs and the M-SHAKE algorithm61 to con-
strain the bond lengths involving hydrogen atoms. The cut-off distance 
for electrostatic interactions was set at 9 Å, with a switching function 
applied beyond 7.5 Å. Long-range Coulomb interactions were handled 
using the particle mesh Ewald summation method (PME)62 by setting 
the mesh spacing to 1.0 Å. Trajectory frames were written every 100 ps  
of simulations.

Molecular dynamics analysis
The first half (500 ns) of the molecular dynamics replicas involving 
GLP-1R–TT-OAD2, GLP-1R–GLP-1 complexes as well as the apo-GLP-1R 
(TT-OAD2), and apo-GLP-1R (GLP-1) systems (Supplementary Table 3) 
were considered as part of the equilibration stage and therefore not 
considered for analysis. Atomic contacts (atom distance less than 3.5 Å)  
were computed using VMD46. Hydrogen bonds were identified using 
the GetContacts analysis tool (https://getcontacts.github.io/), with the 
donor-acceptor distance set to 3.3 Å and the angle set to 150°. Videos 
were generated using VMD46 and avconv (https://libav.org/avconv.
html). Root mean square fluctuation (RMSF) values were computed 
using VM46 after superposition of the molecular dynamic trajectories 
frames on the alpha carbon of the transmembrane domain (residues 
E1381.33–V4047.60). The orientation of the N-terminal helix of the ECD 
of GLP-1R was drawn in VMD considering a representative frame every 
10 ns. To detect volumes within the transmembrane domain of GLP-
1R occupied by water molecules with low mobility (structural water 
molecules), the AquaMMapS63 analysis was performed on 10-ns-long 
molecular dynamics simulations of the GLP-1R–TT-OAD2–Gs and 
GLP-1R–GLP-1–Gs complexes (coordinates were written every 10 ps of 
simulation); all the alpha carbons were restrained in analogy with the 
approach proposed previously64.

Whole-cell radioligand binding assays
HEK293 cells (confirmed mycoplasma negative) were seeded at 30,000 
cells per well in 96-well culture plates and incubated overnight in DMEM 
containing 5% FBS at 37 °C, 5% CO2. Media was replaced with HBSS con-
taining 25 mM HEPES and 0.1% (w/v) BSA with 0.1 nM 125I-exendin(9–39) 
and increasing concentrations of unlabelled agonist. Cells were incu-
bated overnight at 4 °C, washed three times in ice-cold buffer and then 
solubilized in 0.1 M NaOH. Radioactivity was determined by gamma 
counting. Non-specific activity was defined using 1 µM exendin(9–39).

cAMP accumulation assays
HEK293 cells (confirmed mycoplasma negative) were seeded at a den-
sity of 30,000 cells per well into 96-well culture plates and incubated 
overnight in DMEM containing 5% FBS at 37 °C in 5% CO2. cAMP detec-
tion was performed as previously described in the presence of the 
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthin65. All values 
were converted to cAMP concentration using a cAMP standard curve 
performed in parallel and data were subsequently normalized to the 
response of 100 µM forskolin in each cell line. In one series of experi-
ments, vehicle or increasing concentrations of TT-OAD2 was added  
30 min before assay of peptide response.

cAMP kinetics studies
HEK293A cells (confirmed mycoplasma negative) were transfected with 
an Epac-cAMP sensor (CAMYEL) and human GLP-1R at an optimized 
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ratio. Ligand-mediated cAMP production was measured 48 h after 
transfection. In brief, culture media was replaced with assay buffer (1× 
HBSS, 10 mM HEPES, 0.1% BSA, pH 7.4). BRET signals were measured at 
1 min intervals using a PHERAstar plate reader (BMG LabTech) in the 
absent or present of increasing concentration of ligands. Forskolin 
(100 µM) was used as a positive control, and data were normalized to 
the forskolin response.

β-arrestin recruitment assays
HEK293 cells (confirmed mycoplasma negative) were transiently 
transfected with GLP-1R-Rluc8 and β-arrestin1-Venus at a 1:4 ratio and 
seeded at a density of 30,000 cells per well into 96-well culture plates 
and incubated for 48 h in DMEM containing 5% FBS at 37 °C in 5% CO2. 
β-arrestin recruitment was performed as previously described66. In one 
series of experiments, vehicle or increasing concentrations of TT-OAD2 
was added 30 min before assay of peptide response.

ERK1/2 phosphorylation assays
HEK293 cells (confirmed mycoplasma negative) expressing stably 
expressing the GLP-1R were seeded at a density of 30,000 cells per well 
into 96-well culture plates and incubated overnight at 37 °C in 5% CO2. 
Receptor-mediated pERK1/2 was determined using the AlphaScreen 
ERK1/2 SureFire protocol as previously described14. Data were normal-
ized to the maximal response elicited by 10% FBS determined at 6 min. 
In one series of experiments, vehicle or increasing concentrations of 
TT-OAD2 was added 30 min before assay of peptide response.

Ca2+ mobilization assays
HEK293 cells (confirmed mycoplasma negative) stably expressing  
the GLP-1R were seeded at a density of 30,000 cells per well into  
96-well culture plates and incubated overnight at 37 °C in 5% CO2, and 
receptor- mediated intracellular calcium mobilisation determined as 
previously described65. Fluorescence was determined immediately 
after ligand addition, with an excitation wavelength set to 485 nm 
and an emission wavelength set to 520 nm, and readings taken every  
1.36 s for 120 s. The peak value was used to create concentration-
response curves. Data were normalized to the maximal response elic-
ited by 100 µM ATP. In one series of experiments, vehicle or increasing 
concentrations of TT-OAD2 was added 30 min before assay of peptide 
response.

Generation of stable cell lines containing wild-type and mutant 
GLP-1R
Mutant receptors were generated in a 2xc-Myc epitope-tagged recep-
tor using QuikChange site-directed mutagenesis (Invitrogen) and 
sequences confirmed. Wild-type and mutant receptors were stably 
expressed in CHOFlpIn cells (confirmed mycoplasma negative) using 
the FlpIn Gateway technology system and selected using 600 µg ml−1 
hygromyocin B.

NanoBRET ligand binding
HEK293A cells were transiently transfected with Nluc-hGLP-1R. 
Forty-eight hours after transfection, cells were collected and plasma  
membrane was extracted as described previously31. Cell membrane 
(1 µg per well) was incubated with furimazine (1:1,000 dilution from 
stock) in assay buffer (1× HBSS, 10 mM HEPES, 0.1% (w/v) BSA, 1× P8340 
protease inhibitor cocktail, 1 mM DTT and 0.1 mM PMSF, pH 7.4). Rho-
damineX-Ex4 (Rox-Ex4) was used as fluorescent ligand in the Nano-
BRET binding assay. BRET signal between Nluc-hGLP-1R and Rox-Ex4 
was measured using PHERAstar (BMG LabTech) at 10 s interval (25 °C), 
a 2 min baseline was taken before addition of Rox-Ex4 (Kd concentra-
tion 3.16nM, determined previously), the measurement continued 
for 15 min followed by adding increasing concentration of TT-OAD2, 
or unlabelled Ex4 as a control. Data were corrected for baseline and 
vehicle treated samples.

G-protein conformation assays
HEK293A∆S/Q/12/13 cells stably expressing GLP-1R (tested and  
confirmed to be free from mycoplasma) were transfected with a  
1:1:1 ratio of Nanoluc-Gαs (Nanoluc inserted at position 72): 
Gβ1:Venus-Gγ2 24 h before collection and preparation of cell plasma 
membranes. Cell membrane (5 µg per well) was incubated with  
furimazine (1:1,000 dilution from stock) in assay buffer (1× HBSS, 
10 mM HEPES, 0.1% (w/v) BSA, 1× P8340 protease inhibitor cocktail, 
1 mM DTT and 0.1 mM PMSF, pH 7.4). The GLP-1R-induced BRET sig-
nal between Gαs and Gγ was measured at 30 °C using a PHERAstar  
(BMG LabTech). Baseline BRET measurements were taken for 2 min 
before addition of vehicle or ligand. BRET was measured at 15-s inter-
vals for a further 7 min. All assays were performed in a final volume 
of 100 µl.

G-protein NanoBIT assays
HEK293A wild-type cells stably express human GLP-1R were transiently 
transfected with Gα-LgBIT, Gβ1, Gγ2-SmBIT (1:5:5) 48 h before the assays. 
Cells were then incubated with coelenterazine H (5 µM) for 1 h at room 
temperature. Luminescence signals were measured using a Clariostar 
plate reader (BMG LabTech) at 30 s intervals before and after ligand 
addition (25 °C). Data were corrected to baseline and vehicle treated 
samples.

In vivo IVGTT assays
Intravenous glucose tolerance tests were performed in male human 
GLP-1R knock-in and knockout mice (all on C57/BL6 background67). 
Catheters were placed in the right carotid artery and left jugular vein of 
mice 6–11 months of age. Approximately one week later, mice (n = 4–5 
per group) were fasted overnight and the catheters were exteriorized 
as mice acclimated to test cages. Vehicle (5% DMSO, 20% Captisol in 
NaHPO4, pH 2, 1 ml kg−1), GLP-1(7-36)NH2 at 10 µg kg−1, GIP(1-42) at 25 
µg kg−1, or OAD2 at 3 mg kg−1 was administered intravenously one minute 
before glucose load (0.5 g kg−1). Blood samples were collected at −10, 
0, 2, 4, 6, 10, 20 and 30 min to determine blood glucose concentra-
tions via glucometer (Roche, Aviva) and plasma insulin measurement 
(Alpco, 80-INSMSU-E10). All mouse experiments were performed in 
accordance with the Institutional Animal Care and Use Committee 
of Eli Lilly and Company and the NIH Guide for the Use and Care of 
Laboratory Animals.

Data analysis
Pharmacological data were analysed using Prism 7 (GraphPad). Con-
centration response signalling data were analysed using a three-param-
eter logistic equation, or via operational analysis. Changes in the rate 
of change in BRET kinetic data were fitted to one-phase association 
curve. Statistical analysis was performed with either one-way analysis 
of variance and a Dunnetts post-test or a paired t-test, and significance 
accepted at P < 0.05.

Graphics
Molecular graphics images were produced using the UCSF Chimera 
package from the Computer Graphics Laboratory, University of Cali-
fornia, San Francisco (supported by NIH P41 RR-01081).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All relevant data are available from the authors and/or included in the 
manuscript or Supplementary Information. Atomic coordinates and 
the cryo-EM density map have been deposited in the Protein Data Bank 
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(PDB) under accession number 6ORV and Electron Microscopy Data 
Bank (EMDB) accession EMD-20179.
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Extended Data Fig. 1 | Binding, transducer coupling and signalling mediated 
by TT-OAD2. a, Kinetic ligand-binding assay using ROX-exendin-4 as the 
fluorescent probe. TT-OAD2 is only able to partially displace the probe and 
with slower kinetics relative to exendin-4 that shows complete displacement of 
the probe with rapid kinetics. b, cAMP accumulation studies using GLP-1 and 
TT-OAD2 as the agonist in wild-type HEK293 cells and HEK293 cells in which Gs/olf  
(∆Gs) or all Gi/o/z (∆Gi/o/z) have been depleted using CRISPR–Cas9. c, HEK293A 
cells transiently transfected with the GLP-1R and the NanoBit constructs for Gαs 
and Gαi2 (Gα-LgBIT, Gγ2-SmBIT). Luminescence signal was assessed over time 
(0–20 min) in the presence of increasing concentrations of GLP-1 and TT-OAD2. 
Concentration response curves are expressed as AUC (0–20 min) for each 
concentration and normalized to the negative response observed by GLP-1 at 
1 µM. d, Agonist-induced changes in trimeric Gs protein conformation. Ligand-
induced changes in BRET were measured in plasma membrane preparations 
performed in kinetic mode until kinetic equilibrium was reached for vehicle or 
increasing concentrations of GLP-1 (left) and TT-OAD2 (right). The addition of 
GTP dissociated the trimeric G protein complex stabilized by GLP-1-occupied 

and TT-OAD2-occupied GLP-1R. e, Agonist-induced changes in trimeric Gi2 
protein conformation. Left, ligand-induced changes in BRET were measured in 
plasma membrane preparations performed in kinetic mode until kinetic 
equilibrium with a saturating concentration of GLP-1 and TT-OAD2. The BRET 
signal decreased in the presence of GTP, which suggests that GTP dissociated 
the Gi2 protein complex stabilized by GLP-1-occupied and TT-OAD2-occupied 
GLP-1R. Quantification of the plateau (middle) and the rate of ligand-induced 
conformational change (right) for each agonist (1 µM GLP-1 and 10 µM TT-
OAD2) was calculated by applying a one-phase association curve to the kinetic 
data with values from each individual experiment show in black circles.  
f, Concentration–response curves of production in live HEK293 cells 
expressing the GLP-1R and an EPAC BRET biosensor in the presence of different 
concentrations of GLP-1 and TT-OAD2. Left, cAMP response taken 25 min after 
ligand addition. Right, area under the curve (AUC) analysis of the response 
calculated as AUC across the full kinetic trace for each ligand concentration 
(from data in Fig. 2d). Data are mean + s.e.m. of 4–6 independent experiments 
performed in duplicate or triplicate.
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Extended Data Fig. 2 | Purification, cryo-EM data imaging and processing of 
the TT-OAD2–GLP-1R–Gs complex. a, Representative elution profile of Flag-
purified complex on Superdex 200 Increase 10/30 SEC. b, Representative 
micrograph of the TT-OAD2–GLP-1R–Gs complex. Red circles highlight 
examples of individual particles. c, Two-dimensional class averages of the 
complex in maltose-neopentyl glycol (MNG) micelle. d, Cryo-EM data 
processing workflow. e, Gold-standard Fourier shell correlation (FSC) curves, 

showing the overall nominal resolution at 3.0 Å. f, 3D histogram representation 
of the Euler angle distribution of all the particles used for the in the 
reconstruction overlaid on the density map drawn on the same coordinate axis 
(map is coloured according to local resolution as in g). g, Cryo-EM density map 
coloured according to resolution. Left, map with the GLP-1R ECD masked; right, 
map including the ECD of GLP-1R.



Extended Data Fig. 3 | The atomic resolution model of the TT-OAD2–GLP-1R–
Gαs heterotrimer in the cryo-EM density map. Electron microscopy density 
map and the model are shown for all seven transmembrane helices and helix 8 

(H8) of the receptor, the α5 helix of the GαS Ras-like domain and TT-OAD2. All 
transmembrane helices exhibit good density, with TM6 that displays flexibility 
being the least well resolved region.
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Extended Data Fig. 4 | Cryo-EM density supports ligand interactions in the 
TT-OAD2-binding site. a, Interacting residues predicted by LigPlot using the 
full-length model with ECD. b, The pose of TT-OAD2 and interactions with 
residues within TM1, TM2, TM3, ECL1 and ECL2 are supported by well-resolved 

density in the cryo-EM map. c, Density for the ECD was visible in the cryo-EM 
and supports extended interactions of the ECD with ECL1 and ECL2, as well as 
with the ligand TT-OAD2.



Extended Data Fig. 5 | Comparison of the TT-OAD2–GLP-1R–Gs complex with 
peptide agonist-bound GLP-1R structures and the inactive class B GPCR 
glucagon receptor transmembrane helices. a, Structures of agonist-bound 
GLP-1R; from left to right: GLP-1R (orange) bound to GLP-1 peptide (green) in an 
active conformation, GLP-1R (pink) bound to ExP5 peptide (cyan) in an active 
conformation, GLP-1R (blue) bound to non-peptide TT-OAD2 (red) in an active 
conformation, GLP-1R (pale green) bound to 11-mer peptide HepP5 (purple) in a 
partially active conformation. Far right, overlay of GLP-1R agonist-bound 
structures highlighting variations within the ECD position in the different 
structures. Inset, differences in the location of the ECD are supported by 
density in the cryo-EM maps; shown are the GLP-1-bound (orange) and TT-OAD2 
bound (blue) GLP-1R. b, c, Various overlays of these structures (using the same 
colours) to compare conformational differences between the different 
structures. b, Overlay of TT-OAD2-bound GLP-1R Gs structure with the full-
length peptide bound Gs structures and the inactive glucagon receptor (GCGR; 
grey) bundle reveals common conformational transitions occur in all agonist-
bound structures relative to the inactive GCGR, but the extent of these 

movements differ. A more open helical bundle is observed for the TT-OAD2-
bound GLP-1R than either GLP-1- or ExP5-bound owing to a distinction in the 
conformations of TM1, TM6, TM7 and ECL3 at the extracellular side of the 
receptor induced by the binding of the different ligands (left and middle). 
Middle, differences in the conformation of TM2 between the inactive and 
peptide-agonist-bound structures is also evident. Right, at the intracellular 
face all active structures display a similar large outward movement of TM6 and 
a smaller movement within TM5. c, Comparison of TT-OAD2-bound GLP-1R  
with the small peptide HepP5-bound GLP-1R structure. Left, TT-OAD2 and 
Hep-P5 occupy a partially overlapping binding site but promote distinct 
conformations of the ECD and transmembrane bundle of the GLP-1R. Middle, 
HepP5 engages deeper in the helical bundle than TT-OAD2 and promotes a 
more closed helical bundle owing to differences induced in the conformation 
of TM1, TM6, TM7 and ECL3. Right, overlay of the TT-OAD2-, Hep-P5- and GLP-1-
bound GLP-1R transmembrane bundles reveals HepP5 induces a similar 
conformation of the helical bundle to GLP-1 whereas TT-OAD2 induces a 
distinct conformation.
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Extended Data Fig. 6 | Pharmacological responses exhibited by endogenous 
ligands GLP-1 and oxyntomodulin in the presence of TT-OAD2. Signalling 
profiles of GLP-1 and oxyntomodulin, after 30 min preincubation of vehicle (0) 

or increasing concentrations of TT-OAD2. Data were performed in HEK293A 
cells stably expressing the GLP-1R, and are mean + s.e.m. of 3–4 independent 
experiments performed in duplicate.



Extended Data Fig. 7 | GLP-1R domains are stabilized by either ligand 
contacts or lipid interactions. a, Top, RMSF values of alpha carbons computed 
during MD simulations of the GLP-1R–GLP-1–Gs complex (black line) and the 
GLP-1R–TT-OAD2–Gs complex (red line); transmembrane helices, intracellular 
loops (ICLs), and ECLs positions are indicated. Bottom left, RMSF values 
plotted on the GLP-1R structure bound to GLP-1 (transparent ribbon). Bottom 
right, RMSF values plotted on the GLP-1R structure bound to TT-OAD2 
(transparent stick representation). ECL1 and ECL3 were more dynamic in the 
GLP-1-bound receptor than the TT-OAD2-bound structure. By contrast, ECL2 
and the top end of TM5 were more mobile in the GLP-1R–TT-OAD2–Gs complex. 

b, GLP-1R contacts formed with membrane lipids during molecular dynamic 
simulations of the GLP-1R–TT-OAD2–Gs and the GLP-1R–GLP-1–Gs systems. Two 
sides views of the receptor are shown (ribbon and transparent surface). When 
bound to TT-OAD2, ECL1, TM3, the distal end of TM6, and ECL3 are more in 
contact with the membrane lipids (magenta). By contrast, TM1 and TM7 are 
more prone to interact with the membrane when GLP-1 is bound (green). The 
outward movement of ECL3 in the GLP-1R–TT-OAD2–Gs complex (stabilized by 
a hydrogen bond network different than GLP-1R–GLP-1–Gs; Extended Data 
Table 2) produces more interactions with the lipids, possibly further stabilizing 
the open conformation of TM6, ECL3 and TM7.
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Extended Data Fig. 8 | Dynamics of the ECD of GLP-1R. a, The vector (shown 
here as a green arrow) connecting S49ECD and E34ECD alpha carbons (ECD 
N-terminal helix) are shown in the box. b, Left, ECD N-terminal helix 
orientations observed during the molecular dynamics simulation of the GLP-
1R–GLP-1–Gs (black arrows), the GLP-1R–GLP-1 complex (obtained by removing 
G protein; blue arrows), and the apo-GLP-1R (obtained by removing both the Gs 
protein and GLP-1; cyan arrows) are shown on the left viewed from the top and 
side of the bundle. The receptor is shown as a dark grey ribbon. During 
molecular dynamic simulations with GLP-1 bound, the N-terminal helix was 
oriented vertically (black and blue arrows), whereas in the apo-form the ECD 
N-terminal helix was more dynamic and experienced both open and closed 
conformations (this is analogous to the suggested ECD dynamics for the 
glucagon receptor). Right, ECD N-terminal helix orientations of the GLP-1R–TT-

OAD2–Gs (red arrows), the GLP-1R–TT-OAD2 complex (obtained by removing  
G protein; orange arrows), and the apo-GLP-1R (obtained by removing both the 
Gs protein and TT-OAD2; yellow arrows) are shown. The receptor is shown  
as a red ribbon. The distal end (S49ECD) of the helix was more mobile than the 
proximal one (E34ECD), which had an overall tendency to remain in the proximity 
of the TT-OAD2-binding site, driven by transient interactions with the ligand 
(Extended Data Table 1) and hydrogen bonds with the R299ECL2 side chain 
(Extended Data Table 2). Molecular dynamics simulations therefore suggest a 
different behaviour for residue R299ECL2, which is stably involved in 
interactions with the peptide in the GLP-1-R–GLP-1–Gs complex (Extended Data 
Table 1), and instead interacts with E34ECD and other residues located at the 
ECL2 (E294ECD, D293ECD and N300ECD) in the GLP-1R–TT-OAD2–Gs complex 
(Extended Data Table 2).



Extended Data Fig. 9 | Proposed activation mechanism of class B GPCRs. 
Left, in the inactive conformation, the top of the transmembrane domain is 
stabilized by interactions of the ECD with the TM6–ECL3–TM7 region. Top, 
activation of class B GPCRs by peptides occurs via a two domain mechanism. 
Top left, engagement of the peptide with the receptor ECD releases ECD 
constraints on the transmembrane domain promoting outward movements of 
TM1, TM6 and TM7 by peptide. Middle, interaction of the peptide N terminus in 
the bundle within TM1, TM2, TM3, TM5, TM6 and TM7 promotes TM1, TM6 and 
TM7 to close in around the peptide. Direct engagement of peptides with the 
central polar network facilitates conformational transitions required for G 

protein coupling and activation. Top right, the active conformation of the 
central polar network is stabilized by a series of structural waters. Bottom, 
interaction of the non-peptide TT-OAD2 at the top of the GLP-1R 
transmembrane bundle releases ECD constraints on the transmembrane 
bundle resulting in movements of TM1, TM6 and TM7 outwards. TT-OAD2 does 
not engage TM5–TM7 and the bundle remains open. TT-OAD allosterically 
promotes conformational rearrangement of the central polar network to 
stabilize the fully active receptor conformation that allows coupling to G 
protein. Bottom right, the central polar network is stabilized by a distinct 
network of structural waters relative to peptide-mediated activation.
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Extended Data Table 1 | GLP-1R–TT-OAD2 and GLP-1R–GLP-1 contacts during molecular dynamics simulations performed on 
the GLP-1R–TT-OAD2–Gs and GLP-1R–GLP-1–Gs complexes

Contacts involving the GLP-1R transmembrane domain are determined as the sum of the occupancy (reported as percentage of frames) of all the contacts involving each residue. Values higher 
than 100% indicate residues able to interact with more than one peptide side chain. A contact was considered productive if the distance between the residue and the ligand was less than  
3.5 Å. Data are summarized in Fig. 4c. TT-OAD2 mainly interacted with TM2, ECL1 and TM3. Interactions with TM1 and ECL2 were present but not persistent (with the exception of W297ECL2).  
The N-terminal helix of the ECD was engaged in (many) transient interactions. Overall, GLP-1 interacted with a different set of residues and was able to further involve TM5, TM6 and TM7.  
TT-OAD2 and GLP-1 common contact residues (indicated by an asterisk) were located at TM1, TM2 and ECL2. Ligand contacts formed via interaction with the receptor backbone rather than a 
side chain interaction are indicated by a hash symbol.



Extended Data Table 2 | Main GLP-1R–GLP-1R intramolecular hydrogen bonds during molecular dynamics simulation

Data expressed as the occupancy (percentage of frames) in which the interactions were present in the GLP-1R–TT-OAD2–Gs and GLP-1R–GLP-1–Gs complexes. Differences between  
GLP-1R–GLP-1–Gs and GLP-1R–TT-OAD2–Gs are reported in the right column; green indicates more contacts in GLP-1 versus TT-OAD2, and red denotes more contacts in TT-OAD2 versus GLP-1. 
Grey cells indicate that hydrogen bonds were not present.
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