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RÉSUMÉ 
 Les pepducines, des outils novateurs pour l’étude de la  

signalisation et de la fonction du récepteur à la neurotensine de type 1 
 

Par Rebecca Brouillette 
Programme de physiologie 

 
Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de maitre ès sciences (M.Sc.) en physiologie, Faculté de médecine et des 
sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 
Afin de mieux exploiter le potentiel thérapeutique des récepteurs couplés aux 

protéines G (RCPG), de nombreuses stratégies novatrices ont récemment été introduites, 
dont celle des pepducines. Les pepducines sont des lipopeptides composés d’une séquence 
peptidique mimant une boucle intracellulaire d’un RCPG d’intérêt, conjugée à un acide 
palmitique en position N-terminale. Le groupement lipide permet l’insertion et l’ancrage de 
la pepducine à la membrane cellulaire, permettant ainsi sa translocation vers l’intérieur de 
la cellule. La pepducine interagit alors avec la région intracellulaire de son RCPG cible et 
agit comme agoniste allostérique ou comme modulateur allostérique de celui-ci. Dans cette 
étude, notre équipe a généré une série de pepducines mimant la première boucle 
intracellulaire du récepteur humain de la neurotensine de type 1 (hNTS1), un RCPG 
impliqué dans plusieurs effets physiologiques de la neurotensine (NT), dont l’analgésie, 
l’hypotension et l’hypothermie. Notre objectif était de créer des outils novateurs pour 
l’étude de la signalisation et de la fonction de hNTS1 et, par ce fait même, de valider 
l’approche des pepducines dans un système non-ciblé jusqu’à présent. Tout d’abord, nous 
avons caractérisé la signature signalétique de nos pepducines à l’aide d’essais cellulaires 
label-free qui mesurent la redistribution de masses dans une couche cellulaire stimulée par 
nos pepducines. Par la suite, nous avons utilisé des biosenseurs BRET pour déterminer le 
potentiel des pepducines à moduler l’activité des voies de signalisation G-dépendantes et 
G-indépendantes, et à influer sur la dimérisation du récepteur. Finalement, nous avons 
évalué l’impact des pepducines sur la liaison orthostérique d’un ligand NT radiomarqué. 
Dans des cellules CHO-K1 exprimant hNTS1 de manière stable, et à des concentrations 
élevées (10-5 M), nous avons observé des profils SPR distincts pour chacune de nos 
pepducines, similaires à ceux obtenus par mesure d’impédance. Nous avons également 
démontré que ces pepducines activent les voies protéines G-dépendantes (mais pas la voie 
des arrestines), qu’elles peuvent inhiber le recrutement des ß-arrestines induit par la NT, et, 
en outre, promouvoir l’homomérisation de hNTS1. Aussi, les pepducines, mais pas le 
contrôle non-palmitoylé, ont partiellement inhibé la liaison de la NT radiomarquée. Des 
résultats préliminaires in vivo soulignent la capacité des pepducines à induire une chute de 
pression artérielle chez le rat (55 nmol/kg, i.v.) et à réduire la réponse douloureuse 
provoquée par un stimulus thermique (275 nmol/kg, i.t.). En conclusion, ces pepducines 
pourraient servir d’outils novateurs pour mieux comprendre les voies de signalisation 
associées aux effets physiologiques du récepteur NTS1 ou encore être exploitées 
directement pour leur capacité à moduler l’activité NTS1. Mots clés : pepducine, NTS1, 
neurotensine, RCPG, allostérie, signalisation biaisée, découverte de médicaments, douleur.   
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In recent years, new strategies have emerged to more fully exploit the therapeutic 

potential of G protein-coupled receptors (GPCRs), a protein target class which has known 
remarkable success in drug discovery. One such strategy is the design of cell-penetrating 
lipopeptides known as pepducins. Specifically, pepducins are composed of a peptide 
sequence mimicking one of the intracellular loops of a GPCR of interest, conjugated to an 
N-terminal palmitic acid. This lipid moiety effectively anchors the pepducin to the cell 
membrane and facilitates its translocation into the cell, where it interacts with its cognate 
GPCR at the receptor-effector interface. Thus, the pepducin may behave as an allosteric 
agonist or allosteric modulator of its cognate receptor. In this study, we generated a series 
of pepducins targeting the first intracellular loop of the human neurotensin receptor type 1 
(hNTS1), a GPCR shown to mediate many of the physiological effects of the neurotensin 
(NT) tridecapeptide, including analgesia, hypotension, and hypothermia. Our goal was to 
create a novel set of tools to investigate the signalling and function of the hNTS1 receptor, 
thereby validating the pepducin approach for a new receptor target. We characterized the 
signalling signature of our pepducin series using label-free whole-cell assays to monitor 
pepducin-induced changes in dynamic mass redistribution. BRET-based biosensors were 
then used to determine the pepducins’ ability to engage G protein-dependent and G protein-
independent signalling pathways, and to affect receptor homomerization. Finally, the 
pepducins’ impact on NT orthosteric binding was assessed using a radioligand binding 
assay. In CHO-K1 cells stably expressing hNTS1, we observed distinct surface plasmon 
resonance (SPR) profiles in a pepducin-stimulated (10-5 M) cell monolayer, similar to those 
obtained through Electric Cell-substrate Impedance Sensing (ECIS). We also determined 
that our pepducins’ could engage G-protein-dependent, but not G-protein-independent, 
pathways at concentrations exceeding 10-5 M. Intriguingly, they could furthermore inhibit 
NT-induced ß-arrestin recruitment in a concentration-dependent manner, and promote 
receptor homomerization. Finally, high pepducin concentrations partially inhibited 
orthosteric NT binding, but, importantly, the non-palmitoylated control did not do so. 
Preliminary in vivo data also indicate that our pepducins trigger important blood pressure 
drops in carotid artery-cannulated rats (55 nmol/kg, i.v.), and that one pepducin, at least, 
could reduce pain sensitivity to acute thermal noxious stimuli (275 nmol/kg, i.t.). 
Altogether, these pepducins may constitute valuable tools to get a better understanding of 
which signalling pathways are associated to the physiological responses of hNTS1, or may 
even be used as novel therapeutic drugs to modulate receptor function. Key words: 
pepducin, NTS1, neurotensin, GPCR, allostery, biased signalling, drug discovery, pain.  
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INTRODUCTION 

1.1 G protein-coupled receptors 

To date, the single most successful protein target class in drug discovery is a receptor 

family known as G protein-coupled receptors (GPCRs), or, alternatively, as 7 

transmembrane helical receptors (7TM). Typically, estimates indicate that these receptors 

constitute the targets of 30 – 50 % of all approved drugs on the market today (Wise, et al., 

2002; Overington, et al., 2006). Despite this marked success, the high number of still 

unexplored receptors, as well as a growing understanding of the pleiotropic action of 

GPCRs, suggests that the therapeutic potential of this protein class remains largely 

untapped (Garland, 2013). In recent years, a number of new pharmacological approaches, 

such as biased ligands, allosteric modulators, and GPCR heteromer-targeted compounds, 

have emerged in order to further exploit the potential of this protein class (Jacobson, 2015). 

 

1.1.1 GPCR families and structure 

GPCRs form the largest family of integral membrane proteins in the human genome; 

reportedly, 3-4 % of all genes code for these receptors (Frederiksson & Schioth, 2005; 

Smith & Milligan, 2010). With over 800 members, this represents a remarkably diverse 

receptor family, both structurally and functionally (Zhang, et al., 2006). Indeed, 

phylogenetic studies have led to the further division of vertebrate GPCRs into five main 

families: the rhodopsin family (additionally classified as class A, containing 701 members), 

the secretin family (class B, 15 members), the adhesion family (24 members), the glutamate 

family (class C, 15 members) and the frizzled/taste family (class F, 24 members) 

(Fredriksson, et al., 2003). Together, these GPCRs recognize a vast array of ligands, 

including peptide and non-peptide neurotransmitters, chemokines, hormones, growth 

factors, ions, odorant molecules and light, and are involved in a wide variety of important 

physiological processes (Marinissen & Gutkind, 2001). Hence, despite the important 

number (~ 450) of GPCRs that mediate sensory processes such as olfaction, taste, and light 
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perception, and are thus of more limited therapeutic value, the family as a whole has 

become relevant in the treatment of various pathologies.  

This striking diversity notwithstanding, these proteins do possess common structural 

elements, most notably, seven transmembrane alpha helical domains (TM1-7) linked 

together by three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3), 

flanked by N-terminal and C-terminal tail sequences (Zhang, et al., 2015a). Furthermore, 

solved GPCR structures reveal the existence of motifs that are common within, and across, 

receptor families. The DRY motif in TM3, for example, is extremely common within the 

rhodopsin family, and forms a salt bridge with D/E residues in TM4. This creates an “ionic 

block” believed to be important in stabilizing the receptor in its “inactive” conformation 

(Palczewski, et al., 2000). Other common motifs include the WxP motif in TM6 and the 

NPxxY motif in TM7, each also believed to play a role in GPCR activation (Zhang, et al., 

2015a).  Finally, two highly conserved cysteine residues in TM3 and ECL2 participate in 

the forming of a disulfide bridge which seems to be nearly universal among GPCRs (of the 

120+ solved class A GPCR structures to date, only the antagonist-bound P2Y12R is missing 

this bond (Zhang, et al., 2014)). This disulfide bridge is deemed to be of critical importance 

in ensuring an extracellular domain conformation which permits ligand binding (Zhang, et 

al., 2015a). 

While all GPCRs share a similar 7TM topology and may conserve the 

aforementioned motifs, they still retain diversity in the sequence, length and function of 

their N-terminal extracellular domain and their extracellular loops (ECL2, in particular), as 

well as their intracellular loops and their intracellular C-terminal domain. This serves to 

explain their ability to interact with both a wide variety of extracellular stimuli and 

intracellular effectors, thus gaining access to an impressive signalling landscape.    

 

1.1.2 GPCR signalling pathways 

The primary function of GPCRs is a most vital one, and pertains to signal 

transduction; these cell-surface receptors are responsible for transmitting a message from 

the exterior environment of a cell to its interior one. To do so, a chemical messenger, or 

ligand, binds to the receptor by interacting with its extracellular and, to a certain extent, its 

transmembrane domains. This inevitably leads to a conformational shift in the heptahelical 
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transmembrane core, switching the receptor into an “active” state (Latorraca, et al., 2017). 

The intracellular domains subsequently interact with the signalling proteins within the cell, 

such as G proteins or β-arrestins. These in turn activate second messengers, and thus 

initiate a cascading series of biochemical events within the cell, eventually culminating in a 

biological response such as cell proliferation or cell survival. Our current understanding of 

GPCR signalling suggests that this does not proceed in a purely linear fashion; rather, 

GPCRs regulate a complex network of interconnecting signalling pathways, which the cell 

must integrate to mediate its response (Marinissen & Gutkind, 2001). 

 

1.1.2.1 Classical G protein-dependent signalling pathways 

The classical – and more extensively studied – mode by which GPCRs activate 

intracellular signalling pathways is by coupling to heterotrimeric G proteins (hence, the 

family name). These G proteins, also known as guanine nucleotide-binding proteins, are 

composed of tightly associated Gα, Gβ and Gγ subunits that are anchored to the inner 

surface of the cytoplasmic membrane by hydrophobic residues on Gα and Gγ (whereas Gβ, 

lacking the necessary lipid modifications, is bound to and chaperoned by Gγ) (Neves, et al., 

2002). G proteins owe their name to the presence of a GTPase domain in the Gα subunit, 

which participates in G protein activation. This activation is mediated by what is called the 

GTPase cycle, which proceeds as follows. At rest, the G protein remains intact, albeit in an 

inactive, GDP-binding conformation, and is physically separate from the receptor. 

Subsequent to ligand binding and to the resulting shift in receptor conformation, however, 

the G protein complex binds to the receptor by interacting with its intracellular domains. 

This results in the exchange of GDP for GTP (which has a much higher cytosolic 

concentration); this activates the Gα subunit. Consequently, Gα dissociates from the Gβγ 

complex. Both may then proceed to activate cytosolic effectors and initiate signalling 

cascades within the cell. Eventually, the catalytic activity of the GTPase domain hydrolyzes 

its GTP, leading to the release of GTP into the cytosol, the binding of GDP, the re-joining 

of the Gα and the Gβγ subunits, and ultimately, the end of the signalling cascade. Much of 

this cycle is also tightly regulated by accessory proteins which can accelerate or impede 

both the GDP/GTP exchange and the GTP hydrolysis, such as guanine nucleotide-exchange 
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factors (GEFs), guanosine nucleotide dissociation inhibitors (GDIs), and GTPase-activating 

proteins (GAPs) (Denis, et al., 2012). 

To date, in humans, 16 different Gα subunit encoding genes have been identified, as 

well as 5 Gβ and 12 Gγ encoding genes (McIntire, 2009). When one takes into account the 

fact that alternative splicing and post-translational processing may also result in additional 

protein variants, it becomes rather daunting to imagine the sheer number of distinct 

heterotrimers that may exist. However, studies have shown that not all combinations play a 

functional role in signal transduction (Hynes, et al., 2004). Those that do are classified into 

four main families: Gαs, Gαi/o, Gαq/11 and Gα12/13.  

Within each of these main families, the G proteins share Gα subunit sequence 

homology and activate similar effectors. In the Gαs family, the Gα subunits directly 

activate transmembrane adenylyl cyclase (AC) to cyclize cytosolic ATP into cAMP. Cyclic 

AMP then incites the protein kinase A (PKA) to begin a phosphorylation cascade, resulting 

in the activation of transcription factors that mediate gene expression and bring about a 

cellular response. Other effectors of this family include K+ channels and Src tyrosine 

kinases. Gαi/o proteins act in a complementary fashion to Gαs proteins by inhibiting AC and 

reducing cAMP production. Additionally, they have been linked to ERK activation, act at 

both K+ and Ca2+ channels, and stimulate certain phosphodiesterases. In Gαq/11-type 

signalling pathways, the Gα subunit instead activates the membranar phospholipase Cβ 

(PLCβ) enzyme, which hydrolizes the phospholipid phosphatidylinositol biphosphate 

(PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3, in turn, promotes the 

release of Ca2+ stores from the endoplasmic reticulum, which, in conjunction with DAG, 

stimulate the PKC phosphorylation cascade. Gαq can further enhance the function of K+ 

channels, stimulate p63-RhoGEF and Bruton’s tyrosine kinase. Finally, Gα12/13 proteins are 

principally known to regulate Rho family GTPase activity by enhancing the function of 

multiple RhoGEFs (p115RhoGEF, PDZ-RhoGEF, Leukaemia-associated RhoGEF, etc.), 

and notably, participate in cell cytoskeleton remodeling. Moreover, Gα12/13 proteins can 

stimulate an assortment of other effectors, such as phospholipases D and Cε, radixin, 

protein phosphatase 5 (PP5), nitric oxide synthase (iNOS), and sodium/hydrogen exchanger 

1 (NHE-1), to name a few (Milligan & Kostenis, 2006) (Figure 1). 
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Figure 1: G protein signalling 
A ligand binds to the extracellular portion of a GPCR and induces a conformational shift in the 7TM receptor, 
activating the heterotrimeric G protein. This leads to the separation of the Gα and Gβγ subunits. The Gα and 
Gβγ subunits subsequently activate second messengers, and initiate signalling cascades within the cell which 
culminate in a biological response. Figure reproduced from Marinissen & Gutkind (2001), with permission. 
 

While the classical GPCR pathways are defined by the activity of the Gα subunit, it 

must be remembered that the Gβγ complex is also involved in signal transduction. 

Historically, it was believed that Gβγ’s role was limited to stabilizing the Gα subunit in its 

inactive form (in order to suppress spontaneous signalling), and to anchoring it to the 

cytoplasmic membrane, but studies have since shown that it is itself capable of stimulating 

or inhibiting a variety of cytosolic effectors (Denis, et al., 2012). These include PLCβs, 

ACs, tubulin, K+ and Ca2+ channels, and certain RhoGEFs. As well, the Gβγ complex can 

act on a slew of kinases, such as phosphoinositide-3 (PI-3) kinases, c-Jun N-terminal kinase 

(JNK), Src kinases, protein kinase D (PKD) and Bruton’s tyrosine kinase (Milligan & 

Kostenis, 2006). Suffice it to say, GPCRs as a whole have recourse to a wide array of 

signalling pathways through G protein coupling.   
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1.1.2.2 G protein-independent signalling pathways 

Even so, it has become apparent that G proteins are not the sole means by which 

GPCRs initiate signalling pathways within the cell. Rather, we now appreciate that there is 

a growing number of GPCR-interacting proteins that participate in signal transduction, of 

which the most famous are without a doubt the β-arrestins. In this section, I will principally 

focus on these, as their function and mode of signalling is highly relevant to the present 

work. I would, however, like to stress the fact that arrestins do not comprise the only means 

of G protein-independent signalling; an important number of PDZ domain-containing 

proteins, as well as some non-PDZ proteins, have been shown to act as molecular scaffolds, 

assembling various proteins into functional signalling complexes that modulate GPCR 

activity (Walther & Ferguson, 2015). 

The β-arrestins belong to an exceedingly small family of proteins; in fact, we 

recognize only four arrestins in mammals (although recently, two α-arrestins have also 

been identified, which participate in receptor ubiquitylation) (Puca & Brou, 2014). Of 

these, arrestin-1 and arrestin-4 are only expressed in retinal cones and rods, whereas 

arrestin-2 and arrestin-3 are ubiquitously expressed, and have become better known under 

the names β-arrestin 1 and β-arrestin 2. These β-arrestins were originally discovered in the 

context of receptor desensitization, the mechanism by which an activated receptor directs 

the cell to slow, or turn off, its own G protein-mediated signalling (Lefkovitz & Shenoy, 

2005). Indeed, an activated GPCR can only stay active for so long; soon, it becomes 

phosphorylated by GPCR kinases (GRKs). As this occurs, β-arrestins are recruited to the 

GPCR, and bind to its intracellular domains. In doing so, the β-arrestins obscure the G 

protein binding site, effectively stalling G protein signalling. It was soon discovered that, 

once bound to the receptor, β-arrestins exert an even larger role than simple receptor 

desensitization; they also initiate receptor internalization (Pierce & Lefkovitz, 2001). 

GPCRs, once translated, folded, sorted and shuttled to the cell membrane, are not fixed 

there permanently. It has long been known that stimulation of GPCRs can lead to their 

sequestration within the cell, where, notably, hydrophilic drugs can no longer reach them 

(thus, creating a loss in drug efficacy). It is now understood that, once bound to the 
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phosphorylated receptor, β-arrestins act as adaptors, linking the receptor to clathrin and to 

the AP-2 complex. Thus, they bring about clathrin-mediated endocytosis (Figure 2). The 

endocytosed receptor is shuttled into the cell in an endosome, where it will then be either 

de-phosphorylated and recycled back to the cell membrane, or earmarked for degradation 

and trafficked into a lysosomal compartment. In the former case, this recycling may occur 

quite quickly, or much more slowly, depending on the strength of the interaction between 

the GPCR and the β-arrestin. In fact, in this context, GPCRs have been sorted into two 

classes, class A and class B (Oakley, et al., 2000). While class A GPCRs have a weaker 

GPCR-β-arrestin interaction and are recycled back to the membrane within 30 minutes, 

class B GPCRs have a much stronger, more sustained interaction with the β-arrestins. In the 

case of lysosomal degradation of the receptor, the overall effect is a reduced number of 

GPCRs at the cytoplasmic membrane, a phenomenon referred to as downregulation.   

 
 

 
Figure 2: β-arrestin-mediated receptor endocytosis 
Subsequent to ligand binding, the active GPCR is phosphorylated by GRK kinases, and β-arrestins are 
recruited to the cell membrane. The β-arrestins then act as adaptors, binding to clathrin and the AP-2 
complex, in order to bring about receptor internalization. Figure reproduced from Pierce & Lefkovitz (2001), 
with permission.  

 

While these classical roles for β-arrestins are indeed important, interest in these 

proteins was greatly increased by the discovery that they also participate in GPCR 

signalling inside the cell. We now appreciate that β-arrestins may act as adaptors, scaffolds, 

and signal transducers in their own right. Indeed, β-arrestins are very flexible molecules 

that assume multiple conformations; as a result, they have an exceedingly high number of 

binding partners (≥100 known partners) (Gurevich & Gurevich, 2014). Perhaps the most 
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noteworthy of these are the mitogen-activated protein kinases (MAPK) of the JNK3, 

ERK1/2 and p38 activating cascades, whose signalling has been shown to be triggered by 

GPCR activation. MAP kinases, such as the aforementioned JNK3, ERK1/2 and p38, are 

the endpoint kinases of complex phosphorylation cascades which include MAPKKs (such 

as MEK1) and MAPKKKs (such as Raf1). β-arrestins contribute to MAPK activation by 

forming the scaffolds upon which the appropriate kinases can be brought together into a 

distinct signalling unit. The resulting unit helps to localize MAPKs to specific cellular 

compartments and to protect active kinases against the action of phosphatases (Lefkovitz & 

Shenoy, 2005). Depending on the GPCR in question and the cellular context, β-arrestin-

mediated MAPK activation can lead to a number of physiological responses within the cell; 

ERK activation, for example, has been associated with cell-motility, chemotaxis and 

apoptosis. 

I have presented here the accepted paradigm which stipulates that G protein 

signalling occurs at the cell membrane, but it is quickly inhibited by competitive β-arrestin 

binding and subsequent receptor internalization. However, recent findings are beginning to 

challenge this paradigm. Certain papers now argue for the existence of “megaplexes” where 

GPCRs can simultaneously interact with both G proteins and β-arrestins, thereby enabling 

internalized receptors to promote sustained G protein signalling (Thomsen, et al., 2016). 

While much remains unclear about these megaplexes, it is interesting to note how, even 

after so many years of study, our understanding of GPCR signalling and its underlying 

mechanisms continues to deepen and to complexify. 

 

1.1.3 Biased agonism 

A great example of this increasing complexity was with the discovery of biased 

agonism, a concept which radically changed our understanding of GPCR signalling, and 

has now become a central paradigm in drug discovery and development (Luttrell, 2014; 

Kenakin & Christopoulos, 2013). As I have established in the previous sections, GPCRs 

have recourse to a wide array of signalling pathways. A receptor, once activated, may 

signal both by engaging an assortment of G proteins, or by recruiting β-arrestins. For a long 

time, it was assumed that a GPCR, therefore, existed in equilibrium between two essential 
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states: its inactive form (“off” state), or its active one (“on” state). The binding of a ligand 

to the exterior portion of the GPCR simply served to act as a switch that would stabilize the 

receptor in either its “off” or its “on” state, thereby disrupting this equilibrium. Such a 

ligand would, in effect, quantitatively change the receptor’s signalling output, but would 

have no qualitative impact. In essence, two ligands which turn “on” the GPCR, whether 

they be the receptor’s native ligand or another agonist, must necessarily display similar 

signalling signatures; they must activate the same signalling pathways, and to a similar 

degree, at least when considering one pathway relative to another (Costa-Neto, et al., 

2016). In reality, however, the state of affairs seems to be much more complex. 

Many researchers now describe GPCRs in terms of possessing a “conformational 

landscape”; it is believed that bound GPCRs may, in fact, adopt a multitude of “on” states, 

each one very different from the next. This signifies that an agonist, even while acting at 

the same receptor and binding to the same orthosteric site as the native ligand, may 

stabilize a different receptor conformation, and thereby display a signalling signature that 

translates into a very different cellular response. Thus, we now recognize that an agonist 

may qualitatively change the receptor’s signalling output. We consequently describe 

ligands which, compared to the native ligand, favour the activation of a subset of pathways, 

but antagonize others, as biased agonists (Figure 3).  

The discovery of biased agonism sparked somewhat of a frenzy within the drug 

discovery world. It was recognized that our rather limited strategies which theretofore 

focused on finding new targets for conventional agonists and antagonists, selectively 

targeting new receptor subtypes, or simply attempting to increase drug potency, needed to 

be revised. We might, much more interestingly, develop ligands that could simultaneously 

activate signalling pathways with favourable therapeutic outcomes and antagonize those 

with disfavourable ones. The resulting drug would elicit a response more fine-tuned to the 

needs of the patient (Kenakin & Christopoulos, 2013). The development of these new 

biased drugs, however, requires that we know which signalling pathways are linked to 

beneficial or to undesirable physiological effects.  
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Figure 3: Principle of biased agonism 
When a GPCR’s endogenous agonist binds to its receptor (far right panel), it activates two signalling pathways 
equally. When the biased agonist A binds to the same GPCR (far left panel), it could stabilize a receptor 
conformation that preferentially activates pathway 1 over pathway 2. Alternatively, another biased agonist, 
agonist B (middle panel), may stabilize a receptor conformation that preferentially activates pathway 2 over 
pathway 1. Figure modified from Kenakin & Christopoulos (2013), reproduced with permission. 
  

 

This strategy showed initial promise, notably in the example of the biased ligands 

TRV130 and TRV120027. TRV130 is a µ-opioid receptor (MOPR) agonist which 

demonstrates G protein signalling similar in potency to morphine, but reduced β-arrestin 

recruitment; in mice, this is paralleled by similar analgesia to morphine, but reduced 

gastrointestinal dysfunction and respiratory depression (DeWire, et al., 2013). The benefits 

of a drug which provides comparable pain relief but is accompanied by lower side effects 

are self-evident, and TRV130 (oliceridine) quickly ascended to clinical trials. As of now, it 

has successfully completed phase I and II clinical trials, and continues to show promise 

(Soergel, et al., 2014). TRV120027 is an AT1 receptor agonist, and one of the few biased 

ligands to favour β-arrestin recruitment (and activation of its downstream effectors, such as 

Src, ERK1/2 and eNOS), but to antagonize G protein signalling (Violin, et al., 2010). Its 

chief appeal was in the cardiovascular realm, stemming from studies showing that while 

similarly to conventional AT1 antagonists, TRV120027 could lower blood pressure in rats, 

it did so without compromising cardiac performance or stroke volume. TRV120027 

ultimately failed in phase II trials, however the basic premise of biased ligands seems to be 
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valid. Much research continues to be devoted to their development, as well as to 

determining how best to study bias in vitro so that it may accurately predict bias in vivo.    

One important advance in biased agonism research concerns bias quantification. In 

effect, due in large part to work by Kenakin and colleagues, we now have a reliable method 

to quantify bias by comparing the in vitro signalling signatures of different ligands 

(Kenakin, et al., 2012). This method, based on a theoretical framework supplied by the 

Black-Leff operational model, compares transduction coefficients (log(τ/KA)) between a 

ligand and its reference (ie. the native ligand) within a given pathway (∆log(τ/KA)), as well 

as between pathways (∆∆log(τ/KA)). The most important aspect of this model is that it can 

effectively account for both “system” and “observational” bias. “System” bias refers to 

differences in how efficiently a pathway is coupled to signalling proteins within the cell, 

“operational” bias to differences in how sensitive the assays used to determine agonism are. 

Such confounders may be disregarded when using this model to quantify the agonist bias 

(Kenakin, et al., 2012). However, there are still some concerns surrounding the choice of 

cell-type and the role of kinetic context in determining biased agonism in vitro. It is 

apparent that a bias observed in one cell-type may not necessarily transfer to another, as the 

nature and number of the interactants in this new environment may substantially differ. 

Thus, do the compounds we administer in vivo, for therapeutic purposes, really mirror what 

was observed in vitro? Also, we analyze data that is acquired by taking brief signalling 

“snapshots”; it is becoming apparent that signalling preferences may vary greatly over time, 

that kinetic context may profoundly influence our observations of biased agonism 

(Herenbrink, et al., 2016; Lane, et al., 2017). Despite these concerns, the design and 

development of biased ligands represents a novel pharmacological approach that may better 

exploit the potential of GPCR targets than conventional agonists and antagonists do, and 

thus lead to much more effective therapy.  

  

1.1.4 Allosteric modulation of GPCRs 

Alternatively, another promising approach may be the use of allosteric modulators. 

Up until this point, I have been referring to native (endogenous) ligands, conventional 

agonists and antagonists, and biased ligands. I have also been describing them as being 

mechanistically similar, in that they all bind to a highly-conserved site on the extracellular 
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portion of the target GPCR: the orthosteric site. However, we recognize that orthosteric 

binding is not the sole means of modulating GPCR activity; certain molecules may bind to 

other, much less conserved sites on the receptor protein, known as allosteric sites (Wootten, 

et al., 2013). In certain cases, these allosteric compounds may themselves directly promote 

GPCR signalling, so that they effectively act as agonists, despite binding to an alternate 

site. Thus, they are referred to as allosteric agonists. It is, of course, entirely possible that 

such a compound may furthermore present with biased signalling; it would therefore be 

considered a biased allosteric agonist. More often than not, allosteric binding to the 

receptor will also affect the subsequent binding of the native ligand, and consequently 

modify the GPCR’s signalling output. Those that do so are referred to as allosteric 

modulators. An allosteric modulator which facilitates orthosteric binding and enhances 

GPCR signalling is known as a positive allosteric modulator (PAM). In contrast, an 

allosteric modulator which antagonizes orthosteric binding and inhibits GPCR signalling is 

known as a negative allosteric modulator (NAM). Finally, it is also feasible that certain 

allosteric compounds may affect constitutive GPCR signalling, as well, and thus inhibit the 

GPCR’s signalling output even in the absence of the native ligand. In order to clarify the 

confusing terminology, I have assembled the definitions for a few key terms in the 

following table (Table 1). It is also worth highlighting that these terms do not constitute 

clear-cut, all-encompassing definitions of what a particular compound is. Rather, they are 

descriptors of a compound’s behaviour, and this behaviour may change depending on 

context. A compound may very well act as an allosteric agonist vis-à-vis one signalling 

pathway, and a NAM vis-à-vis another.   

To expand a little further, allostery can be defined as a transfer of energy occurring 

through a given protein, between two “bodies” found at two topographically distinct sites 

on the protein (Kenakin, 2012). Kenakin (2012) conceptualizes it in terms of a conduit, a 

modulator and a guest. In the case of a positive allosteric modulator, for example, the 

receptor represents a conduit through which energy is transferred from the PAM 

(modulator) to affect the binding of the native ligand (guest). In this light, of course, even 

orthosteric ligands can be seen as acting in an allosteric system involving the ligand 

(modulator), the receptor (conduit) and the cytosolic signalling proteins (guests). For the 

purposes of the present work, however, whenever I refer to allosteric modulation, I will be 
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referring to a system involving a modulator at an allosteric site on the receptor, the receptor 

itself and the native ligand at the orthosteric site. The key conceptual point here is that 

allostery requires an interaction between three distinct bodies, with one acting as a conduit 

for the energy flow, and that this is bidirectional. If an allosteric modulator can affect the 

binding of the orthosteric ligand, the orthosteric ligand will equally be able to affect the 

binding of the allosteric modulator. In this system, the “modulator” and the “guest” are 

interchangeable.  

 

 
Table 1: Definitions of key terms 

Orthosteric site Binding site of the endogenous ligand 

Allosteric site Other binding site than that of the endogenous ligand 

Agonist Ligand that binds to the receptor and promotes its signalling 

Antagonist Ligand that binds to the receptor but does not promote its signalling, and thereby 
prevents the binding of an agonist 

Orthosteric agonist Ligand that binds to the same site on the receptor as the endogenous ligand and 
promotes GPCR signalling 

Allosteric agonist Ligand that binds to an allosteric site on the receptor and promotes GPCR 
signalling 

Allosteric modulator Ligand that binds to an allosteric site on the receptor and affects the binding and/or 
signalling of the endogenous ligand 

Positive allosteric modulator Ligand that binds to an allosteric site on the receptor and positively impacts the 
binding and/or signalling of the endogenous ligand 

Negative allosteric modulator Ligand that binds to an allosteric site on the receptor and negatively impacts the 
binding and/or signalling of the endogenous ligand 

Biased agonist 
Ligand that binds to the same site on the receptor as the endogenous ligand and 
promotes the preferential activation of certain signalling pathways over others, 
compared to the endogenous ligand 

Biased allosteric agonist 
Ligand that binds to an allosteric site on the receptor and promotes the preferential 
activation of certain signalling pathways over others, compared to the endogenous 
ligand 

Biased allosteric modulator 
Ligand that binds to an allosteric site on the receptor and impacts the signalling of 
the endogenous ligand in such a way that certain signalling pathways are 
preferentially activated over others 
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To date, there are multiple examples of PAMs and NAMs identified in the literature, 

and we have developed sophisticated methods of quantifying allostery which depend on the 

cooperativity factors α and β as measures of the modulator’s effect on the affinity and the 

efficacy of the orthosteric ligand, respectively. This highlights one of the interesting aspects 

of allosteric modulators: they are able to have separate effects on the affinity of a ligand 

(how well it binds to the receptor) and its efficacy (how well it initiates a signalling 

pathway, a cellular response). For example, aplaviroc, a CCR5 allosteric modulator, has 

little to no impact on the binding of the CCL5 chemokine at the orthosteric site, yet 

manages to completely block its agonist effect (Maeda, et al., 2004). Other interesting 

peculiarities of allosteric modulators, as reviewed by Kenakin (2012), include the fact that, 

as they act at allosteric binding sites that are less highly conserved than the orthosteric site, 

they have the potential to be extremely selective for receptor subtypes. Indeed, in GPCR 

research, distinguishing between receptors of a same subfamily, that respond to the same 

endogenous ligand, represents a significant challenge that allosteric modulators could 

potentially bypass. Furthermore, allosteric modulators are essentially permissive, in that 

their binding does not preclude orthosteric binding and signalling. Thus, they may 

modulate receptor activity in a more nuanced fashion, without completely activating or 

inhibiting GPCR function. For instance, while an orthosteric antagonist would lead to a 

complete block of the endogenous ligand’s activity, a NAM could selectively dampen its 

signalling without disrupting the entire system. Finally, another key aspect of allosteric 

modulators is that they exhibit probe dependence. An allosteric modulator might very well 

stabilize a receptor conformation that disrupts the binding of one orthosteric ligand, but it is 

not a given that it would do the same for another ligand. To re-use the example of the 

CCR5 allosteric modulator aploviroc, studies have shown that while it has little impact on 

CCL5 binding, it completely abolishes CCL3 binding (Watson, et al., 2005). Again, while 

an orthosteric antagonist would block the binding of both ligands equally and completely 

disrupt CCR5 signalling, an allosteric modulator can distinguish between ligands and 

permit a certain level of receptor activity. Should it be a beneficial strategy to preserve the 

action of a particular probe while disrupting another, allosteric modulators would be of 

more use than conventional agonists or antagonists.  
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I hope I have made it clear that these “peculiarities” of allosteric modulators in 

actuality represent key features that, if properly exploited, could lead to more textured 

modulation of GPCR activity, and potentially more favourable therapeutic outcomes. 

Similarly to biased ligands, therefore, allosteric modulators represent a pharmacological 

approach that could better take advantage of the intricacies of GPCR signalling and 

function (Wootten, et al., 2013; Kenakin, 2012). 

 

1.1.5 GPCR homo- and heteromerization 

I have attempted to exposit many of these intricacies in the preceeding sections: how 

GPCRs signal via interactions with multiple different effectors and how these signalling 

pathways may interconnect, how GPCR signalling can be modulated to show biased – 

rather than uniform – pathway activation, and how GPCR activation can be mediated by 

both orthosteric and allosteric binding. The conceptual framework I have been operating in 

has been that of ligands acting on monomeric receptors. That is, one ligand acting on one 

receptor to transduce an extracellular signal into an intracellular response. Although it was 

long assumed that GPCRs existed exclusively as monomers, we now recognize, due to an 

impressive number of reports, that GPCRs can also dimerize, and even oligomerize into 

higher-order complexes (Gomes, et al., 2016). Importantly, these multimeric complexes 

have been shown to traffic and signal as new, distinct units. Because the protein-protein 

interactions which underlie these complexes are almost certainly non-covalent (with the 

exception of the glutamate receptor subfamily) and transient, the physiological reality is 

most likely that, at any one time, GPCRs exist in a fluid mixture of monomers, dimers and 

higher-order oligomers (Smith & Milligan, 2010). The proportion of each group would 

depend on the affinity of the receptors for one another. It is also unclear to what extent the 

endogenous ligands of the GPCRs in question may promote, or impede, this process. 

Multimeric complexes may form constitutively, that is, without having been stimulated by 

their native ligands. However, in other cases, the dimerization (or oligomerization) seems 

to be induced (or increased) by ligand binding and GPCR activation (Alvarez-Curto, et al., 

2010; Smith & Milligan, 2010).  

Perhaps the most common form of this type of interaction is homomerization, in 

which at least two identical receptors self-assemble into a biochemically distinct 
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macromolecule. Alternatively, GPCRs can participate in heteromerization, in which at least 

two distinct and independently functional receptors form a “macromolecular complex that 

displays biochemical properties that are demonstrably different from those of its individual 

components” (Ferré, et al., 2009). In both cases, this results in an expanded pharmacology, 

as the newly-formed units may act very differently from monomeric receptors. Indeed, it 

has been shown that they can present with altered patterns of delivery, retention and 

internalization of the GPCRs at the cell membrane, and with modified signalling signatures 

as well. There are indeed reported cases of cross-activation, or cross-inhibition, where 

ligand binding at one of the receptors induces a conformational change that travels across 

the dimer to affect the signalling output of the second receptor. This (in essence, allosteric) 

effect may be limited to rather subtle changes in efficacy, or much more extreme switches 

in signalling function (Franco, et al., 2007). For example, while neither of the dopamine D1 

and D2 receptors, separately, are coupled to the Gαq signalling pathway, the D1-D2 

heterodimer is, and hence increases intracellular Ca2+ levels (Rashid, et al., 2006). A more 

common outcome, though, is that the second receptor in the heteromeric unit will impede 

signalling through cross-inhibition.  

This interesting aspect of GPCR function – that GPCRs can assemble into 

macromolecular complexes with unique biochemical features – opens up many new 

possibilities in drug discovery. Thus, an intriguing strategy may be to selectively target 

homo- and heteromers, rather than their monomeric components. However, it should be 

cautioned that while the reports of homodimers and heterodimers determined in vitro are 

too numerous to disregard, we still do not know how relevant this may be in a physiological 

context. The data we have has been collected mostly in heterologous systems – that is, 

systems in which GPCR-encoding DNA has been transfected into immortalized cell lines, 

and is translated by the cell’s own machinery at extremely high levels of expression. This is 

clearly not an environment which accurately simulates the in vivo reality. Another caution 

that must be addressed is that although many studies succeed in demonstrating receptor 

proximity or physical interaction, the authors do not always develop their story further. In 

many cases, more rigorous tests are needed to properly assess whether a heteromer could 

indeed represent a valid therapeutic target. Certain authors argue that, in order to truly 

claim existence of a heteromer, it is important to show that the receptors can co-express in a 
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same cell population and cellular compartment, interact in proximity-based assays (FRET, 

BRET, etc.), and co-immunoprecipate in experiments from native tissues; also, it must be 

demonstrated that the new receptor complex displays a unique “biochemical fingerprint” 

which is altered by agents disrupting heteromer formation (Gomes, et al., 2016; Gendron, 

et al., 2016). These same basic principles (receptor co-localization and heteromer-specific 

properties that are lost when heteromer formation is disrupted) should also be shown in 

vivo (Gomes, et al., 2016). Clearly, correctly identifying – and then effectively targeting – 

therapeutically relevant homo- and heteromers is a challenging prospect in GPCR research.  

 

1.2 Pepducins 

As established in the previous sections, the past several years of research have led to 

a deeper understanding of how GPCRs signal and function, and how to exploit their 

therapeutic potential in novel ways. Biased ligands, allosteric modulators and homo- or 

heteromer-selective compounds are just a few key examples. In a seminal paper by Covic, 

et al., (2002a), however, another strategy was introduced, consisting of cell-penetrating, 

membrane-tethered lipopeptides known as pepducins. Originally conceived as novel tools 

to study GPCR activation in vivo, pepducins differ from the ligands previously described in 

that, instead of interacting with the outer (or extracellular) face of the GPCR, they can 

effectively cross the cellular membrane and modulate the receptor activity and function by 

interacting with its inner face. By doing so, they act at an alternate (and as of yet, 

undescribed) site on their target receptor, so that in effect, pepducins can be considered 

allosteric compounds with a very particular mode of action.  

 

1.2.1 Pepducin basic mode of action 

More specifically, pepducins are composed of a peptide sequence derived from one 

of the intracellular loops of a target GPCR to which a lipid moiety – most commonly, a 

palmitic acid – is conjugated to the N-terminal end. Here, the palmitate fulfills the role of a 

tether which effectively secures the peptide to the cell membrane and permits its 

translocation into the cell. Hence, the pepducin mode of action, as conceptualized in Figure 

4, is believed to be as follows: the pepducin, present in the extracellular space, anchors 
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itself to the cell membrane thanks to its lipid moiety; through a passive, flip-flop process 

(formally referred to as transmembrane lipid translocation), the pepducin penetrates into 

the cell; the pepducin then interacts with its cognate receptor at the receptor-effector 

interface and allosterically modifies the receptor’s signalling output (Covic, et al., 2002a).  

The precise mechanism underlying this mode of GPCR modulation is still very 

poorly understood. Importantly, however, multiple studies have made it clear that – in the 

vast majority of cases – receptor expression is required for pepducin action, and that this 

action can take the form of either allosteric agonism or allosteric modulation (Carr III & 

Benovic, 2016; Zhang, et al., 2015; Carlson, et al., 2012; O’Callaghan, et al., 2012b; 

Tressel, et al., 2011). 

 
 
 

Figure 4: Pepducin mode of action at the cell membrane 
(A) The pepducin’s lipid moiety anchors the pepducin in the outer leaflet of the cellular membrane, at the 
extracellular face. (B) Through a passive, flip-flop process, the pepducin penetrates into the cell. (C) The 
pepducin interacts with its cognate GPCR at the receptor-effector interface. (D) The pepducin allosterically 
modifies the receptor’s signalling output. 
 

1.2.2 Early pepducin conception, design and validation  

The very first pepducins designed by Covic, et al., (2002a) were based on the ICL3 

loops of the protease-activated receptors PAR1, PAR2, and the melanocortin-4 receptor 

(MC4). The team, led by Athan Kuliopulos, was inspired by previous studies that had, 

through mutagenesis, highlighted the importance of ICL3 in G protein coupling. 

Furthermore, work done by Okamoto and colleagues (1991) and Higashijima and 

 



 

 

19 

colleagues (1988) had shown, respectively, that a soluble peptide corresponding to a critical 

portion of the β2-adrenergic ICL3 could activate Gαs in cell-free conditions, and that ICL-

related peptides extracted from wasp venom (mastoporan) could activate Gαi/o proteins, in 

absence of the receptor. While these studies, and others, made it clear that the intracellular 

loops of GPCRs are critical for G protein coupling, Covic et al., (2002a) recognized that 

there were few tools available to properly study these interactions, especially in an in vivo 

context. Indeed, even today, while ligand-GPCR interactions at the orthosteric site have 

been well characterized for numerous receptors, thanks to advances in crystallography, 

molecular modeling and, more recently, cryo electron microscopy, how the GPCR 

intracellular domains and their cytosolic effector proteins interact is somewhat mysterious. 

The design of membrane-tethered, ICL3-mimicking peptides that could be both 

characterized in vitro and administered to test subjects in vivo represented a novel approach 

to studying receptor-effector interactions. 

Covic et al.’s (2002a) initial strategy was to create PAR1-based ICL3 peptides which 

would be tethered by N-terminal hydrophobic residues corresponding to the full, or 

truncated, version of the TM5 helix. They fully expected that such a peptide would disrupt 

(or compete with) G protein coupling, and thereby inhibit GPCR signalling. Much to their 

surprise, in an experiment monitoring intracellular Ca2+
i in platelet cells from healthy 

volunteers, the peptide P1-i3-40 elicited a similar Ca2+
i transient to thrombin (the PAR1-

activating protease), albeit at much higher concentrations (4 µM vs 3 nM). A downstream 

marker of Gαq activation, this Ca2+ surge suggested an agonist effect. Interestingly, this 

effect was dependent on the length of the TM5 tether: the longer the tether, the stronger the 

response. The peptide P1-i3-26, for example, was composed of a highly truncated TM5 

with only 7 residues, and was therefore expected to be ineffective at crossing the membrane 

barrier; accordingly, it caused no peak in Ca2+
i. It was recognized, however, that the ICL3-

peptide coupled to the full sequence of the TM5 helix was too great in size, and so 

Kuliopulos’ team tried an alternate approach. They thus replaced the N-terminal TM5 

residues by a palmitate lipid (C16H31O). The resulting pepducin, P1pal-19, induced a Ca2+
i 

transient similar to SFLLRN (the extracellular PAR1 ligand) and stimulated platelet 

aggregation at concentrations of 3 µM and 200 µM, while palmitic acid alone produced no 

effect. The team further designed a pepducin series with truncated versions of the ICL3 
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peptide, of which some could effectively produce a Ca2+
i transient (P1pal-13) and others 

could not (P1pal-7, P1pal-12). These results cumulatively suggested that the palmitic acid 

was sufficient as a tether to carry the peptide across the membrane barrier, and that the 

effect observed was dependent on the specific peptide sequence.  

Although an intriguing start, the authors recognized that further work was needed to 

determine whether or not this effect was mediated via a direct interaction of the pepducin 

with PAR1. Intuitively, one could theorize that the pepducin would interact with the G 

protein directly, since there is no a priori reason to believe that an ICL-mimic would bind 

to the intracellular domains of its own cognate GPCR. Perhaps one of the most curious 

aspects of the pepducin mode of action is that this does seem to be the case. Covic, et al., 

(2002a) indeed demonstrated that the agonist action of their P1pal-19 pepducin required the 

presence of the PAR1 receptor, by measuring pepducin-induced IP3 production (another 

downstream effector of the Gαq-PLCβ pathway) in Rat1 fibroblasts transfected or not with 

PAR1. This basic concept – that pepducin action requires the presence of its cognate 

receptor – has since been corroborated by other groups, using pepducins based on other 

receptors and impacting other physiological systems (for pepducin reviews, see Zhang, et 

al., (2015b), Carlson, et al., (2012), O’Callaghan, et al., (2012b) and Tressel, et al., (2011)).  

Additionally, in their seminal paper, the Covic et al.,(2002a) group addressed the 

important issue of receptor selectivity and specificity. Even assuming that pepducins 

interact directly with GPCRs at the receptor-effector interface and thereby allosterically 

modify their signalling output, it is important to validate that they act specifically at the 

targeted receptor, especially if they are to be used as tools to study GPCR activation in 

vivo. Accordingly, the team performed an experiment measuring IP3 production in COS7 

cells transiently transfected with the protease-activated receptors PAR1, PAR2 or PAR4, 

the cholecystokinin A or B receptors (CCKA, CCKB), the somatostatin receptor SSTR2 or 

substance P receptor (NK1). Each of these were then stimulated with either P1pal-19 or 

P1pal-13, the two PAR1 agonist pepducins, and their effect was compared to that of 

orthosteric ligands for each receptor, at maximal effect-inducing concentrations. As evident 

in Figure 5, P1pal-19 fully activated both of the (highly homologous) PAR1 and PAR2 

receptors, and partially activated CCKB (30 % of maximal response). Interestingly, though, 

P1pal-19 was able to distinguish PAR1 and PAR2 from PAR4, which it does not activate, 
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as well as from the non-homologous receptors CCKA and SSTR2. P1pal-13, on the other 

hand, seemed to be entirely selective (and specific) for PAR1. This constituted a first 

validation that pepducins have the potential to act specifically at their target receptor, and 

even distinguish between receptors of a same subfamily. 

 

 

 

Figure 5: First evidence of pepducin specificity and selectivity 
Inositol monophosphate (IP1) production in COS7 cells transfected with a range of GPCRs (human PAR1, 
PAR2, PAR4, CCKA, CCKB, SSTR2, SubP or rat SSTR2), and stimulated with their respective native ligands 
(white), or with 10 µM of the PAR1-based pepducins P1pal-19 (A) or P1pal-13 (B) (black). P1pal-19 
specifically targets PAR1 and PAR2 (and partially activates CCKB), whereas P1pal-13 appears entirely 
selective for PAR1. Figure originally published in and reproduced from Covic, et al., (2002a), copyright 2002 
National Academy of Sciences. 
 

 

Covic, et al.,(2002a) made a number of other important discoveries in their paper; for 

example, they validated (in a more convincing manner) that pepducin activity was not 

mediated at the extracellular orthosteric site, and furthermore required the presence of the 

C-terminal tail of the receptor. Notably, they demonstrated that the two of the PAR1 ICL3 

pepducins which had shown no agonist activity in their previous experiments, P1pal-7 and 

P1pal-12, were instead capable of antagonizing SFFLRN-induced Ca2+
i  transients and 

subsequently inhibiting platelet aggregation. P1pal-12 was even able to selectively inhibit 

SSFLRN-induced Ca2+
i  transients (PAR1), but not AYPGFK-induced Ca2+

i  transients 

(PAR4). The authors therefore characterized them as allosteric antagonists; however, 
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according to the terminology as defined in this work, they would instead be characterized 

as NAMs. 

It is interesting that pepducins derived from the same intracellular loop of PAR1 may 

present with such divergent effects, seemingly capable of both promoting (P1pal-19, P1pal-

13) and inhibiting (P1pal-7, P1pal-12) G protein activation. The authors further validated 

their general approach by applying pepducin technology to other GPCRs, creating and 

briefly characterizing PAR2- and MC4-based pepducins. In summary, this early work by 

Kuliopulos’ team introduced a novel method of studying GPCR activation, albeit primarily 

validated in an in vitro context, and presented more than a few puzzles to work out.   

 

1.2.3 Pepducin overview and evidence for pepducin biased agonism 

Of course, since this initial paper was published in 2002, pepducins have been 

designed for a number of new receptors (although not as many as could be supposed in a 15 

year interval). Among the receptors targeted to date are, obviously, the protease-activated 

receptors PAR1, PAR2, PAR4 and the melanocortin-4 receptor (MC4), as well as the 

chemokine receptors CXCR1/2 and CXCR4, the β2-adrenergic receptor (β2AR), the 

formyl peptide receptors FPR1 and FPR2, the sphingosine-1-phosphate receptor (S1P3), 

and the smoothened receptor (SMO) (Carr III & Benovic, 2016). Additionally, a large 

series of pepducin-like 12mer lipopeptides were designed and challenged against the apelin 

receptor (APJ) (McKeown, et al., 2014). Finally, a number of palmitoylated and 

myristoylated peptides have been designed to target non-GPCR receptors, such as adhesion 

and tyrosine kinase receptors, ion channels and even G proteins, suggesting that the basic 

approach of lipidated peptides may be widely applicable to drug discovery research (Zhang, 

et al., 2015b). While most of the pepducins targeting the aforementioned GPCRs are ICL3-

based, a few have also been designed from ICL1 and ICL2 peptide sequences. A significant 

portion of pepducin research has since been devoted to characterizing the precise nature of 

the pepducin-mediated effect on the cognate GPCR (ie. agonist, antagonist, etc.).    

Accordingly, a (non-exhaustive) overview of the pepducins described to date, along 

with their pharmacology and in vivo outcomes, is provided in Table 2.  
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Table 2: Pepducin overview 
Pepcucin Target Loop Pharmacology Cell type Physiological context/outcomes 

P1pal-13 PAR1 ICL3 Allosteric agonist Human platelet 
cells, COS7 

Promotes platelet aggregation; modulates sepsis 
survival, vascular leakage 

P1pal-19 PAR1 ICL3 Allosteric agonist 
Human platelet 

cells, COS7, 
rat fibroblasts 

Promotes promotes platelet aggregation; promotes 
rat aortic vasorelaxation 

P1pal-7  
(PZ-128) PAR1 ICL3 NAM Human platelet 

cells, COS7 
Inhibits platelet aggregation in humans, thrombosis 
in primates, and tumour growth in mice  

P1pal-12 PAR1 ICL3 NAM Human platelet 
cells, COS7 

Inhibits platelet aggregation, rat aortic 
vasorelaxation, and pulmonary fibrosis 

P2pal-18S PAR2 ICL3 NAM Human platelet 
cells, COS7 

Reduces acute inflammation and edema; reduces 
experimental biliary pancreatitis 

P4pal-i1 PAR4 ICL1 NAM Human platelet 
cells, COS7 

Inhibits platelet aggregation, blocks arterial 
occlusions in mice 

P4pal-10 PAR4 ICL3 NAM Human platelet 
cells, COS7 

Inhibits platelet accumulation, thrombosis, 
inflammatory mediators & neutrophil migration  

MC4-pal-14 MC4 ICL3 Allosteric agonist COS7 cAMP production in COS7 cells 

X1/2-LCA-i1 CXCR1/2 ICL1 NAM 
Human 

neutrophils; 
HUVECs 

Inhibits neutrophil chemotaxis, and organ failure 
(liver, lung) in sepsis model; inhibits tumour growth 
in ovarian cancer xenografts (mice) 

X1/2pal-i1 CXCR1/2 ICL3 NAM 
Human 

neutrophils; 
HUVECs 

Inhibits neutrophil chemotaxis, and organ failure 
(liver, lung) in sepsis model; inhibits tumour growth 
in ovarian cancer xenografts (mice) 

ATI-2341 CXCR4 ICL1 Allosteric agonist  
(biased Gi) 

HEK293, 
CCRF-CEM,  

Induces neutrophil chemotaxis in mice; mediates 
granulocyte/macrophage release from bone marrow 

X4pal-i3 CXCR4 ICL3 NAM Human 
neutrophils Inhibits neutrophil chemotaxis 

ICL1-9 β2AR ICL1 Allosteric agonist  
(biased βARR) 

HEK293, 
myocytes 

Promotes cardiomyocyte contractions in murine 
myocytes (congestive heart failure) 

ICL3-8 β2AR ICL3 Allosteric agonist  
(biased Gs) 

HEK293, 
HASM 

cAMP production in human airway smooth muscle 
cells, lack of desensitization (asthma) 

ICL3-9 β2AR ICL3 Allosteric agonist 
(biased Gs) 

HEK293,  
HASM 

cAMP production in human airway smooth muscle 
cells, lack of desensitization (asthma) 

F1pal-16 FPR1 ICL3 NAM Human 
neutrophils 

Inhibits neutrophil chemotaxis and superoxide 
production induced by FPR2 agonists 

F2pal-12 FPR2 ICL3 NAM Human 
neutrophils 

Inhibits neutrophil chemotaxis and superoxide 
production 

F2pal-16 FPR2 ICL3 Allosteric agonist Human 
neutrophils 

Activates neutrophils to produce superoxide, 
promotes pro-inflammatory cytokine release 

KRX-725 S1P3 ICL2 Allosteric agonist Murine 
fibroblasts 

Induces mouse aortic vasorelaxation and fibroblast 
proliferation; pro-angiogenic 

Compd 16 S1P3 ICL1 NAM 
(for KRX-725) 

Murine 
fibroblasts 

Inhibits KRX-725-induced vasorelaxation and 
fibroblast proliferation 

SMOi2-1 SMO ICL2 NAM MCF-7,  
SK-Mel2 

Inhibits cell growth of breast cancer (MCF-7) and 
melanoma (SK-Mel2) cells  

SMOi3-1 SMO ICL3 NAM MCF-7,  
SK-Mel2 

Inhibits cell growth of breast cancer (MCF-7) and 
melanoma (SK-Mel2) cells 

Inspired by review tables published by Zhang, et al., (2015b), Carlson, et al., (2012), O’Callaghan, et al., (2012b) and 
Tressel, et al., (2011). 
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As shown in said table, the pepducins described are fairly evenly divided between 

pepducins which act as allosteric agonists and pepducins which instead inhibit agonist-

mediated responses (NAMs). Pepducin allosteric agonists have been described for at least 7 

receptors (PAR1, PAR2, MC4, β2AR, CXCR4, and S1P3), with examples based on each of 

the ICL domains (O’Callaghan, et al., 2012). Notably, they have been shown to activate 

Gαs, Gαi, and Gαq-type pathways, as well as β-arrestins. Pepducins acting as NAMs have 

also been described for at least 6 receptors (PAR1, PAR2, PAR4, CXCR1/2, CXCR4, and 

SMO), again with examples based on each ICL domain. As a whole, these pepducins have 

been studied – and considered relevant – principally in cardiovascular disease, cancer and 

angiogenesis, and inflammation (Tressel, et al., 2011); this will be discussed in a further 

section (1.2.5). 

In terms of pepducin pharmacology, however, one of the most interesting discoveries 

of the past few years has been that pepducins can display biased agonism. This was most 

clearly demonstrated by Quoyer, et al., (2013) in whose study BRET biosensors were used 

to characterize the in vitro signalling signature of a CXCR4 ICL1-based pepducin, ATI-

2341 (Tchernychev, et al., 2010). In this publication, the authors demonstrated that ATI-

2341 behaved as an allosteric agonist towards the Gαi pathway in HEK293T cells 

expressing CXCR4. Indeed, it could effectively promote the dissociation between Gαi1-

RlucII and GFP10-Gγ2 in a concentration-dependent manner, with an EC50 of 0.21 ± 0.07 

µM (Figure 6). It should be noted that it did not, however, reach maximal efficacy 

compared to CXCR4’s native ligand SDF-1α. ATI-2341 further promoted the activation of 

Gαi–dependent second messengers. Also of note, this Gαi1 activation was not apparent in 

time-course experiments where HEK293T cells non-transfected with CXCR4, or HEK293T 

cells transfected with α2AR or CCR2, respectively, were stimulated with ATI-2341 (1 

µM). This provided further confirmation that pepducin-mediated signalling requires the 

expression of the target receptor, specifically.  
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Figure 6: CXCR4-targeting pepducin ATI-2341 activates the Gαi1 signalling pathway 
Concentration-response curves exhibiting BRET-monitored Gαi1 activation induced by CXCR4’s endogenous 
ligand, SDF-1, and the ATI-2341 pepducin in HEK293T cells expressing CXCR4. For this type of BRET 
experiment, a decrease in the BRET signal corresponds to a dissociation between the G protein subunits, and 
thus, G protein pathway activation. SDF-1α is shown in red, ATI-2341 in blue. Figure published in and 
reproduced from Quoyer, et al., (2013).  

 

Interestingly, ATI-2341’s agonist behaviour did not extend to other signalling 

pathways typically associated with CXCR4 activation. For example, while BRET 

experiments measuring the engagement of Gαi1-Rluc to CXCR4-YFP resulted in a 100 % 

response in cells stimulated with ATI-2341 (compared to SDF-1α), similar experiments in 

RlucII-Gα13- and CXCR4-GFP2-transfected cells yielded no response. This suggests that 

ATI-2341 may selectively favour Gαi1 engagement over Gα13. More compelling, however, 

was the observation that ATI-2341 was extremely weak at promoting β-arrestin recruitment 

to CXCR4 (as determined in HEK293T cells, using CXCR4-RlucII and GFP2-β-arrestin-2 

constructs). As is clearly shown in Figure 7, ATI-2341-induced β-arrestin 2 recruitment is 

minimal compared to SDF-1α. The recruitment was, although, sufficient to determine a 

concentration-response curve, from which to quantify the ATI-2341 bias, using the model 

alluded to earlier (1.1.3). This revealed a ∆∆log(τ/KA) of 24, indicating that ATI-2341 is 

24 times more effective at activating Gαi1 proteins than it is at recruiting β-arrestin 2. A 

more profound investigation into the mechanism underlying this negative bias toward β-

arrestin recruitment suggested that ATI-2341 is ineffective at recruiting GRK2 and GRK3. 

Consequently, CXCR4 is poorly phosphorylated, β-arrestin recruitment and CXCR4 

internalization are blunted. Taken as a whole, Quoyer, et al.,(2013)’s work characterizing 
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the signalling signature of ATI-2341 with BRET biosensors provided clear evidence for 

pepducins behaving as biased allosteric agonists. 

 

 
 

 
Figure 7: CXCR4-targeting pepducin ATI-2341 only minimally recruits β-arrestin 2 
Concentration-response curves exhibiting BRET-monitored β-arrestin 2 recruitment to the CXCR4 receptor 
induced by SDF-1α and ATI-2341, in HEK293T cells transfected with the biosensors. For this type of BRET 
experiment, the BRET signal increases as β-arrestin 2 is recruited to the CXCR4 receptor, and the CXCR4-
RlucII and GFP2-β-arrestin-2 BRET partners are brought into proximity. SDF-1α is shown in red, ATI-2341 in 
blue. Figure published in Quoyer, et al., (2013). 
 

Other pepducin biased agonists have since been reported in the literature, most 

notably by Carr III, et al., (2014) who recently designed and characterized a library of 51 

pepducins, derived from each of the intracellular loops of the β2AR receptor. The entirety 

of this library was dually screened for cAMP production (a Gαs-dependent second 

messenger) and for β-arrestin 2 recruitment, at concentrations of 10 µM in β2AR–

expressing HEK293 cells. Interestingly, multiple ICL3-based pepducins (ICL3-2, ICL3-7, 

ICL3-8 and ICL3-9) were shown to promote cAMP production while minimally recruiting 

β-arrestin 2 to β2AR; in effect, they behaved as Gαs-biased allosteric agonists. 

Of these, ICL3-8 and ICL3-9 were singled out for further study. It was determined 

that GRK-mediated receptor phosphorylation, β-arrestin recruitment, and receptor 

internalization were all minimal in cells challenged with these pepducins. Notably, thanks 

to BRET experiments monitoring Gαs engagement, it was also determined that while ICL3-

9 clearly increases the proximity between Gαs and β2AR, ICL3-8 does not. Rather, ICL3-
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8’s cAMP production is seemingly due to a direct activation of Gαs, in a receptor-

independent manner. In doing so, it differs from most of the pepducins described, whose 

mode of action clearly involves the presence of the cognate GPCR. Another interesting 

outcome of this study was the identification of a number of ICL1-based pepducins which 

could promote β-arrestin 2 recruitment, albeit with a lower efficacy than the endogenous 

β2AR agonist isoproterenol, but were ineffective at promoting cAMP production (ICL1-4, 

ICL1-9, ICL1-11 and ICL1-20). A second study into these β-arrestin-biased pepducins 

revealed that ICL1-9 is indeed, for a pepducin, extremely potent at β-arrestin recruitment, 

with an EC50 of 96 ± 14 nM (Carr III, et al., 2016). In the specific case of the β2AR, Gαs-

biased agonists may be more therapeutically relevant, as the triggering of β-arrestins by β-

agonists, commonly used as asthma therapeutics, is believed to be associated with a higher 

risk for a fatal asthmatic event (Carr III & Benovic, 2016). However, the mere existence of 

β-arrestin-biased pepducins is mechanistically interesting, and pepducins such as ICL1-9 

may find their therapeutic niche elsewhere, in cardiovascular disease medication, for 

example. 

To summarize, the past few years of research have made it clear that pepducins may 

present with a variety of signalling profiles, which could notably be useful in understanding 

the contribution of individual signalling pathways to different physiological functions.  

 

1.2.4 Further insight into the pepducin mode of action and polypharmacology 

Recent pepducin research has also been devoted to working out some of the more 

puzzling aspects of the pepducin mode of action, as well as the extent of pepducin 

specificity. For example, it is clear by now that pepducins lacking N-terminal 

palmitoylation are completely ineffective, and thus that pepducins must cross the cell 

membrane to be biologically active. Multiple studies have confirmed the flip-flop process, 

such as one by Wielders and colleagues, in which they used a FRET-based assay and 

differentially labeled phospholipids to show that PAR1 pepducins are present in both the 

outer and inner leaflets of the plasma membrane (Wielders, et al., 2007). Another research 

group developed its own FRET probes based on the P1pal-13 pepducin, with a fluorescent 

switch component, that enabled them to observe transbilayer pepducin movements using 
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live cell imaging (Tsuji, et al., 2013). However, what exactly they do at the intracellular 

face is still up for debate. In most cases, it seems that they must bind directly to their 

cognate GPCR, such as in the aforementioned examples of P1pal-19 (PAR1), ATI-2341 

(CXCR4) and ICL3-9 (β2AR), which are inactive when their cognate receptor is absent. It 

is believed that, in binding to their cognate receptor, they would stabilize a receptor 

conformation that either promotes, or inhibits, interaction with the cytosolic effectors, 

much like an extracellular ligand would. In support of this, Janz and colleagues (2011) 

determined that CXCR4, for one, is indeed the direct binding partner of the ATI-2341 

pepducin, using a photochemical cross-linking approach. For the purposes of their study, 

they had to generate ATI-2341 pepducin analogues containing a photo-Leu residue and a 

TAMRA label; however, as these analogues retained similar biological activity to their 

parent pepducin, they were deemed appropriate facsimiles of ATI-2341 for CXCR4 

binding. While the results of this study are intriguing, they provide no further information 

on the precise location of this interaction, or on the conformational changes it may induce.  

Other recent studies have instead attempted to visualize pepducin-induced changes in 

receptor conformation using purified receptor systems conjugated to environmentally 

sensitive fluorophores, such as monobromobimane. Indeed, in polar environments, 

monobromobimane’s fluorescence is decreased and its peak emission is shifted towards the 

red (Yao, et al., 2009). This means that conformational changes occurring in proximity to 

the conjugation site on a monobromobimane-conjugated receptor will be reflected in the 

fluorophore’s emission spectra. Thus, the β2AR-based pepducin ICL3-9 was shown to 

stabilize a very different conformational change of a Cys265-monobromobimane-conjugated 

β2AR (TM6) than did isoproterenol, and was furthermore shown to promote Gαs 

engagement through a unconventional binding mechanism (Carr III, et al., 2014). 

Alternatively, the PAR1-based pepducin P1pal-19 seems to elicit a Cys296-

monobromobimane-conjugated PAR1 (TM5) conformation that is similar to the one 

induced by thrombin (Zhang, et al., 2015c). Taken together, it remains unclear just how 

different the pepducin-stabilized receptor conformations may be from the ones stabilized by 

endogenous, orthosteric agonists. Additionally, Zhang, et al.,(2015c) identified, through 

mutagenesis, multiple regions in the C-terminal tail, as well as a D/NPXXYYY motif in 

PAR1’s TM7 domain, that are critical to P1pal-19 efficacy. For these pepducins, therefore, 
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the mode of action is clearly mediated through direct GPCR binding. Of course, as 

previously noted, there is at least one pepducin described in the literature to date which is 

believed to function in a receptor-independent manner (ICL3-8). Considering the variety of 

signalling profiles exhibited by the pepducins described to date, it is conceivable that the 

mode of action may differ somewhat from one pepducin to the next. At the very least, it is 

possible that they act at very different pepducin-receptor binding sites.      

It is also apparent that elucidating a clear mode of action is complicated somewhat by 

the observation that, while generally considered highly specific, certain pepducins may 

present with off-target effects. As previously stated, the PAR1-based P1pal-19 pepducin 

was reported in 2002 to promote both PAR1- and PAR2-, and to a certain extent, CCKB-

mediated IP3 production (Covic, et al., 2002a). Since then, there have been other reports of 

pepducin polypharmacology. For example, a recent report has revealed that a pepducin 

designed for FPR1 remarkably seems to operate solely through FPR2 instead (Winther, et 

al., 2017). ICL3-9, the β2AR-based pepducin, can function through both  β1AR and β2AR 

(Carr III, et al., 2014). As the intracellular sequences of these two receptors are highly 

homologous, it is believed that this sort of cross-specificity can typically be attributed to 

receptor homology. 

One of the more notable instances of pepducin polypharmacology, however, has to 

do with the PAR4-based pepducin P4pal-10. In 2002, P4pal-10 was reported to inhibit 

agonist-induced platelet aggregation for both of the PAR1 and PAR4 receptors, despite 

being designed to target PAR4. It was later found to inhibit agonist-induced responses at 

the thromboxane A2 (TXA2R) receptor as well, to a similar degree as for the PARs. As 

these receptors signal primarily via Gαq, a subsequent study investigated P4pal-10’s 

activity with regards to a number of (endogenously-expressed) Gαq–coupled receptors, by 

measuring agonist-promoted Ca2+ production in HEK293 cells and in primary human ASM 

cells stimulated with bradykinin (bradykinin B2 receptor), carbachol (M3 muscarinic 

receptor), histamine (H1 receptor) and ATP (P2Y1/2 receptor). They also investigated 

P4pal-10 activity with regards to a Gαs–coupled receptor (β2AR) and a Gαi–coupled 

receptor (CXCR4) (Carr III, et al., 2014). They found that P4pal-10 was able to inhibit 

agonist-mediated responses for all of the Gαq–coupled receptors, but was not able to do the 

same for β2AR or CXCR4. In this case, while P4pal-10’s action does seem to be receptor-
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dependent and not simply a type of general G protein inhibition, it occurs at a range of 

Gαq–coupled receptors. While a lack of specificity might diminish a pepducin’s usefulness 

as an investigative tool in vivo, it should be noted that, in a therapeutic context, 

polypharmacology is not inherently a bad thing. Rather, in certain cases, it may be 

exploited to provide more effective treatment, especially for conditions stemming from 

multiple causes (Carr III & Benovic, 2016).  

 

1.2.5 Pepducins in models of disease and therapeutic potential 

  As fascinating as these insights into the pepducin mode of action and signalling 

profiles are, perhaps what is most relevant about pepducins is that they are active in 

multiple disease models in vivo. They have been studied in the context of cardiovascular 

disease, cancer and angiogenesis, inflammation, sepsis and asthma (Zhang, et al., 2015b). 

Hence, despite being developed primarily as tools to investigate receptor-effector 

interactions, they may actually constitute promising therapeutics.  

To date, the best example of this is certainly PZ-128, earlier introduced as the 

PAR1-based pepducin P1pal-7, capable of inhibiting agonist-promoted Ca2+
i  transients and 

platelet aggregation (Covic, et al., 2002a). In fact, its efficacy in inhibiting platelet 

aggregation is such that it is now undergoing clinical trials to assess its suitability as an 

anti-platelet agent in the context of coronary diseases. Early studies in guinea pigs and in 

baboons had effectively shown that PZ-128 could suppress arterial thrombosis within 15 

minutes of intravenous injection, while studies in primates and using whole-blood from 

patients undergoing percutaneous coronary intervention (PCI) had confirmed that PZ-128 

did not adversely affect bleeding or coagulation (Leger, et al., 2006; Zhang, et al., 2012). In 

2016, the results of a first (successful) Phase I clinical trial were published, in which PZ-

128 was administered to 31 subjects with coronary heart disease, or with multiple coronary 

heart disease risk factors (Gurbel, et al., 2016). These subjects received 1-2 hours of 

continuous intravenous infusion of PZ-128 at doses of 0.01 to 2 mg/kg. They were 

followed for a period of 10 days, during which the safety, antiplatelet efficacy and 

pharmacokinetics of the pepducin were assessed at multiple time points. Notably, PZ-128 

was shown to rapidly, reversibly, and dose-dependently inhibit platelet aggregation induced 

by the PAR1 agonist SFFLRN, but had no effect on platelet aggregation induced by the 
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PAR4 agonist AYPGFK, collagen or ADP, demonstrating a PAR1-specific effect. It was 

furthermore shown to have a plasma half-life between 1-2 hours and to not adversely affect 

bleeding, coagulation, or ECG parameters, although it did cause allergic reactions at its 

highest doses in some subjects. A large-scale Phase II study is planned for the near future; 

should this, and future clinical studies prove successful, PZ-128 would be the first 

therapeutic of its class.  

Importantly, this is not the only pepducin which may be therapeutically revelant in 

the context of cardiovascular disease. While other PAR1 pepducins have been retained for 

further study, the (somewhat promiscuous) PAR4-based pepducin P4pal-10, has been 

shown to very effectively inhibit human platelet aggregation, and to protect against 

thrombosis formation in mice (Covic, et al., 2002b). In a rat ischemic injury model, P4pal-

10 also significantly reduced myocardium infarct size (Strande, et al., 2008). A PAR4, 

ICL1-based pepducin, P4pal-i1 was also developed that, contrarily to P4pal-10, operates 

exclusively via PAR4 (and not PAR1); importantly, it also was able to inhibit platelet 

aggregation and could partially block arterial occlusions in guinea pigs (Trivedi, et al., 

2009). Together, this suggests that PAR1 and PAR4 may be equally interesting targets in 

coronary disease medication. Incidently, it also provided a useful tool to study the 

individual contribution of these receptors to platelet aggregation. 

Pepducins have been assessed in various cancer models, as well. Notably, PZ-128 is 

also considered relevant in this area, as it has been shown to inhibit cell migration in lung 

cancer cell lines and to inhibit lung tumour growth, even up to 75% in nude mice 

(Cisowski, et al., 2011). It also has been shown to block breast cancer angiogenesis, to 

suppress the survival of breast tumour xenographs, and to almost completely abolish its 

spreading to the lungs (Boire, et al., 2005). Pepducins targeting CXCR1 and CXCR2 were 

also shown to inhibit tumour growth in ovarian cancer xenografts on nude mice (Agarwal, 

et al., 2010). A S1P3-based pepducin agonist, KRX-725, was shown to instead promote 

angiogenesis (Licht, et al., 2003). Furthermore, as tumourigenesis, angiogenesis and 

inflammation may often be linked, it might come as no great surprise that pepducins 

targeting the PAR1, PAR2 and PAR4 receptors, and pepducins targeting the CXCR1/2 and 

CXCR4 receptors, have been studied in the context of inflammation as well, particularly in 

sepsis or systemic inflammatory conditions. Pepducins targeting CXCR1 and CXCR2, for 
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example, have been shown to reverse sepsis and prevent organ failure, particularly of the 

liver, in mice (Kaneider, et al., 2005). PAR4 pepducins, also, have been assessed in models 

of ulcerative colitis (Annahazi, et al., 2009), and rheumatoid arthritis.  

One relevant example at this juncture is a 2009 study (McDougall, et al., 2009) 

which investigated the role of PAR4 in joint pain and inflammation in mice. After assessing 

that PAR4 activation by the AYPGKF-NH2 ligand resulted in increased blood flow and 

edema formation at the knee joint, as well as thermal and mechanical hyperalgesia in mice 

(increased sensitivity to nociceptive stimuli), they seeked to determine the ability of the 

P4pal-10 pepducin to counteract these effects. In their experimental paradigm, the P4pal-10 

(100 µg) pepducin was injected intraperitoneally one hour before AYPGKF-NH2 (100 µg) 

was injected directly into the knee joint, from which time joint inflammation parameters 

and nociceptive behaviours were assessed. As shown in Figure 8, the pepducin-treated 

mice were much slower to withdraw their paw from a plantar radiant heat stimulus (a 

measure of thermal hyperalgesia) than mice which had received AYPGKF-NH2 alone (A). 

They also exhibited less nociceptive behaviour (flinching, licking of the hindpaw, biting, 

etc.) when their hindpaw was prodded with a 3,84 g von Frey filament, a measure of 

mechanical allodynia (B). The pepducin was also shown to significantly improve the acute 

signs of joint inflammation. This study is of relevance to the present work mainly because 

it is one of the only studies involving pepducins to touch on pain in vivo. Another, more 

recent study, investigated the analgesic actions of a lipidated ICL2-derived compound 

targeting the delta opioid (DOP) receptor (C11-DOPri2), and observed that chronic 

injection of this compound could both attenuate the Deltorphin II-induced (DOPR), and 

increase the DAMGO-induced (MOPR) anti-hyperalgesic and anti-nociceptive actions 

(Beaudry, et al., 2015). Together, they form a tentative base upon which it may be reasoned 

that pepducins could be effective in the treatment of pain, as in other (mostly unexplored) 

physiological contexts.  
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Figure 8: Treatment of joint pain with P4pal-10 pepducin 
Effect of the PAR4-based P4pal-10 pepducin on thermal hyperalgesia (A) and mechanical allodynia (B) in 
mice, induced by intra-articular injection of the PAR4 agonist AYPGKF into the knee joint. (A) Heat stimulus 
was applied to the plantar region of the mouse hind paw, and withdrawal latency was measured in seconds. 
(B) Nociceptive behaviour was scored in response to the application of 3,84 g von Frey filament on the hind 
paw. HOE140 is a bradykinin B2 receptor antagonist, tested in the same experimental paradigm. Data 
represents mean ± S.E.M. of 8 mice per group. Figure published in McDougall, et al., (2009). Reproduced with 
permission.  
 

The numerous studies demonstrating that pepducins are active in vivo, as well as 

this early success of PZ-128, hint that pepducins may, in the not-so-distant future, 

constitute a novel class of therapeutics. However, it should be cautioned that in some cases, 

the pepducin in question may have difficulty reaching the target tissue. A study detailing 

the biodistribution pattern of a radioactively-labeled P4pal-10 pepducin that was injected 

subcutaneously and intravenously into mice revealed that it was mainly distributed to 

highly vascularized tissues (kidney, liver, spleen, heart, lungs) (Tressel, et al., 2011). 

Although this confirmed that P4pal-10 could reach the lungs, for example, it is uncertain 

whether it could then manage to penetrate through different tissue layers. A subsequent 

study revealed that P4pal-10 was unable to impact airway contraction in an ex vivo model 

of asthma (Carr III, et al., 2016). The essential problem here may have been that this model 

involved a multilayered tissue (ASM cells, covered by endothelial cells), and that P4pal-10 

was unable to cross the endothelial cell barrier in order to induce contraction of the ASM 

cells. This is just one possible issue with pepducin-based therapeutics (Carr III & Benovic, 
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2016). It is clear that still comparatively little research has been done with pepducins, and 

there is much yet to uncover.  

Indeed, the reality is that there are still very few groups who employ pepducins in 

their research, and in the past 15 years, pepducin technology has only been applied to about 

a dozen GPCRs, out of the ≥ 800 available. The pepducins described so far in the literature 

furthermore present with varied and confusing signalling profiles. To date, studies seeking 

to elucidate the pepducin mode of action often seem to raise more questions than they 

answer (albeit extremely fascinating ones). Many of our in vivo studies center around the 

same PAR-targeting pepducins; although these have been validated in multiple disease 

models, there are still many other physiological contexts to consider (notably, pain). In 

short, pepducins may be considered a still-budding area of research, towards which there is 

potentially much to contribute.  

 

1.3 The neurotensinergic system and the NTS1 receptor 

I belong to a research team that is headed by Professor Philippe Sarret, and we are 

mainly interested in the two GPCRs of the neurotensinergic system, NTS1 and NTS2, 

particularly for their role in modulating neurotensin-induced analgesia. In our laboratory, 

we have many well-established methods we can use to study the signalling of the NTS1 

receptor as well as its physiological function in rat acute, tonic and chronic pain models, 

and its effect on rat arterial blood pressure and body temperature. Seeing as we possess the 

ideal set-up with which to characterize both in vitro and in vivo changes in NTS1-mediated 

effects, we have surmised that the NTS1 receptor is an attractive candidate for us, from 

which to design and synthesize a new pepducin series. 

 

1.3.1 Introduction to the neurotensinergic system 

1.3.1.1 Neurotensin 

Neurotensin (NT) is a tridecapeptide that was first extracted from bovine 

hypothalamii by Carraway and Leeman in 1973 (Carraway & Leeman, 1973). In this first 

study, they observed that NT could trigger important drops in rat arterial blood pressure, 

stimulate the contraction of the guinea pig ileum and of the rat uterus, and, conversely, 
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produce relaxation of the rat duodenum. They therefore introduced NT as a novel 

hypotensor, with pharmacological properties close to those of the “kinin” family. Since 

then, NT has been identified in both peripheral and central tissues, and has been linked to a 

broad variety of physiological functions. In the periphery, NT is mainly expressed in the 

digestive tract and in the vascular endothelium, where it functions as an endocrine 

modulator and affects gut motility and blood pressure, respectively. Additionally, NT can 

act as a growth factor in both cancerous and non-cancerous cell types (Vincent, et al., 

1999). In the central nervous system (CNS), NT is a neurotransmitter and a 

neuromodulator; it stimulates (and inhibits) the release of anterior pituitary hormones, and 

affects dopaminergic, serotonergic and glutamatergic transmission (Boules, et al., 2013; St-

Gelais, et al., 2006). The link between the neurotensinergic and dopaminergic systems is 

especially strong, which has led to many years of research into the neuroleptic 

(tranquilizing) properties of NT, and their relevance in the treatment of conditions like 

schizophrenia and Parkinson’s disease (Fuxe, et al., 1992). Additionally, central NT is 

known to induce hypothermia and, what our research group mainly seeks to exploit, a very 

potent, naloxone-independent anti-nociceptive response (Clineschmidt & McGuffin, 1977). 

Indeed, animal studies have shown that, on a molar level, NT’s analgesic effect is more 

potent than morphine (Nemeroff, et al., 1979). Also, because this effect is independent of 

the opioid system, the potential side effects of an NT-based therapeutic would not be the 

same ones as with morphine (respiratory depression, dependance, tolerance, constipation, 

etc.). Conceivably, such a drug could be used in conjunction with opioids to great effect; by 

capitalizing on both systems at once, you might be able to attain comparable analgesia at 

lower doses of each agent, and thereby reduce the risk of harmful side effects. Finally, NT 

has also been linked to muscle relaxation and decreased feeding behaviour. 

The peptide sequence for neurotensin is the 13 amino acid chain pGlu-Leu-Tyr-Glu-

Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH (Carraway & Leeman, 1975). Subsequent 

structure-activity studies have revealed that NT’s C-terminal hexapeptide fragment, known 

as NT(8-13), is sufficient to trigger a full biological response (St-Pierre, et al., 1981). 

Furthermore, NT is initially synthesized within the cell as part of a large precursor protein 

(pro-NT/NN), which also contains the sequence for a neurotensin-like hexapeptide, 

neuromedin N (NN), that binds the same NT receptors (Dobner, et al., 1987). It is believed 
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that pro-NT/NN may be differentially processed by the endopeptidases of the prohormone 

convertase family, so that in effect, NT and NN may be liberated differently between cell 

types, and under pathological conditions (Vincent, et al., 1999). The active NT peptide is 

stored and shuttled to the cell membrane in dense core vesicles, which are under Ca2+-

dependent regulation. Neurotensin is ultimately inactivated by metalloendopeptidases; 

when NT is injected systemically, this process occurs very rapidly (Kitabgi, 2006). Of note, 

NT is unable to cross the blood-brain barrier, which presents a considerable obstacle to 

overcome when designing centrally-acting NT therapeutics.  

 

1.3.1.2 Neurotensin receptors 

The neurotensin receptor family is composed of three well-characterized receptor 

subtypes, through which NT can mediate its diverse effects; these are NTS1, NTS2 and 

NTS3 (Mazella, et al., 1998; Chalon, et al., 1996, Tanaka, et al., 1990). The first two 

receptor subtypes both belong to the rhodopsin-like family (class A) of GPCRs. They differ 

from each other on a number of points, one of them being that NT binds NTS1 with higher 

affinity than it does NTS2 (Kd = 0.1–0.3 nM, vs. Kd = 3–10 nM). They are also 

distinguished by the fact that NTS1 is insensitive to the histamine H1 receptor ligand 

levocabastine; in contrast, levocabastine is readily bound by NTS2. The NTS3 receptor 

differs greatly from both GPCRs. It was originally identified as the intracellular sorting 

protein sortilin, and is a type I amino acid receptor characterized by a single transmembrane 

domain (Mazella, et al., 1998; Peterson, et al., 1997). Intriguingly, NTS3/sortilin is widely 

expressed throughout the brain, in both NT and NT-negative regions; thus, it may exert 

functions which are unrelated to NT (Sarret, et al., 2003). Finally, a fourth NT receptor has 

been proposed – an intracellular protein related to yeast sorting receptors, in many ways 

similar to NTS3 –, but it has yet to be widely recognized as a member of the NT receptor 

family (Jacobsen, et al., 2001). Consequently, neither NTS3/sortilin or NTS4/SorLA will 

be further discussed here; for the purposes of this thesis, I have chosen to limit my focus to 

the neurotensinergic GPCRs, NTS1 and NTS2.  

The high-affinity NT receptor, NTS1, is the most studied – and thus, better 

characterized – of the two. Its coding sequence, in humans, is found on the long arm of 

chromosome 20 (20q13) and, once this sequence is transcribed and translated by the cell, 
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the resulting protein contains 418 amino acids and has an apparent mass of 46,3 kDa. This 

varies somewhat across species; the rat NTS1 receptor, for example, shares 84 % homology 

with its human counterpart, and is slightly longer in sequence (424 amino acids) (Vincent, 

et al., 1999). Both receptors have been cloned and made to be expressed by mammalian 

cells; there, they have been shown, as previously stated, to be levocabastine-insensitive. 

Levocabastine is mentioned here simply because it was the first available NT receptor 

ligand that could distinguish between NTS1 and NTS2. However, NTS1 is also bound by 

the SR48692 and SR142948A antagonists, which have been used to sort out NTS1- and 

NTS2-related functions (Schaeffer, et al.,1998). In the literature, there is also a host of NT 

analogues that have been described which bind NTS1, in particular, the NTS1-selective 

analogue PD149163 (Petrie, et al., 2004). In terms of receptor distribution, NTS1 mRNA 

has been identified chiefly in the brain and in the gastrointestinal tract. More specifically, in 

the CNS, NTS1 is expressed in both glial and neuronal cells, notably in the anterodorsal 

thalamic nucleus (ATN), the nucleus basal magnocellularis, the suprachiasmatic nucleus 

(SCN), the substantia nigra (SN), the ventral tegmental area (VTA) and the dorsal root 

ganglions of the spinal cord (Boules, et al., 2013; Kleczkowska & Lipkowski, 2013). It is 

also highly co-localized with dopamine (DA) neurons in the ventral mesencephalon, and 

modulates dopaminergic transmission through the formation of NTS1-D2R heterodimers. 

In the periphery, NTS1 is distributed throughout the small intestine, mainly in the 

duodenum and the distal ileum, as well as in the colonic mucosa (Azriel, et al., 2010). 

Seeing as the cardiovascular effects of systemic NT administration are believed to be 

mediated primarily by the NTS1 receptor, NTS1 expression has also been linked to the 

myocardium and to the vascular endothelium (Schaeffer, et al., 1998; Schaeffer, et al., 

1995; Tanaka, et al., 1990). Within the cell, its expression is highly localized to the 

cytoplasmic membrane, and like most GPCRs, is trafficked to the cell membrane along the 

traditional constitutive secretory pathway. Studies in COS cells have shown that, when 

stimulated with NT, 60-70% of NTS1 receptors are internalized, and tend to not be 

recycled back to the cell membrane (Chabry, et al., 1994). Before this occurs, there is 

signal transduction: as NTS1 is the most studied of the two NT GPCRs, a fair amount is 

known about its signalling, which will discussed in a further section (1.3.2).  
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The low-affinity NT receptor, NTS2, shares 64 % amino acid homology with NTS1, 

as well as a highly-conserved extracellular NT binding pocket. Structurally, NTS2 

possesses a shorter extracellular N-terminal tail, and longer intracellular ICL3 and C-

terminal sequences than NTS1. The human receptor protein is 416 amino acids long and 

has a mass of 45,4 kDa (Vincent, et al., 1999). In terms of distribution, the NTS2 receptor 

is confined to the CNS, and has seemingly little to do with NT’s peripheral actions. Within 

the CNS, it presents with a distribution pattern that is more diffuse than for NTS1. 

Immunohistochemical studies in the rat brain have revealed that NTS2 is expressed in 

regions that are highly innervated by the neurotensinergic system, such as the olfactory 

bulb, the magnocellular preoptic nucleus, the amydaloid complex, the ATN, the SN, the 

VTA, as well as in several nuclei that are critical in nociceptive processing (the 

periaqueductal gray, dorsal raphe, pars alpha, etc.) (Sarret, et al., 2003). Also, NTS2 is 

expressed in non-NT innervated regions, such as the cerebral cortex, the hippocampus and 

the cerebellum. At the spinal cord level, NTS2 is expressed in DRGs and in the dorsal horn. 

Intriguingly, at the cellular level, a critical difference seems to exist between NTS1 and 

NTS2 in terms of their localization, which has been suggested in a study by Perron, et 

al.,(2006) and from experiments performed in our own laboratory. While NTS1 is highly 

expressed at the cellular membrane, NTS2 seems to be majoritively expressed in the 

intracellular compartments, and co-localizes with the Golgi apparatus and the trans-Golgi 

network. It also seems to undergo an atypical mode of receptor trafficking. Because of this, 

it has been difficult to establish a clear idea of NTS2’s signalling, which is much more 

controversial in the literature than for NTS1. Depending on the receptor species studied and 

the cell line used, there are very conflictual reports of MAPK phosphorylation, Ca2+ or IP3 

production; in some cases, compounds theretofore considered antagonists, such as 

levocabastine or SR46892, seemed to produce an agonist effect, while NT produced none 

(Mazella & Vincent, 2006). In our own laboratory, we have encountered marked 

difficulties at establishing functional in vitro assays to characterize the signalling pathways 

engaged by NTS2 activation.   

Therefore, for the study described in this thesis, we chose to focus on the NTS1 

receptor, rather than NTS2, for a variety of reasons. Notably, the signalling properties for 

this receptor are much better characterized, and we have functional in vitro assays through 
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which to assess changes in signalling; it is much more feasible to evaluate a pepducin series 

targeting NTS1, than NTS2. Also, NTS1 activation is associated with distinct physiological 

effects, both peripheral and central (analgesia, hypotension, hypothermia). Importantly, 

pepducins may represent a valuable tool to elucidate which signalling pathway(s) 

underlie(s) each of these physiological effects. In contrast, to study NTS2-mediated in vivo 

efficacy, the only recourse we currently have is to study NT- and NTS2 analog-induced 

analgesia in animal pain models. Consequently, we chose the NTS1 receptor as the target 

for this study. In light of this, the following sections center around this GPCR.  

 

 
 

 
Figure 9: Amino acid sequences of human NTS1 and NTS2 receptors 
Primary structure of the human NTS1 and NTS2 receptors. Amino acid sequences were found and aligned 
using the Clustal Omega program on the Uniprot database website (ref. P30989 for NTS1, O95665 for NTS2). 
The transmembrane domains for each receptor are highlighted in cyan (blue). The intracellular domain 
sequences are represented in bold. 
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1.3.2 NTS1 receptor signalling 

1.3.2.1 NTS1 receptor signalling pathways 

Historically, NTS1 has been classified as a Gαq–coupled receptor, and is thus known 

to activate PLCβ, increase intracellular Ca2+ and IP3, and trigger the PKC cascade and 

downstream ERK1/2 phosphorylation. This has been confirmed by multiple studies in both 

neuronal and non-neuronal cell types, including Chinese hamster ovarian (CHO), human 

promyelocytic leukemia (HL-60), human colonic carcinoma (HT29), and mouse 

neuroblastoma (N1E115) cells (Skrzydelski, et al., 2003; Najimi, et al., 2002; Richard, et 

al., 2001; Choi, et al., 1999; Oury-Donat, et al., 1995; Mazella, et al., 1987; Snider, et al,. 

1986). However, many of these same studies hinted that NTS1 must also be functionally 

linked to other G proteins, as NT stimulation in both heterologous and endogenous systems 

also affected second messengers typically associated with the Gαs, Gαi/o, and Gα12/13 

proteins. For example, NT-induced cAMP production was reported in COS and CHO cells 

transfected with human or rat NTS1 (Richard, et al., 2001; Yamada, et al., 1993) and in 

human pancreatic cancer (MIA-PaCa2) cells (Ishizuka, et al., 1993), indicative of Gαs 

activation. Conversely, cAMP inhibition was reported in N1E115 cells, associated with 

Gαi/o activity (Oury-Donat, et al., 1995; Bozou, et al., 1986). This was corroborated by 

other groups who determined that NT-induced G protein activation could be inhibited by 

the pertussis toxin (PTX), as determined by [35S]-GTPγS binding (a distinguishing feature 

of Gαi/o proteins being that they are PTX-sensitive) (Najimi, et al., 2002; Gailly, et al., 

2000). Another study performed in human U373 glioblastoma cells suggested that NT-

treated cells had higher Rho GTPase activity, a downstream marker of Gα12/13 activation. It 

should, however, be noted that all three receptor subtypes are expressed in these cells 

(Servotte, et al., 2006). Still, it constituted a first hint that Gα12/13 proteins may be involved 

in NTS1-mediated signalling. These studies focusing on the NT-induced production of 

downstream second messengers were, as a whole, indicative of NTS1 being functionally 

coupled to a much broader range of G proteins than was initially supposed.  

In 2017, our own team confirmed this by publishing a study in which we investigated 

the signalling signature of NTS1 in CHO cells stimulated with the endogenous ligands NT, 

NT(8-13) and NN (Besserer-Offroy, et al., 2017). Using BRET-based biosensors able to 
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directly measure the dissociation of the Gα and Gγ protein subunits, we demonstrated that 

NTS1 could activate each of the Gαq, Gαi1, GαoA and Gα13 proteins with an EC50 in the 

nanomolar range, in our cellular model (Figure 10).  

 

 

 

 
Figure 10: NTS1-mediated G protein activation 
BRET-monitored dissociation of Gαq, Gαi1, GαoA and Gα13 proteins induced by NT (blue), NT(8-13) (red) or 
NN (green) in CHO-hNTS1 cells, measured 10 minutes post-stimulation. Data represent mean ± S.E.M. of at 
least three experiments, in triplicate. Figure reproduced from Besserer-Offroy, et al., (2017), with permission.  
 

 

Furthermore, we showed evidence of NTS1-mediated cAMP production, IP1 

production and ERK1/2 phosphorylation. A significant portion of the study was devoted to 

verifying the origins of these second messenger cascades, especially for ERK1/2, using a 
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variety of inhibitors. For example, using a Gαq blocker called UBO-QIC, we confirmed that 

the NT-induced cAMP production was not Gαq-dependent, which had been previously 

suggested, but is almost certainly a direct result of Gαs activation. Also, while ERK1/2 

phosphorylation was partially blocked by UBO-QIC and by the PKC inhibitor Gö6983, 

suggesting that Gαq is at least partially responsible for the ERK1/2 cascade, it was 

completely abolished by PTX. This highlighted an important role for Gαi/o proteins in 

NTS1-linked ERK1/2 signalling. 

Finally, we demonstrated that NT and NT(8-13) could promote the recruitment of 

both β-arrestin 1 and β-arrestin 2 to the NTS1 receptor, using RlucII-β-arrestin-1, RlucII-β-

arrestin-2 and hNTS1-GFP10 BRET constructs. In light of the fact that NTS1 recruits both 

β-arrestin 1 and β-arrestin 2 with high affinities, it can be classified as a class B type 

GPCR, and must thus be trafficked into lysosomes for degradation, following receptor 

internalization, which agrees with previous reports. Also, in this cellular model, ERK1/2 

phosphorylation does not seem to be a result of β-arrestin-mediated signalling, as it is 

unaffected by the treatment of dynasore (an inhibitor of dynamin-mediated receptor 

endocytosis). 

Thus, our group proposed the following signalling scheme for the hNTS1 receptor, 

for our CHO-K1 cellular model (Figure 11). 
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Figure 11: Neurotensin type 1 receptor (NTS1) signalling scheme 
Following activation of the hNTS1 receptor in CHO cells by NT or NT(8-13) orthosteric binding, the receptor 
activates the Gαq, Gαs, Gαi1, GαoA and Gα13 protein signalling pathways and recruits β-arrestins 1 and 2. 
This translates into increases in intracellular IP1 (Gαq) and cAMP (Gαs) concentrations, and in ERK1/2 
phosphorylation (via both the Gαq and Gαi/o proteins). Here, the stimulatory pathways are shown in green, 
whereas the inhibitory pathways are shown in red. Figure modified from Besserer-Offroy, et al., (2017). 
Reproduced with permission. 
 

1.3.2.2 Roles of the intracellular loops in NTS1 signalling 

 While it is known that the NTS1 receptor may activate the Gαq, Gαs, Gαi1, GαoA 

and Gα13 proteins and recruit β-arrestins, and that, as for all GPCRs, this is due to chemical 

interactions between the intracellular domains and the aforementioned cellular effectors, 

our understanding of these interactions remains incomplete. In particular, the roles of the 

different intracellular loops and of the C-terminal tail in NTS1 signalling have not yet been 

fully described, although considerable strides in that direction have been taken. 
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For example, in 1994, Yamada and colleagues demonstrated that the ICL3 domain of 

the rat NTS1 receptor was critical for Gαq/11 (but not Gαs) coupling in CHO-K1 cells 

(Yamada, et al., 1994). They did so by generating rNTS1 mutants with deleted ICL3 amino 

acid sequences, and by showing that, while IP1 production for these mutants was either 

completely abolished or severely impaired (depending on the amino acid sequence deleted), 

their ability to promote cAMP production remained unaffected. Interestingly, receptor 

internalization was also unaffected, suggesting that β-arrestin recruitment does not involve 

the ICL3 domain, either. 

 Subsequently, Najimi and colleagues (2002) evaluated the role of the C-terminal tail 

in G protein coupling, again in CHO cells, with the use of rNTS1 mutants containing 

truncated C-terminal sequences. Here, they found that, although their truncations did not 

affect IP1 production (and thus, Gαq/11 activation), they severely impaired the NT-mediated 

increase in PTX-sensitive [35S]GTPγS binding, as well as arachidonic acid production (a 

downstream effector of Gαi/o protein activation). Collectively, these results confirmed that 

the proximal region of NTS1’s C-terminal tail was required for Gαi/o coupling. They further 

showed that the rate of receptor internalization was decreased with these mutants, which 

suggests that the C-terminal domain may also be critical for β-arrestin recruitment. Finally, 

a second study with one of the C-terminal-truncated rNTS1 mutants also confirmed that 

cAMP production (and thus, Gαs coupling) in CHO cells was abolished as a result of the 

deletion (Skrzydelski, et al., 2003).  

 Thus, we know that NTS1’s ICL3 and C-terminal domains play critical roles in its 

ability to signal via Gαq/11 , and Gαi/o and Gαs, respectively. In comparison, the roles of the 

other intracellular domains (ICL1 and ICL2) in NTS1 signalling are unknown, as are the 

domains involved in Gα13 coupling. One potential outcome of applying pepducin 

technology to the study of the NTS1 receptor may be to help clarify these interactions 

between intracellular domains and cellular effectors. 

 

1.3.3 NTS1 receptor homo- and heteromerization 

 Like many GPCRs, NTS1 can also assemble into dimeric or multimeric complexes, 

which may significantly impact its signalling and function. NTS1’s ability to 
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homodimerize, in particular, was demonstrated by White and colleagues, where the authors 

performed radioligand binding experiments on purified NTS1 receptors in detergent 

solutions (White, et al., 2007). As they increased the concentration of the NTS1 receptor, 

they found clear indications of positive cooperativity (the binding of NT to one receptor 

unit affects its binding to a second) and thus, receptor homomerization. They subsequently 

analyzed the hydrodynamic properties of the receptor-detergent complex, using size 

exclusion chromatography, light scattering, refractive index and UV measurements. 

Interestingly, their data seemed to suggest that, at micromolar concentrations at least, NTS1 

exists principally as a dimer, and does not form higher-order complexes. Furthermore, it 

appears that the receptor transitions from monomers into dimers between 2 nM and 20 nM 

concentrations, at least in a low detergent solution.  

Certain of these findings were also corroborated by a study which examined NTS1 

homomerization in a reconstituted membrane system, using FRET (Harding, et al., 2009). 

Again, their FRET experimental data fit more closely with a dimeric model of NTS1, than 

trimeric or tetrameric models. Additionally, they observed FRET in brain polar lipid 

liposomes, and found that it varied independently of NT, suggesting that this dimerization 

is constitutive and not ligand-dependent. Finally, a study using a computational approach 

suggested that, most likely, this interaction involves the TM1, TM2 and TM4 domains of 

the NTS1 receptor (Casciari, et al., 2008). 

Furthermore, it seems that NTS1 is not only able to self-assemble into homodimers, 

but may also form heteromers with other receptors. Notably, it has been reported to 

assemble with the other neurotensinergic GPCR, NTS2 (Hwang, et al., 2010; Perron, et al., 

2007). This was demonstrated in transfected COS-7 and HeLa cells by co-

immunoprecipitation. It was also discovered that co-expression of NTS1 with NTS2 

reduced its cell-surface expression, and led to greater proportion of NTS1 being retained in 

the intracellular compartments (Perron, et al., 2007). Although this heteromerization 

appears to not significantly impact NTS1’s ERK1/2 signalling, or its internalization 

induced by NT, it does suppress cell surface expression, PKA and PKC activation, as well 

as IP1 production (Perron, et al., 2007; Hwang, et al., 2010). Thus, it seems that 

heteromerization with NTS2 principally alters NTS1’s trafficking and distribution 

throughout the cell, and inhibits certain of its signalling pathways.  
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Also, as NT is known to modulate dopaminergic transmission in the brain, it may 

come as no great surprise that NTS1 can also form heteromers with the D2L dopamine 

receptor, where its presence can negatively impact the binding of dopamine agonists 

(Koschatzky, et al., 2011), as well as the activation of the Gαi/o signalling pathway, but 

increases ERK1/2 signalling (Borroto-Escuela, et al., 2013). In the striatum, NTS1’s 

selective inhibitory effect on D2R signalling may actually create a bias in dopamine 

transmission, by enabling the emergence of D1R, rather than D2R, signalling (Fuxe, et al., 

2014). Other studies have indicated that NTS1 may also heteromerize with the apelin 

receptor (Bai, et al., 2014) and with the kappa opioid receptor (Liu, et al., 2016).  

 

1.3.4 Physiological effects linked to NTS1 activation 

 As was previously mentioned, NT administration has been found to produce 

numerous and varied effects, both central and peripheral, including hypotension, 

hypothermia, and, what we find particularly interesting, antinociception. In trying to 

decipher which of these effects were due to NTS1 or NTS2 activation, respectively, the 

NTS1-selective analog PD149163 has been extremely useful, and has often been 

administered in combination with the SR48692 antagonist, or in NTS1 knock-out animals. 

Thus, it seems that NTS1 activation is responsible for most of NT’s peripheral effects 

(hypothermia, hypotension, hypolocomotion, ileum relaxation, gastrointestinal motility and 

decreased feeding behaviour), as well as part of its analgesic effects (Feifel, et al., 2010; 

Remaury, et al., 2002; Pettibone, et al., 2002). 

 

1.3.4.1 Analgesia 

 The analgesic properties of NT are particularly interesting to our team, as we 

recognize that pain represents an important medical and socioeconomical issue, and that 

certain types of chronic pain, such as neuropathic or cancer pain, are particularly 

challenging to treat. Indeed, according to estimates provided by the International 

Association for the Study of Pain (IASP), 20% of the world-wide adult population suffers 

from chronic pain, and these numbers hold for children and adolescents, as well (Landry, et 

al., 2015). Indeed, reports indicate that pain is the most common reason for seeking health 
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care in Canada and the United States, and that current pain management techniques remain 

suboptimal (Todd, et al., 2007). Evidently, there is a need to develop treatments which 

could better cater to the needs of chronic patients, and an NT-based analgesic may 

represent a novel pharmacological solution.  

That NTS1 participates in NT’s pain-relieving actions is now evident, although it was 

once thought that these were primarily mediated by the NTS2 receptor. This was in part 

due to conflicting reports regarding NT-mediated analgesia in NTS1 knock-out mice. A 

study by Remaury, et al., (2002) showed that the analgesia produced by i.c.v. injections of 

NT in mice was not affected by the knock-out of the NTS1 gene, in a writhing test induced 

by phenyl-p-benzoquinone. In the same year, however, another study had been published 

showing that the NTS1 knock-out in mice abolished NT-induced thermal analgesia, in a 

hot-plate test (Pettibone, et al., 2002). Since then, NTS1 has been linked to analgesia in 

various models and for many different types of pain. In acute pain models, such as the tail-

flick assay, the SR48692 antagonist (reported to bind NTS1 with more affinity than NTS2) 

has been shown to inhibit NT (or PD149163)-induced antinociception (Buhler, et al., 2005; 

Smith, et al., 1997). In a study evaluating persistent pain (formalin model), it was shown 

that rat painful behaviours were attenuated, in a dose-dependent manner, by intrathecal 

injection of PD149163, and that this could again be reversed by SR48692 co-administration 

(Roussy, et al., 2008). Similar results were obtained in a much more intensive, neuropathic 

chronic pain model, the chronic constriction injury (CCI) model (Guillemette, et al., 2012). 

This pain model involves a surgery where loose ligatures are wound around the rat’s sciatic 

nerve, after which the rat develops mechanical allodynia (sensitivity to non-nociceptive 

mechaninal stimuli) and thermal hyperalgesia (increased sensitivity to nociceptive thermal 

stimuli). As spinal injection of PD149163 significantly reduces both, it appears that NTS1 

activation may produce analgesic effects even in intensive chronic pain states.  

 

1.3.4.2 Hypotension 

 Given that NT was first reported as a novel hypotensor, it may not be surprising that 

some of its most marked peripheral effects in animals are cardiovascular. These have been 

shown to be extremely varied. Other than hypotension, NT’s cardiovascular effects include 

accelerated heart rate, increased myocardial contractility, reduced gastrointestinal and 
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adipose blood flow, and both contractile and dilatory effects on the musculature of various 

blood vessels, as reviewed by Oleg Osadchii in 2015 (Osadchii, 2015). However, certain of 

these effects vary depending on the species studied. 

 NT’s hypotensive effects, in particular, have been demonstrated by multiple studies 

in the rat (Di Paola and Richelson, 1990; Rioux, et al., 1982; Chahl and Walker, 1981). 

That these effects are mediated by NTS1 alone is supported by the fact that the SR48692 

antagonist, which binds NTS1 more readily than NTS2, abolishes these effects (Gully, et 

al., 1996), and that NTS2-selective compounds, such as NT79, do not produce these drops 

in blood pressure (Boules, et al., 2010). Also, NTS2 is only very poorly expressed in the rat 

myocardium and peripheral tissues (Chalon, et al., 1996). A 2012 study further confirmed 

that the blood pressure effects are almost certainly peripherally-mediated, as sections of the 

vagal nerve had no impact on NT’s drop in blood pressure (Kaczynska & Szereda-

Przestaszewska, 2012). Finally, it appears that the mechanisms underlying this drop in 

blood pressure may be due to NT-induced histamine release, as this effect no longer occurs 

when NT is co-administered with H1-histamine receptor antagonists (Gully, et al., 1996; 

Rioux, et al., 1982). 

In terms of developing an NT-based analgesic, it is evident that the hypotensive 

effects of NT represent an undesirable side-effect we would seek to inhibit. However, while 

we know that NTS1 activation produces these physiological effects, and although we have 

a fair understanding of NTS1 signalling in in vitro models, very little data exists to link the 

two. In order to make developing an NT-analgesic a reality, a better understanding of the 

link between NTS1’s signalling and its roles in NT’s physiological effects is required, and 

thus, there is a need for better investigative tools into GPCR signalling and function. 

 

1.4 Hypothesis & objectives 

As I hope has been made abundantly clear, G protein-coupled receptors represent an 

important, and still under-utilized, protein target class in drug discovery. Among the new 

and innovative approaches developed to better exploit their therapeutic potential, cell-

penetrating pepducins which target the intracellular face of GPCRs are an especially 

intriguing option. In a research setting, their ability to selectively distinguish between 

receptor subtypes and to allosterically modulate GPCRs in a manner that is distinct from 
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the native ligand, in particular, make them promising tools to investigate GPCR signalling 

and function. Notably, this receptor subtype selectivity may also offer distinct therapeutic 

advantages, as pepducins could potentially target only those receptor subtypes associated 

with favourable therapeutic outcomes. Their allosteric nature may also be of great value in 

the treatment of diseases; by stabilizing heretofore unknown GPCR conformational states, 

they may result in an expanded pharmacology, and thus enable more textured GPCR 

modulation. However, as relatively few GPCRs have been targeted by pepducins to date, 

and as many aspects of the pepducin mode of action are still poorly understood, there is a 

need to validate the pepducin approach in new receptor systems, and to further characterize 

pepducin-mediated actions.  

The study described here aimed to rectify this, precisely. In light of the ideal set-up 

we have in our laboratory to characterize both in vitro and in vivo changes in NTS1-

mediated effects, and in recognition of the fact that NTS1 had not yet been targeted by 

pepducins, we chose the NTS1 receptor as a prototype from which to design, synthesize 

and characterize a new pepducin series. It was our belief that these pepducins could provide 

us with valuable information concerning the behaviour of pepducins, in general, and the 

signalling and function of the NTS1 receptor, in particular. 

Strictly stated, the main objective of this study was therefore to validate the use of 

pepducins as tools to investigate GPCR activity, using the human neurotensin 1 receptor as 

a new receptor template. Moreover, we hypothesized that a pepducin series based on the 

first intracellular loop of the NTS1 receptor would allosterically modulate its activity, and 

thereby participate in the cellular and physiological effects linked to NTS1 activation. To 

test this hypothesis, we evaluated the behaviour of such a pepducin series in a number of 

biological assays designed to measure NTS1-mediated cellular effects. The experimental 

objectives of this study were as follows:  
 

• Aim 1: To characterize pepducin-induced whole-cell integrated responses  

• Aim 2: To establish pepducin signalling signatures, following NTS1 activation 

• Aim 3: To assess the pepducins’ impact on NTS1 receptor homomerization 

• Aim 4: To assess the pepducins’ impact on NT receptor binding 
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As this project constituted a first validation of this pepducin series, we limited ourselves 

to characterizing their cellular effects. However, an important continuation of this project is 

to investigate pepducin behaviour in in vivo models measuring NTS1-linked physiological 

effects, as well. 
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MATERIALS AND METHODS 

2.1 Materials 

In order to perform the experiments described in this thesis, we obtained neurotensin 

1-13 (NT(1-13)) from R & D Systems, Inc. (Minneapolis, MN, USA), and synthesized the 

compounds NT(8-13), PP001-PP005, NP001 and PPSCR at the peptide synthesis facility of 

the Université de Sherbrooke. Protected amino acids and TentaGel R-RAM resins were 

obtained from ChemImplex International (USA). All other chemicals and reagents involved 

in peptide and pepducin synthesis were obtained from Sigma-Aldrich (Canada) or Fisher 

Scientific (USA). Coelenterazine 400A was purchased from Gold Biotechnology Inc. (St. 

Louis, MO, USA), for the BRET experiments. DMEM-F12, HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), penicillin-streptomycin-glutamine, fetal bovine serum 

(FBS), gentamycin G418, phosphate-buffered solution (PBS), Hank’s balanced salt 

solution (HBSS), trypsin + EDTA 0,25 % were all obtained from Wisent (St. Bruno, QC, 

Canada). Opti-MEM was bought from Invitrogen (Burlington, ON, Canada).  

 

2.2 Pepducin synthesis 

Ultimately, our research team designed an ICL1-based pepducin series consisting of 

five main pepducins (PP001-PP005), a non-palmitoylated control (NP001) and a pepducin 

with a scrambled peptide sequence (PPSCR). The specific amino acid sequences are found 

in Table 3 (section 3.1).  

The peptide chains for each of the pepducins in this series were synthesized on a 0,25 

mmol scale using manual solid phase peptide synthesis. To perform these syntheses, our 

team used TentaGel R-RAM resins with a loading capacity of 0,19 meq./g, FMOC-

protected amino acids, and the reagent HATU (1-[Bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate) for  peptide coupling. In 

preparation for peptide synthesis, the protected amino acids were dissolved in the 

dimethylformamide (DMF) solvent (0,2 M). Both the activator HATU solution and the 

activator base, diethylisopropylamine (DIPEA), were prepared in DMF (0,45 M and 2 M, 

respectively), as well. The first step in the peptide synthesis was to transfer the 0,25 mmol 
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resin, with 20 mL DMF, to the reaction vessel. The solvent was subsequently filtered and 

the resin received 3 cycles of consecutive DMF (25 mL) and dichloromethane (DCM, 20 

mL) washes. We then allowed time for the resin to swell (approximately 5 minutes), before 

it was subjected, twice, to 15 mL of de-protection solvent (50 % piperidine : DMF) with 

10-minute agitation periods. The solution was then filtered, and the resin received 3 cycles 

of consecutive isopropanol (IPr, 10 mL) and DCM (10 mL) washes. We then added the first 

FMOC-protected amino acid to the resin (5 eq.), followed by the activator HATU solution 

(5 eq., in DMF). Finally, we added 10 eq. of the activator base (DIPEA, in DMF). The 

reaction vessel was then shaken for 2 hours at room temperature. The de-protection and 

amino acid coupling steps were repeated until all of the amino acids were added, and the 

full peptide sequence was synthesized. In this context, the de-protection step served to rid 

each amino acid of its FMOC protection, thereby unveiling the amine group for coupling 

with the next amino acid in the peptide chain. Importantly, in solid phase peptide synthesis, 

the amino acids are added to the resin in the C-terminal to N-terminal order.   

In the case of the non-palmitoylated control, NP001, the peptide was immediately 

cleaved from the resin upon sequence completion, and purified. For the pepducins, 

however, the synthesis required a few additional steps, in order to couple the palmitic acid 

to the N-terminal end of the peptide sequence. For these pepducins, the resin was again 

submitted to the FMOC de-protection steps, and then dried with ethyl ether. Five eq. of 

palmitic acid, dissolved in an anhydrous NMP/DCM mix (1:1), were then added to the 

resin, followed by 5 eq. of the activator HATU, in its powdered form. Finally, 10 eq. of the 

activator base (DIPEA, in DMF) were added, and the reaction vessel was shaken overnight 

at room temperature. Before the final cleavage and purification steps, the resin received 3 

cycles of consecutive IPr (10 mL) and DCM (10 mL) washes.  

Finally, the resulting peptides or pepducins were cleaved from the resin and purified. 

First of all, the filtered resin was dried with ethyl ether, and transferred into a 50 mL tube. 

A de-protection cocktail consisting of trifluoroacetic acid (TFA), triisopropylsilane (TIPS) 

and water, at a TFA : TIPS : H2O ratio of 95 : 2,5 : 2,5, was added to the resin; this served 

to rid the pepducins of all FMOC and lateral chain protections. The resin was left to agitate 

for 4 hours. The solution was then filtered through a medium-porosity Büchner funnel, 

isolated and triturated with 40 mL of cold tert-butyl methyl ether (TBME). It was 
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subsequently transferred to a new 50 mL tube and centrifuged for 5 minutes at 6000 rpm, 

until an observable pellet was obtained. We removed the filtrate by decanting, dissolved the 

pellet in a mix of water and acetonitrile (ACN), and lyophilized to a powder. A sample of 

the crude pepducin was then re-dissolved in ACN (0,3 mL) and water (0,7 mL), aided by 

ultra-sonication. Five µL of this solution were then injected onto the UPLC/MS for analysis 

(Waters UPLC system coupled with a SQ detector 2 and a PDA eλ detector, coupled to an 

Acquity UPLC BEH C18 column, 2,1 mm X 50 mm, 1,7 µm spherical size). If the 

searched-for MW was displayed by the UPLC/MS, usually represented as [M+2]/2 or 

[M+3]/3, the compound was purified by MS-triggered HPLC (Autosampler 2707, 

quaternary gradient module 2535, UV detector 2489, fraction collector WFCIII, from 

Waters), using a C18 column (250 mm X 21,2 mm, 5 µm spherical size). The crude 

pepducin (30-60 mg) was dissolved in 3 mL of a DMSO : ACN : H2O mix (1:1:1), again 

aided by ultra-sonication. In some cases where the compound was not fully solubilized, 

lower concentrations and multiple injections were required. The pepducin was then purified 

by injecting 900 µL of the solubilized compound onto the C18 column; desired fractions 

were combined and lyophilized. In certain cases, water was added to approximate a 1,5 : 1 

ratio of ACN : H2O, depending on the compound’s elution rate. The lyophilized pepducins, 

typically retrieved with 95 % purity, were then dissolved in 100 % DMSO. Stock solutions 

were prepared for biological assays at 10 or 100 mM concentrations.    

 

2.3 Plasmid constructs 

For the biological assays described in this thesis, cells were transfected with cDNA 

plasmids encoding for hNTS1, hNTS1-RlucII, hNTS1-GFP10, GαoA-RlucII, Gα13-RlucII, 

Gβ1, GFP10-Gγ1, and RlucII-β-arrestin 1 or 2. To do so, the hNTS1 and Gβ1 plasmids were 

purchased from the Missouri S & T cDNA Resource Center (Rolla, MO, USA). The GαoA-

RlucII, Gα13-RlucII, GFP10-Gγ1, RlucII-β-arrestin 1 or 2 plasmids, as well as the fusion 

vector pIREShygro3-GFP10, were provided by Dr. Michel Bouvier (Department of 

Biochemistry and IRIC, Université de Montréal, Montréal, QC, Canada), as a member of 

the CQDM team (Drs. M. Bouvier, T. Hébert, S.A. Laporte, G. Pineyro, J.-C. Tardif, E. 

Thorin and R. Leduc). The hNTS1-GFP10 construct, previously described by our team 

(Demeule, et al., 2014), was created by inserting the hNTS1 sequence into the 
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pIREShygro3-GFP10 vector with the use an InFusion advantage PCR cloning kit (Clontech 

Laboratories, Mountain View, CA, USA), so as to be expressed in a C-terminal position. 

For the purposes of this specific study, the construction of an hNTS1-RlucII plasmid 

was also required. To construct this plasmid, the complete coding sequence of hNTS1 was 

amplified by PCR (without its stop codon), using the hNTS1 construct as a template and 

the following primers synthesized by IDT DNA Technologies (Coralville, Iowa, USA): 

     Forward: 5'- GGA TTC GAA TTC AGG GAT CCA TGC GCC TCA ACA GCT CCG CGC -3'    

     Reverse: 5'- GTA CCG GCG CTT CCG GAT CCG TAC AGC GTC TCG CGG GTG GCA TTG CT -3' 

The amplified hNTS1 sequence was then inserted into a pIRES-Puro-3-RlucII vector 

and fused at the receptor C-terminus, in frame to the coding sequence of the humanized 

RlucII. This was done using the same InFusion advantage PCR cloning kit as mentioned 

previously, according to the manufacturer’s recommendations. This required treating the 

PCR hNTS1 fragment with Cloning Enhancer and linearizing the pIRES-Puro-3-RlucII 

vector through enzymatic digestion with the BamH1-HF restriction enzyme (New England 

Biolabs, Whitby, ON, Canada). The In-Fusion reaction was performed with the linearized 

vector, the purified PCR product, the In-Fusion buffer and enzyme for 15 minutes at 50oC, 

and 30 minutes at 37oC. 

All constructs were verified by DNA sequencing, at the “Plateforme de séquençage et 

de génotypage des génomes” of the CRCHUL in Quebec city. 

 

2.4 Cell culture and transfections 

The biological assays used to characterize the in vitro behaviour of our pepducin 

series were performed with Chinese Hamster Ovarian (CHO-K1) cells, which represent an 

extremely robust cell line that is easy to transfect and thus, experimentally advantageous. 

Importantly, the signalling signatures of NTS1-binding ligands in our laboratory have all 

been characterized exclusively in this cell line. The cells were cultured in a DMEM-F12 

medium containing 20 mM HEPES, 10 % FBS, and penicillin (100 U/mL)-streptomycin 

(100 µg/mL)-glutamine (2 mM) (PSG). They were maintained at 37oC and 5 % CO2, in a 

humidified atmosphere. CHO-K1 cells stably expressing hNTS1, purchased from Perkin 

Elmer (Montréal, Qc, Canada), were also cultured in the same conditions as above, but 

further supplemented with 0,4 mg/mL of G418. Many of our cellular assays required the 
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transfection of cDNA plasmids, for transient expression of the recombinant proteins 

indicated above (2.3). Unless otherwise specified, the procedure was as follows: 1,5 x 106 

cells were seeded onto 100 mm2 cell culture dishes, and, twenty-four hours later, received a 

total of 12 µg cDNA, prepared in Opti-MEM serum along with the transfection agent 

polyethylenimine (PEI) at a 3:1 ratio (PEI : DNA).  

 

2.5 Label-free whole-cell integrative response assays 

In this study, assays were performed measuring whole-cell integrative responses to 

pepducin stimulation. For this type of experiment, we did not use molecular biosensors to 

measure the activation of a particular signalling pathway, or to determine specific protein-

protein interactions. Rather, the cell population itself was the sensing element; we seeked to 

characterize a response which results from the integration of a variety of cellular and 

molecular events. A very significant advantage to these assays is that they are label-free; 

they do not require the transfection of tagged proteins which may impact the cell’s natural 

behaviour.  

 

2.5.1 Surface plasmon resonance (SPR) cellular assay 

We monitored the global response of living cells to molecular stimuli (our pepducin 

series) by surface plasmon resonance (SPR). SPR refers to charge-density oscillations 

which occur at the interface of a metal (such as gold) and a dielectric material (such as the 

cell membrane) when stimulated by incident light. This optical sensing method has been 

applied to live cells, where it has been shown that SPR is effective at detecting mass 

changes occurring in the basal portion of a cell monolayer. These changes may be 

indicative of events such as cytoskeleton remodeling, cell spreading, and cell-cell or cell-

substrate adhesion or tension (Cuerrier, et al., 2008; Chabot, et al., 2009). 

To perform these experiments, CHO cells stably expressing the hNTS1 receptor (or 

CHO K1 wild-type cells) were seeded at a density of 100 000 cells/cm2 onto 60 mm petri 

dishes containing the SPR substrate, two days before detection. This substrate was prepared 

by depositing chromium (3 nm) and gold layers (48 nm) onto standard glass microscope 

slides that were previously cleaned in piranha solution (sulfuric acid and hydrogen peroxide 
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3:1) to remove any contaminants. The metal deposition was performed under vacuum 

(BOC Edwards evaporator, model: AUTO 306). This substrate was further coated with 

poly-L-lysine before cell seeding, to promote cellular adhesion. The cells were serum-

starved the following day. Once the cells reached 90 % confluency, as evaluated on the 

third day by contrast microscopy, they were washed twice with L15 medium and 

transferred to a custom-built SPR apparatus, schematized below in Figure 12.   

 

 
Figure 12: Principle of surface plasmon resonance (SPR) cellular assay 
Cells are seeded onto a glass/gold/poly-L-lysine slide, which is subsequently placed onto a BK7 coupling 
prism. A 4mW laser is reflected off the gold surface and passed through a motorized linear polarizer. The 
reflectance of the laser is acquired by photodetector. Detectable variations in reflectance occur when the 
response of a cell population to molecular stimuli includes mass changes in the basal portion of the cell layer. 
These changes are indicative of cellular activity, and may result from events such cytoskeleton remodeling, 
cell spreading, cell-cell or cell-substrate adhesion or tension. The SPR trace which results from this experiment 
may serve as a method of profiling compounds. Figure adapted from Chabot, et al., (2009). Reproduced with 
permission. 
 

The use of the SPR apparatus, which has been described by Chabot, et al.,(2009) and 

Cuerrier, et al.,(2008), involved placing the samples onto a BK7 coupling prism (refractive 

index of 1,515 at 635 nm, Melles Griot, USA), coated with a layer of refractive index 

matching fluid (Cargille Laboratories, New Jersey, USA). A Teflon chamber was placed on 

top of the sample, allowing the cells to be kept in HBSS solution at 37oC. A 4 mW 

stabilized laser centered at a wavelength of 635 nm (Thorlabs, Inc., USA) was reflected off 

the gold surface of the substrate, and passed through a linear polarizer (Thorlabs, Inc., 
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USA) mounted on a rotating motor (Newport Corporation, USA). The intensity of the 

polarized laser beam was measured with a biased photodetector (Thorlabs, Inc., USA) and 

the signal was acquired with a custom-developed LabVIEW control interface program. 

Before each experiment, angular scans were performed to identify the quasi-linear portion 

of the SPR coupling, from which an optimum angle for SPR detection (mid-way into the 

quasi-linear portion) was selected and manually fixed. As only p-polarization of the laser 

light is affected by surface plasmon resonance, the s-polarization was used to normalize the 

signal and remove time-dependent noise due to laser power drift and temperature 

variations. 

Once placed atop the SPR apparatus, the cells were washed once, and the medium 

was replaced with HBSS supplemented with 20 mM HEPES. After the incident angle for 

optimal SPR detection was chosen, a 10-minute baseline was established, to ensure the 

cells reached a steady state before compound administration. The CHO cells were then 

stimulated with 10 µM concentrations of NT(8-13) or of the pepducin series. Cells were 

subsequently monitored for a period of 30 minutes, and data was acquired at 1-second 

intervals. The results presented in this thesis are plotted in terms of reflectance variation 

units (RVU) over time, for which 1 RVU represents 0,1% variation in total reflectance and 

the time is measured in seconds. Data was plotted into graphs using Microsoft Excel 

software, and represents the mean ± S.E.M. of at least 6 independent experiments.  

 

2.5.2 Electric cell-substrate impedance sensing (ECIS) cellular assay 

We also monitored pepducin-induced changes in cellular activity through the use of 

electric cell-substrate impedance sensing (ECIS). This is an electrical sensing method, 

rather than an optical one, and involves measuring electrical impedance. This is defined as 

the opposition to the flow of an AC current passing through an electrical circuit. In this type 

of assay, cells are seeded onto cell culture plates containing gold-plated electrodes at the 

bottom of each well, through which a weak AC current is passed. Consequently, 

morphological (or mass) changes occurring in the electrode-adhering cell monolayer are 

mirrored by changes in electrical resistivity, as the flow of electrical current across 

(transcellular) or between (pericellular) the cells is impeded to a greater, or to a lesser, 

degree.  
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In the specific experiments described here, we used cysteine-stabilized, poly-L-

lysine-coated 96-well plates (96w20idf) obtained from Applied Biophysics (Troy, NY, 

USA). CHO cells stably expressing hNTS1 were used; a total of 36 000 cells were plated 

into each well, at a volume of 300 µL per well. The cells were serum-starved 24 hours later 

for a period of 16–18 hours, after which the cells were washed with PBS, and received 270 

µL of serum-starved media. The electrical resistance of the cell monolayer, measured at 

4000 Hz single frequency, was recorded on an ECIS Zθ instrument linked to a 96-well 

array station (Applied Biophysics, Troy, NY, USA) for a minimal period of 60 minutes 

prior to compound stimulation. This served to acquire a stable baseline before stimulation. 

Following this, the cells were stimulated with a range of NT (10-9 M to 10-6 M) or pepducin 

concentrations (10-7 M to 10-4 M, at half-log concentrations intervals). The whole-cell 

integrated responses were then monitored over a 2-3 hour period.  

The results presented in this thesis correspond to the normalized response values ± 

S.E.M. of at least 3 independent experiments, performed in duplicate. These normalized 

response values were calculated as the resistivity of the cell monolayer at each time point 

divided by the resistivity recorded immediately prior to compound stimulation, during the 

60-minute baseline acquisition period. The traces were plotted and analyzed using 

Graphpad Prism 7 software. 

 

2.6 Bioluminescence resonance energy transfer (BRET) cellular assays 

Many of the biological assays performed in this study involved the use of biosensors 

based on Bioluminesce Resonance Energy Transfer (BRET) technology. BRET is defined 

as a transfer of energy which occurs between an enzymatic donor and a fluorescent 

acceptor when these two proteins are at a distance closer than 100 Å and in a favourable 

orientation, following activation of the donor by degradation of its substrate. Multiple types 

of BRET exist (BRET1, BRET2, nanoBRET, etc.), which differ slightly depending on the 

specific donor and acceptor proteins used, as well as the coelenterazine substrate. This 

necessarily impacts the wavelengths at which donor and acceptor luminescence are 

measured, as well. A significant advantage of BRET2 compared to BRET1, for example, is 

that there is greater gap between the peak emission wavelengths of the donor and acceptor 

used (400 nm and 515 nm, versus 480 nm and 530 nm, respectively) (Denis, et al., 2012). 
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This translates into less “noise”, and a cleaner detectable signal. In all of the cellular assays 

described here, BRET2 was used; select proteins were tagged either with a Renilla 

luciferase II donor enzyme (RlucII) or with a GFP10 acceptor protein (a variant of the green 

fluorescent protein (GFP)). When the coelenterazine 400A substrate (also known as 

DeepBlueC) is applied to cells expressing the tagged proteins, it is quickly hydrolyzed due 

to the luciferase acitivity of the RlucII-tagged protein, and light is emitted at 400 nm. If the 

acceptor-tagged protein is in proximity, and in a favourable orientation, this energy is 

transferred through resonance to the GFP10-tagged protein. The acceptor, excited in turn, 

emits light at 515 nm. By comparing GFP10–associated emission to RlucII-associated 

emission, we can determine whether two proteins interact closely or not. This method can 

therefore be used to directly determine the activation of specific signalling pathways within 

a cell, or even to measure receptor homomerization.   

 

2.6.1 G protein dissociation and β-arrestin recruitment assays  

Here, we used BRET-based biosensors designed to directly measure the dissociation 

of the Gα and Gγ protein subunits (and hence, G protein activation), as well as BRET-

based biosensors designed to measure the recruitment of β-arrestins to a tagged receptor, in 

response to compound administration. The principle of these assays is described below in 

Figure 13.  
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Figure 13: Principle of BRET2-monitored G protein dissociation and β-arrestin recruitment assays 
(A) G protein dissociation assay. Cells are made to express donor-tagged Gα proteins and acceptor-tagged 
Gγ proteins. If the GPCR is inactive, the heterotrimeric G protein is intact. When the coelenterazine 400A 
substrate is applied, it is hydrolyzed by the luciferase activity associated to Gα-RlucII, and light is emitted at a 
400 nm wavelength. As the Gα-RlucII and the Gγ-GFP10 subunits are in proximity to one another, energy is 
transferred through resonance from the RlucII donor-coelenterazine complex to the GFP10 acceptor, which 
consequently emits light detected at 515 nm. In contrast, if the receptor is activated and the signalling pathway 
is engaged, Gα-RlucII dissociates from the Gβγ complex and this process does not occur. This translates by a 
reduction in GFP10–associated emission and thus, a decrease in the BRET signal. (B) β-arrestin recruitment 
assay. Cells are made to express donor-tagged β-arrestin proteins and acceptor-tagged receptor proteins. If 
there is little to no recruitment of RlucII-β-arrestin from the cytosol to the GFP10-tagged receptor, application of 
the coelenterazine 400A substrate results in high RlucII-associated emission (400 nm), but very little GFP10-
associated emission (and thus, a low BRET signal), because the donor and acceptor are far apart. However, 
as the receptor is activated and as β-arrestins are recruited from the cytosol to the plasma membrane, the 
donor and the acceptor are brought into proximity and an increase in the BRET signal is observed.  
 

2.6.1.1 Agonist mode 

These BRET biosensors were used in two distinct protocols, designed to measure 

either an allosteric agonist effect or an allosteric modulatory effect, as a result of pepducin 

stimulation. While the experimental method differed on the final day of the experiment, the 

preparation during the first 3 days was the same. First, 1,5 x 106 CHO K1 cells were seeded 

into 100 mm2 cell culture dishes, and transfected 24 hours later, according to the procedure 

described previously. In the case of the G protein dissociation assays, cells were transfected 

with either of the following biosensor couples: hNTS1, GαoA-RlucII(99), Gβ1 and Gγ-

GFP10; or hNTS1,  Gα13-RlucII(130), Gβ1 and Gγ-GFP10. In the case of the β-arrestin 

recruitment assays, cells were transfected with either RlucII-β-arrestin 1 or 2 and hNTS1-

GFP10. Cells were detached from their cell culture dishes 24 hours post-transfection using 
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trypsin-EDTA 0,25 %, and were seeded into white opaque 96-well plates (BD Falcon, 

Corning, NY, USA) at a concentration of 50 000 cells/well. On the final day of the 

experiment, 24 hours later, the newly adhered cells were washed once with 100 µL of PBS, 

and then received 90 µL of HBSS containing 20 mM HEPES.  

In the assay designed to measure an allosteric agonist effect, cells then directly 

received 10 µL of 10X NT(1-13) concentrations (final concentrations of 10-12 M to 10-6 M) 

or 10 µL of 10X pepducin concentrations (final concentrations 10-7 M to 10-4 M, at half-log 

concentration intervals), prepared in HBSS containing 20 mM HEPES. In the case of the G 

protein dissociation assays, cells were incubated at 37oC for 30 minutes, stimulated with 

coelenterazine 400A (5 µM), and read on GENios Pro plate reader (Tecan, Durham, NC, 

USA) using a BRET2 filter set (400-450 nm and 500-550 nm filters). In the case of the β-

arrestin recruitment assays, cells were instead incubated at 37oC for 50 minutes, before 

coelenterazine 400A application.  

For each well, a BRET2 ratio was determined by dividing the GFP10-associated light 

emission by RlucII-associated light emission. Values were plotted into a graph using 

Graphpad Prism 7 software, and concentration-response curves were generated using a 

three parameters non-linear regression. The data was subsequentely normalized relative to 

NT(1-13); values for non-treated cells were set as 0 % pathway activation, and those for 

cells treated with 1 µM NT(1-13) were set as 100 % pathway activation. All data represents 

the mean ± S.E.M. of three or more independent experiments, performed in triplicate. 

 

2.6.1.2 Allostery mode 

In the assay designed to measure an allosteric modulatory effect, cells were instead 

pre-stimulated for 10 minutes with fixed concentrations of 0, 1, 10, 32, and 100 µM of 

PP001, or with 0, 1, 10, and 100 µM of PP005, NP001, PPSCR or palmitate, before 

receiving 10 µL of 10X concentrations of NT(1-13) (final concentrations of 10-12 M to 10-6 

M). In the case of the G protein dissociation assays, cells were immediately stimulated with 

coelenterazine 400A (5 µM), and read on GENios Pro plate reader at 5-minute intervals for 

30 minutes, at 37oC. In the case of the β-arrestin recruitment assays, cells were first 

incubated for 20 minutes at 37oC following NT(1-13) administration, then stimulated with 
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coelenterazine 400A (5 µM), and read on GENios Pro plate reader at 5-minute intervals for 

30 minutes at 37oC. The data presented in this thesis corresponds to 30 minutes post-

coelenterazine 400A application.  

The data was calculated and plotted identically to the “agonist mode” assays, 

described earlier. For each plate reading, the data was normalized according the NT(1-13) 

values obtained at that specific time point. All data represents the mean ± S.E.M. of three or 

more independent experiments, performed in triplicate. 

   

2.6.2 Receptor homomerization assay 

Furthermore, BRET titration experiments were performed in order to determine the 

effect of pepducin administration on hNTS1 homomerization. This method is one of three 

BRET-based assays outlined by Marullo & Bouvier in their 2007 review (Marullo & 

Bouvier, 2007), and can be used to determine specific receptor-receptor interactions. As 

described in Figure 14, this experiment involves transfecting cells with a constant amount 

of donor-tagged receptor, and increasing amounts of acceptor-tagged receptor. If the 

interaction between the two receptors is specific, as in the case of GPCR homo- or 

heteromerization, the plotted curve should increase hyperbolically, and reach a plateau 

when all the donor-tagged proteins are associated with acceptor-tagged proteins. In 

contrast, if the interaction is not specific, the curve increases in a pseudo-linear fashion.  

For the BRET titration experiment described here, CHO K1 wild-type cells were 

first seeded into 6-well cell culture dishes, at 300 000 cells/well. Twenty-four hours later, 

cells were transfected using PEI for a total amount of 2,1 µg of DNA per well, 

corresponding to 100 ng of hNTS1-RlucII and 0, 50, 100, 300, 800, 1000, 1500, or 2000 ng 

of hNTS1-GFP10, completed with Salmon Sperm DNA (SSD). Cells were detached 24 

hours post-transfection using trypsin-EDTA 0,25 %, and were seeded into white opaque 

96-well plates. On the final day of the experiment, 24 hours later, the newly adhered cells 

were washed once with 100 µL of PBS, and then received 90 µL of HBSS containing 20 

mM HEPES. Cells were incubated at 37oC for 20-30 minutes, and then stimulated with 10 

µL of PP001, NP001 or PPSCR, for a final concentration of 100 µM. Cells were incubated 

for 10 minutes at 37oC, and then read on the GENios Pro plate reader at 5-minute intervals 

for 30 minutes, using the BRET2 filter set.  
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As with the other BRET assays, a BRET2 ratio was determined by dividing the 

GFP10-associated light emission by RlucII-associated light emission. Values were plotted 

into graphs using Graphpad Prism 7 software, and saturation curves were generated using 

hyperbolic one-binding-site regression. All data represents the mean ± S.E.M. of three or 

more independent experiments, performed in duplicate. 

 

 
 

Figure 14: Principle of BRET titration experiments used to determine specific receptor-receptor 
interaction 
The BRET signal is measured from cells expressing a constant concentration of a donor-tagged receptor (A-
Rluc) and increasing amounts of an acceptor-tagged receptor (B-GFP). If the interaction between the two 
receptors is specific, the BRET signal increases hyperbolically until there is saturation (all donor-tagged 
receptors are associated with acceptor-tagged receptors). If the interaction is non-specific, as in the case of a 
donor-tagged receptor and an acceptor-tagged bystander (C-GFP), the BRET signal increases linearly. The 
BRET50 value indicates the concentration ratio at which 50 % of the donor-tagged receptors and acceptor-
tagged receptors are associated, and reflects the propensity with which the interacting partners associate. 
BRETmax varies based the distance between the two receptors, and the orientation of the donor/acceptor 
molecules, among other factors. Figure modified from Marullo & Bouvier (2007). Reproduced with permission. 
 

 

2.7 Radioligand binding assay 

We further characterized our ICL1-based NTS1 pepducin series by performing 

competition radioligand binding experiments, in which “cold”, or non-radiolabeled, 

compounds were incubated with a fixed amount of the radiolabeled native ligand, in the 

presence of the target receptor. This type of experiment involves determining an IC50, the 

concentration at which the “cold” ligand may displace (or reduce) radioligand binding by 

50 %. 
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In order to perform this assay, CHO-K1 cells stably expressing hNTS1 were first 

cultured into 100 mm2 cell culture dishes. Once 70-80 % confluency was reached, the 

culture media was removed, the cells were washed with PBS, and the culture dishes were 

placed at -80oC for a minimum period of 16-20 hours. On the day of the assay, the dish was 

removed from the -80oC freezer and immediately placed in a pre-heated 37oC water bath 

for 2 minutes. Over ice, the cells were scraped and suspended into ice-cold buffer (10 mM 

Tris-HCL and 1 mM EDTA, pH 7,5), centrifuged at 3500 g for 15 minutes at 4oC, and 

resuspended into ice-cold binding buffer (50 mM Tris-HCL, pH 7,5, containing 0,2 % 

BSA), the membranes now ready-for-use.  

These membranes were then incubated for 1 hour (at room temperature) with 

increasing concentrations (10-12 M to 10-5 M) of the “cold” compounds and with a fixed 

quantity of [125I]Tyr3]-NT (Perkin Elmer, MA, USA), corresponding to a final 

concentration of 2 nM. The total incubation volume was 200 µL (120 µL of the CHO 

membranes, 40 µL of 5X “cold” compound concentrations and 40 µL of radioligand, 

prepared in cold binding buffer). Subsequently, 170 µL of the well content was transferred 

to 96-well glass fiber filter plates (Millipore, Billerica, MA) that were first presoaked in 

PEI 0,25% and incubated for 1 hour at 4oC. These filter plates were aspirated, and further 

washed 3 times with 170 µL of cold binding buffer (50 mM Tris-HCl, 0.2% BSA, pH 7,5). 

The filters were dried at room temperature and punched into tubes. Subsequently, receptor-

bound radioactivity was counted on a γ-counter 1470 Wizard (Perkin Elmer, 80% counting 

efficiency).  

Specific [125I]-NT binding was determined by substracting the values obtained from 

membranes incubated in the presence of 10-5 M of NT(8-13), the concentration at which 

NT(8-13) completely displaces [125I]-NT from the orthosteric binding pocket, and at which 

we consider the remaining bound radioactivity to be the result of non-specific binding. 

Concentration-response curves were generated using three parameters non-linear 

regression, and were normalized relative to NT(8-13). That is, values for membranes 

treated with 10-5 M of NT(8-13) were set as 0 % [125I]-NT specific binding and those for 

non-treated cells were set as 100 % [125I]-NT specific binding. All binding data was 

calculated and plotted using Graphpad Prism 7 software, and represent the mean ± S.E.M. 

of  two independent experiments, performed in triplicate. 
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RESULTS 

3.1 Pepducin design and synthesis 

For the purposes of this study, our research team designed and synthesized a series of 

ICL1-based pepducins targeting the hNTS1 receptor. The decision to base our series on 

ICL1 was two-fold. First, we recognized that, contrarily to the other intracellular loops, the 

peptide sequence of ICL1 is identical between the human, rat and mouse NTS1 receptors, 

and this posed a singular experimental advantage. In our cellular model, the cells are made 

to stably or transiently express human recombinant proteins; thus, the pepducins needed to 

be based on the human ICL sequence for our in vitro studies to be relevant. However, our 

in vivo studies are performed on rats. We concluded that findings obtained for pepducins 

based on the ICL1 sequence would be better able to translate from our cellular to our 

animal models, than for pepducins based on ICL3 or the C-terminal tail.  

 

Figure 15: ICL1 amino acid sequence of the NTS1 receptor across species 
Amino acid sequence of the NTS1 receptor’s ICL1 domain. Residues in blue are conserved across rat, mouse 
and human NTS1 receptor species. Residues in green are conserved between the NTS1 and NTS2 receptors. 
Figure adapted from Vincent, et al.,(1999). Reproduced with permission.  
 

Secondly, while ICL3 and the C-terminal tail of NTS1 have defined roles in G 

protein coupling, ICL1’s involvement in G protein signalling or β-arrestin recruitment 

remains largely unknown. Furthermore, there are comparatively few ICL1-based pepducins 

described in the literature to date. All in all, we considered that there was more valuable 

information to gain by using the ICL1 peptide sequence as a template. 

Ultimately, the pepducin series we designed included five main pepducins (PP001-

PP005), a non-palmitoylated control (NP001) and a pepducin with a scrambled peptide 

sequence (PPSCR). The peptide sequence for the first pepducin in our series, PP001, 

corresponds to the full 14 amino acid sequence of the ICL1 domain of the human NTS1 
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receptor, as defined on the Uniprot website (Ref: P30989). For the following pepducins in 

our series, PP002-PP005, this peptide sequence was sequentially truncated by two C-

terminal amino acids. Hence, PP005, the shortest pepducin in our series, has only 6 amino 

acids in its peptide sequence. It was intended that, among these progressively shorter 

pepducins, we might be able to identify a minimal biologically-active fragment. 

Furthermore, in drug discovery, smaller molecules, described as “drug-like”, are often 

privileged. The specific amino acid sequences for this pepducin series are found in Table 3.  

 

Table 3: Peptidic sequences of NT and ICL1-based NTS1 pepducin series 
COMPOUND SEQUENCE 

NT(1-13) H2N– E L Y E N K P R R P Y I L –COOH 

NT(8-13) H2N– R R P Y I L –COOH 

PP001 Palmitoyl– A R K K S L Q S L Q S T V H –CO-NH2 

PP002 Palmitoyl– A R K K S L Q S L Q S T –CO-NH2 

PP003 Palmitoyl– A R K K S L Q S L Q –CO-NH2 

PP004 Palmitoyl– A R K K S L Q S –CO-NH2 

PP005 Palmitoyl– A R K K S L –CO-NH2 

NP001 H2N– A R K K S L Q S L Q S T V H –CO-NH2 

PPSCR Palmitoyl– L V Q R L T A K S S K Q H S –CO-NH2 
 

We then proceeded to characterize the in vitro behaviour of our pepducin series, by 

studying a variety of cellular effects linked to hNTS1 activation.  

 

3.2 Pepducin-induced whole-cell integrated responses  

As an initial means of verifying that our pepducins were biologically active and could 

effectively target the hNTS1 receptor, we performed cellular assays designed to monitor a 

global, often-termed “phenotypical”, response of a cell population to pepducin treatment. 

Contrarily to techniques used to detect the activation of a specific signalling pathway or to 

characterize a protein-protein interaction, these seek to detect a response resulting from the 

integration of a variety of cellular and molecular events. These “integrated responses” 

correspond to changes in the dynamic mass redistribution (DMR) of a cell population, 

which reflect cellular activity such as cytoskeleton remodeling, cell spreading, and cell-cell 

or cell-substrate adhesion or tension. Furthermore, these assays are non-invasive and label-
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free; as a result, the cellular environment in which these responses are detected is more 

representative of the biological reality than for assays requiring the transfection of tagged 

proteins. 

 

3.2.1 SPR-monitored responses to pepducin treatment 

First, we monitored the whole-cell integrated responses of a CHO-hNTS1 cell 

monolayer by surface plasmon resonance (SPR), in response to a single concentration (10 

µM) of NT(8-13) and of each of our pepducins (Figure 16). Briefly, this optical sensing 

technique consists in measuring the reflectance of a laser as it passes through a prism and is 

reflected off a gold-plated substrate, upon which living cells have been seeded. Mass 

changes occurring in the basal portion of the cell monolayer are detected as variations in 

reflectance (RVU). Here, SPR was monitored for a 30- to 40-minute period, during which 

time a steady signal was acquired for at least 10 minutes prior to compound stimulation.  

As can be observed in Figure 16 (A), the pepducin-treated conditions presented with 

SPR traces which differed greatly from NT(8-13), and from each other. Whereas the SPR 

trace for NT(8-13), previously reported by our team (Besserer-Offroy et al., 2017), is 

characterized by an initial decline in reflectance (-4,2 ± 1,0 RVU) and a subsequent 

increase which, after a brief plateau, reaches a maximum reflectance of 32,6 ± 4,7 RVU, 

the SPR traces monitored for our pepducin series are quite different. In the case of PP001, 

we observed an initial rapid increase in reflectance (24,1 ± 3,2 RVU) that stabilized for a 

brief 25-second period, followed by an increase that reached a maximal amplitude of 87,0 ± 

1,4 RVU at 450 seconds (7,5 minutes) post-stimulation, and finally, a gradual decline in 

reflectance. In the case of PP002 and PP003, an initial rapid increase that stabilized briefly 

was also observed (33,3 ± 3,2 RVU and 29,1 ± 1,8 RVU, respectively), followed by a much 

more gradual increase in reflectance which nevertheless reached values of 107,0 ± 10,1 

RVU and 145,4 ± 19,2 RVU, respectively, at close of experiment (1400 seconds, or 23 

minutes, post-stimulation). In the case of PP004 and PP005, a much greater increase in 

reflectance was observed, reaching a plateau within 400 seconds that lasted until close of 

experiment (15-20 minutes later). Maximal amplitudes recorded were 322,2 ± 12,0 RVU 

and 248,3 ± 11,6 RVU, respectively. Clearly, based on these SPR traces, our pepducin 
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series can be divided into three distinct profile groups (PP001; PP002-PP003; and PP004-

PP005); as the members within each group present with similar profiles, we might expect 

them to modulate hNTS1 in a similar fashion, and present with similar signalling 

signatures.  

Importantly, negative control experiments were performed in which CHO-K1 (mock) 

cells received 10 µM PP001, and CHO-hNTS1 cells received 10 µM of NP001, PPSCR or 

palmitate. As can be observed in Figure 16 (B), the SPR signal for each of these conditions 

remained steady, and no detectable changes in reflectance were observed. This confirmed 

that, in order to produce the observed pepducin-induced responses, hNTS1 receptor 

expression was required, as were the palmitoyl group permitting translocation across the 

cell-membrane barrier and the specific ICL1 amino acid sequences of our pepducin series. 

As a whole, these experiments provided the first evidence that our pepducin series was 

biologically active and could modulate the hNTS1 receptor, ostensibly in a manner distinct 

from its native, orthosteric ligand. 
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Figure 16: Whole-cell integrated responses to pepducin treatment, monitored by surface plasmon 
resonance (SPR) 
(A) Changes in reflectance (normalized response) observed by a CHO cell monolayer stably expressing 
hNTS1, treated with NT(8-13) and each of the ICL1-based NTS1 pepducin series (10 µM), over a 30-minute 
reading period. (B) Changes in reflectance observed in (a.) wild-type CHO cells treated with 10 µM PP001, as 
well as in CHO cells stably expressing hNTS1 treated with (b.) 10 µM NP001, (c.) 10 µM PPSCR and (d.) 10 
µM palmitate, over a 40 minute reading period. Each data set represents the mean ± S.E.M. of six 
independent experiments.  
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3.2.2 ECIS-monitored responses to pepducin treatment 

Subsequently, we seeked to corroborate these results using an alternative sensing 

method known as electrical cell-substrate impedance sensing (ECIS), and to expand our 

analysis by monitoring pepducin-induced whole-cell integrated behaviours at multiple 

concentrations, instead of a single concentration. This technique relies on an electrical 

measurement, rather than an optical one. Briefly, this type of assay involves measuring the 

opposition to the flow of an AC current by a cell monolayer that has been seeded onto cell 

culture plates containing gold-plated electrodes at the bottom of each well. Consequently, 

mass changes occurring in the electrode-adhering cells are mirrored by changes in electrical 

resistivity, as the flow of electrical current across (transcellular) or between (pericellular) 

the cells is impeded to a greater, or to a lesser degree. 

For the purposes of this study, we stimulated CHO cells stably expressing hNTS1 

with increasing concentrations of our pepducin series (PP001-PP005), as well as with 

NP001 and PPSCR as negative controls. These concentrations ranged from 70 nM to 100 

µM, at roughly half-log concentration intervals. The dynamic mass redistribution kinetics 

of these experiments, monitored over a 3-hour period, are presented in Figure 17 (B-H), 

along with those of NT(8-13)-treated cells (1-1000 nM) (A), which have been previously 

reported by our team (Besserer-Offroy, et al., 2017). 

Once again, the responses obtained for our pepducins were substantially different 

from those of NT(8-13), and from each other. For example, NT(8-13) stimulation induced 

an immediate increase in electrical resistivity, reached a transient maximal value followed 

by plateau (the length of which varied in function of the concentration), succeeded by a 

slow decrease back to the baseline (A). As the NT(8-13) concentration increased, so did the 

maximal resistance value and the length of the plateau; at the highest concentration tested 

(1000 nM), the maximal normalized resistance was 1,26 ± 0,03, and the plateau lasted for 

100 minutes. At the lowest concentration tested (1 nM), a detectable increase in resistivity 

is observed (1,10 ± 0,02). For PP001 (B), in contrast, the first detectable response occurred 

at a concentration of 9 µM, and consisted of an increase in resistance which reached a peak 

of 1,12 ± 0,02 at 33 minutes post-injection, followed by a gradual decrease back to the 

baseline. At higher concentrations (30 and 100 µM), the peak resistances reached were 

slightly greater (1,14 ± 0,03, and 1,16 ± 0,02, respectively) and attained more quickly (21 
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minutes post-injection), but, most notably, were succeeded by a rapid decrease in 

resistance, to levels well below the baseline (0,81 ± 0,03 and 0,82 ± 0,04). For PP002 and 

PP003 (C-D), light increases were observed at 9 and 30 µM (1,17 ± 0,07 and 1,14 ± 0,04 

(PP002); 1,05 ± 0,01 and 1,10 ± 0,04 (PP003)), followed by a gradual decrease in 

resistance. Interestingly, for these pepducins, this decrease in resistance did not extend 

below the baseline, as for PP001. At the highest concentration (100 µM), the increase in 

resistance observed was very slight (1,05 ± 0,02 and 1,06 ± 0,04), quickly attained, and 

rapidly returned to baseline. For PP004 and PP005 (E-F), the observed changes in 

resistance were much greater, and therefore presented in Figure 17 on a slightly greater 

scale. Notably, detectable increases in resistance were observed at 2.7 µM (1,09 ± 0,03 and 

1,22 ± 0,02, at 40 minutes post-injection), contrarily to the other pepducins. At 9 µM 

concentrations, maximal resistance was attained at values of 1,58 ± 0,02 (40 minutes post-

injection) and 1,81 ± 0,08 (20 minutes post-injection), respectively, after which there was a 

gradual return to baseline. At 30 and 100 µM, the observed increases in resistance initially 

followed the same trajectory as the 9 µM traces; however, the signal “collapsed” early-on, 

and important, rapid decreases in resistance were observed, to levels well below the 

baseline (0,57 ± 0,01 and 0,56 ± 0,01, at 100 µM). As a result, the peak values attained 

were inferior to the ones attained at 9 µM: for PP004, these were 1,40 ± 0,05, at 15 minutes 

post-injection, and 1,13 ± 0,03, at 5 minutes post-injection, respectively, and for PP005, 

these were 1,40 ± 0,05 at 6,5 minutes post-injection, and 1,25 ± 0,02 at 5 minutes post-

injection. 

As a result of these atypical responses, in which the higher concentration (30 and 100 

µM) traces differed from the lower ones (9 and 2.7 µM), we were unable to plot 

concentration-response curves representing maximal amplitude values, or the area under 

the curve. Notably, however, the same three profile groups emerged using the impedance-

based experiments as with the SPR (PP001; PP002-PP003; and PP004-PP005). Also, in this 

experiment, the CHO-hNTS1 cells remained largely unresponsive to NP001 or PPSCR 

stimulation, although the highest concentration (100 µM) of NP001 did induce a light 

initial decrease in resistance (0,95 ± 0,03), which quickly stabilized until close of 

experiment, and the highest concentration of PPSCR (100 µM) did induce an initial 
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increase in resistance (1,11 ± 0,02, at 5 minutes post-injection), which returned to baseline. 

Furthermore, stimulation with palmitate (100 µM) also produced a light increase in 

resistance (1,08 ± 0,02, 5 minutes post-injection), comparable to PPSCR (data not shown).  

In sum, these experiments corroborated our findings that the pepducins were 

biologically active, and could modulate hNTS1 in a manner that produced effects distinct 

from those of NT(8-13). Furthermore, they informed us that, in this cellular model, 

pepducin-mediated activity occurs when the cells are stimulated with concentrations in the 

3-10 µM range and greater. 
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Figure 17: Whole-cell integrated responses to pepducin treatment, monitored by electric cell-substrate 
impedance sensing (ECIS) 
Changes in the resistance (normalized response) to the passage of an AC current (4000 Hz) by a CHO-hNTS1 
cell monolayer in response to (A) NT(8-13) concentrations of 1, 10, 100 and 1000 nM, and (B-H) pepducin 
concentrations of 70 nM to 100 µM, at half-log concentration intervals, as measured over a 3-hour period. The 
“0” time-point, delineated by a dotted line, represents the injection time of each compound. The resistance, 
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measured in ohms, is normalized to the measurement immediately preceeding injection of each compound. 
Each data set represents the mean ± S.E.M. of three independent experiments, performed in duplicate. 
 
 

3.3 Pepducin signalling signatures 

Consequently, we further investigated the pepducins’ in vitro behaviour in order to 

determine which specific signalling pathways were modulated as a result of pepducin-

mediated hNTS1 activation. To do so, we performed cellular assays using BRET-based 

biosensors designed to directly measure the dissociation of Gα and Gγ protein subunits 

(and hence, G protein activation), as well as BRET-based biosensors designed to measure 

the recruitment of β-arrestins to the tagged receptor, in response to compound 

administration. In short, these are proximity-based assays that rely on a transfer of energy 

between an enzymatic donor (RlucII) and a fluorescent acceptor (GFP10) when these two 

proteins are at a distance of less than 100 Å and in a favourable orientation, following 

activation of the donor by degradation of its substrate (coelenterazine 400A). Here, the 

biosensors were used to monitor, in real-time, the dissociation between GαoA–RlucII and 

GFP10-Gγ1, and between Gα13–RlucII and GFP10-Gγ1, as well as the recruitment of RlucII–

β-arrestin 1 and 2 to hNTS1-GFP10. Furthermore, two distinct set of experiments were 

performed, designed to measure either an allosteric agonist effect, or an allosteric 

modulatory effect. 

 

3.3.1 BRET-monitored allosteric agonism 

In the first set of experiments, we monitored G protein activation and β-arrestin 

recruitment in CHO-hNTS1 cells in response to pepducin treatment alone. Kinetic assays 

(data not shown) were first performed in order to determine the optimal time-point at which 

to perform our readings, during which cells were stimulated with a single pepducin 

concentration of 10 µM. Subsequently, we monitored GαoA and Gα13 pathway activation in 

response to pepducin concentrations ranging from 10-7 to 10-4 M (at half-log concentration 

intervals), 30 minutes post-pepducin administration (Figure 18 (A)). Note that, due to a 

change in protocol which required the pepducins to be re-tested, the highest concentration 

values for certain pepducins are missing. While NT(1-13) activated the GαoA and Gα13  
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pathways with potencies of 7,3 ± 1,6 nM and 2,0 ± 0,2 nM (EC50 values) respectively, our 

pepducins induced G protein dissociation only at the highest concentrations tested (9, 30 

and 100 µM). Nevertheless, the degree of pathway activation at these concentrations was 

high. For example, PP001 reached efficacies of 102 ± 9 and 71 ± 8 % activation (relative to 

NT(1-13)), respectively. PP005, the shortest pepducin in our series, presented with similar 

efficacies (85 ± 6 and 64 ± 5 % activation). Importantly, G protein activation was not 

observed with the NP001–, PPSCR– or the palmitate-stimulated conditions.  

Furthermore, β-arrestin 1 and 2 recruitment to the tagged hNTS1 receptor was 

monitored 50 minutes post-stimulation, at the same concentrations as above (Figure 18 

(B)). While NT(1-13) recruited β-arrestin 1 and 2 with potencies of 0,70 ± 0,05 nM and 

1,20 ± 0,06 nM, respectively, no pepducin-induced β-arrestin recruitment was observed; 

even at 100 µM, the highest efficacy observed corresponded to 13 ± 7 % recruitment 

(PP002, β-arrestin 1 recruitment).  

According to these results, our pepducins appear to behave as biased allosteric 

agonists, by activating G protein-dependent signalling pathways (albeit only at high 

concentrations), but not the G protein-independent pathways. However, as G protein 

activation only occurs at high pepducin concentrations and no bias calculations have been 

performed with this data, this apparent bias has not been conclusively shown. Interestingly, 

no significant differences between PP001- and PP005-mediated signalling were apparent, 

despite these two pepducins inducing very different responses in both the SPR- and 

impedance-based assays. 
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Figure 18: Effect of pepducin series on G protein dissociation and β-arrestin recruitment 
Concentration-response curves exhibiting BRET2-monitored (A) GαoA and Gα13 protein dissociation and (B) β-
arrestin 1 and 2 recruitment in response to increasing concentrations of ICL1-based NTS1 pepducin series, 
performed in hNTS1-expressing CHO cells. Plate was stimulated with coelenterazine 400A and read on plate 
reader 30 minutes (G protein assays) or 50 minutes (β-arrestin assays) after initial pepducin stimulation. 
BRET2 ratios were normalized according to NT(1-13); BRET2 ratios for non-treated cells were set as 0 % 
activation, and BRET2 ratios for cells treated with 1 µM of NT(1-13) were set as 100 % pathway activation. 
Each data set represents the mean ± S.E.M. of three or more independent experiments, tested each time in 
triplicate. 
 
 

3.3.2 BRET-monitored allosteric modulation 

The second set of BRET-based experiments were designed to assess the pepducins’ 

impact on NT-mediated hNTS1 signalling (allosteric modulation). More specifically, we 

monitored GαoA and Gα13 pathway activation in CHO-hNTS1 cells that were pre-stimulated 

with fixed concentrations of PP001 or PP005, 10 minutes before receiving a full range of 

NT(1-13) concentrations (10-12 M to 10-6 M). Note that, while most of the experiments 
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presented in this thesis were performed with NT hexapeptide fragment NT(8-13), all BRET 

signalling assays were performed with the full NT(1-13) sequence. This choice was made 

specifically so that the tests designed to measure an allosteric modulatory effect on the part 

of the pepducins, presented in this section, may be relevant. We considered that while these 

ligands are interchangeable in an agonist signalling mode (see Figure 10 in section 

1.3.2.1), as well as in most of our NTS1-based tests, their activity could be modulated 

differently in an allosteric signalling mode. 

As is apparent in Figure 19, the most notable difference between the NT(1-13) 

concentration-response curves of the pepducin-treated and non-treated conditions is a 

concentration-dependent increase in the basal level of G protein activation. This mirrors our 

earlier findings that both PP001 and PP005 demonstrate an inherent allosteric agonist 

behaviour; they are themselves capable of activating the GαoA and Gα13 proteins. 

Otherwise, NT-mediated signalling does not appear to be significantly inhibited, nor 

potentiated, by pepducin administration. However, it is feasible that such an effect exists, 

but is effectively masked by the pepducin-induced increase in basal activity.  

The EC50 values for the NT(1-13) concentration-response curves stimulated with 

PP001 and PP005 are provided in Tables 4 and 5. Also, while only the results for PP001 

and PP005 are shown in Figure 19, we performed these same experiments with 10 µM 

concentrations only of PP002, PP003 and PP004, and observed similar results as for PP001 

and PP005. The EC50 values for these curves are also provided in Tables 4 and 5. A closer 

look at these EC50 values hints at a shift in NT potency at high pepducin concentration (32 

µM) conditions, which could be indicative of an inhibitory effect on NT-mediated G 

protein signalling; however, as the error (S.E.M.) values are also increased, this cannot be 

stated with confidence. 

Furthermore, in an effort to ensure that any pepducin-induced effect on NT-

mediated G protein signalling was due to a specific action of the ICL1 pepducin series, we 

monitored Gα13 pathway activation in CHO-hNTS1 cells pre-stimulated with fixed 

concentrations of NP001, PPSCR or palmitate, 10 minutes prior to NT(1-13) stimulation. 

As can be concluded by the readily superimposable concentration-response curves found in 

Figure 20, pre-stimulation with any of these three control compounds did not impact NT-

mediated signalling, in any fashion. 
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Figure 19: Effect of PP001 and PP005 on NT-mediated G protein dissociation 
Concentration-response curves exhibiting BRET2-monitored GαoA and Gα13 protein dissociation in response to 
increasing concentrations of NT(1-13), performed in hNTS1-expressing CHO cells pre-stimulated (10 minutes) 
with fixed concentrations of (A) 0, 1, 10, 32 and 100 µM of PP001 or (B) 0, 1, 10 and 100 µM of PP005. Plate 
was stimulated with coelenterazine 400A immediately after NT(1-13) stimulation, and read on plate reader 30 
minutes later. BRET2 ratios were normalized according to non-pre-stimulated NT(1-13); BRET2 ratios for non-
treated cells were set as 0 % activation, and BRET2 ratios for cells treated with 1 µM of NT(1-13) were set as 
100 % pathway activation. Each data set represents the mean ± S.E.M. of three or more independent 
experiments, tested each time in triplicate. 
 
 
 

 



 

 

79 

 

 
 
 
Figure 20: Effect of NP001, PPSCR and palmitate on NT-mediated Gα13  pathway activation 
Concentration-response curves exhibiting BRET2-monitored Gα13 protein dissociation in response to 
increasing concentrations of NT(1-13), performed in hNTS1-expressing CHO cells pre-stimulated (10 minutes) 
with fixed concentrations of 0, 1, 10, and 100 µM of (A) NP001, (B) PPSCR, or (C) palmitate. Plate was 
stimulated with coelenterazine 400A immediately after NT(1-13) stimulation, and read on plate reader 30 
minutes later. BRET2 ratios were normalized according to non-pre-stimulated NT(1-13); BRET2 ratios for non-
treated cells were set as 0 % activation, and BRET2 ratios for cells treated with 1 µM of NT(1-13) were set as 
100 % pathway activation. Each data set represents the mean ± S.E.M. of three or more independent 
experiments, tested each time in triplicate. 
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Table 4: Effect of NTS1 pepducin series on NT’s potency to promote GαoA protein dissociation 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

0 µM 2,8 ± 0,4 2,8 ± 0,4 2,8 ± 0,4 2,8 ± 0,4 2,9 ± 0,4 2,8 ± 0,4 2,8 ± 0,4 2,6 ± 0,4 
1 µM 3,0 ± 0,5 -- -- -- 2,3 ± 0,5 -- -- 3,0 ± 0,4 

10 µM 3,2 ± 1,2 2,9 ± 0,7 6,6 ± 2,7 3,3 ± 0,9 5,0 ± 1,4 2,7 ± 0,5 2,0 ± 0,4 3,2 ± 0,5 
32 µM 12 ± 13 -- -- -- -- -- -- -- 

100 µM n/a -- -- -- n/a -- -- 2,1 ± 0,3 
-- = concentration not tested, n/a = not applicable, unable to generate EC50 

 

 

Table 5: Effect of NTS1 pepducin series on NT’s potency to promote Gα13 protein dissociation 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

0 µM 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,4 1,5 ± 0,1 1,0 ± 0,2 1,5 ± 0,1 
1 µM 2,1 ± 0,2 -- -- -- 2,1 ± 0,2 1,4 ± 0,2 1,6 ± 0,2 2,0 ± 0,2 

10 µM 4,0 ± 0,6 2,9 ± 0,7 6,6 ± 2,7 3,3 ± 0,9 4,2 ± 1,4 1,4 ± 0,2 2,1 ± 0,3 1,9 ± 0,1 
32 µM 5,6 ± 7,0 -- -- -- -- -- -- -- 

100 µM 10 ± 18 -- -- -- n/a 1,6 ± 0,3 3,4 ± 0,6 2,2 ± 0,2 
-- = concentration not tested, n/a = not applicable, unable to generate EC50 
 

 

The next step in the characterization of the pepducin signalling signatures was to 

determine the impact of pepducin treatment on NT-mediated β-arrestin recruitment. 

Consequently, cellular assays were performed that monitored β-arrestin 1 and 2 recruitment 

in cells pre-treated with fixed concentrations of PP001 or PP005, 10 minutes prior to 

stimulation with the full range of NT(1-13) concentrations (10-12 M to 10-6 M). As can be 

observed in Figure 21, pepducin treatment had a very marked effect in this experiment; 

both PP001 and PP005 inhibited NT-induced β-arrestin recruitment in a concentration-

dependent manner, nearly completely abolishing the response at 100 µM.  

The EC50 and Emax values determined from the pepducin-treated NT(1-13) 

concentration-response curves, measures of NT potency and efficacy, respectively, are 

provided in Tables 6 and 7, and in Tables 8 and 9. As with the G protein assays, the EC50 

values suggest a shift in NT potency at high pepducin concentrations, but since there are 



 

 

81 

concurrent increases in the S.E.M. values, this shift is not significant. However, when taken 

in conjunction with the very marked decrease in NT efficacy, which led to reduced Emax 

values of 9 ± 4 and 25 ± 10 % recruitment for PP001, and 27 ± 3 and 34 ± 7 % recruitment 

for PP005, respectively. The inhibitory effect of pepducin administration on NT-mediated 

β-arrestin recruitment is clear. Also, while only the results for PP001 and PP005 are shown 

in Figure 21, we performed these same experiments with 10 µM concentrations of PP002, 

PP003 and PP004, and observed the same inhibitory effect on β-arrestin 2 recruitment as 

for PP001 and PP005 (EC50 and Emax values are provided in Tables 6-9). 

Importantly, this inhibitory effect was not evident in conditions pre-treated with 

fixed concentrations of NP001, PPSCR or palmitate (Figure 22, Tables 6-9), for NT-

induced β-arrestin 1 and 2 recruitment alike.  

Taken together, these results are indicative of negative allosteric modulatory (NAM) 

behvaviour on the part of our pepducin series, in regards to NT-mediated G protein-

independent (but not G protein-dependent) signalling. Again, no significant differences 

between PP001 and PP005 signalling were observed, despite their being categorized in two 

distinct DMR profile groups.  
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Figure 21: Effect of PP001 and PP005 on NT-mediated β-arrestin recruitment  
Concentration-response curves exhibiting BRET2-monitored β-arrestin 1 and 2 recruitment in response to 
increasing concentrations of NT(1-13), performed in hNTS1-expressing CHO cells pre-stimulated (10 minutes) 
with fixed concentrations of (A) 0, 1, 10, 32 and 100 µM of PP001 or (B) 0, 1, 10 and 100 µM of PP005. Plate 
was stimulated with coelenterazine 400A 20 minutes after NT(1-13) stimulation, and read on plate reader 30 
minutes later. BRET2 ratios were normalized according to non-pre-stimulated NT(1-13); BRET2 ratios for non-
treated cells were set as 0 % recruitment, and BRET2 ratios for cells treated with 1 µM of NT(1-13) were set as 
100 % recruitment. Each data set represents the mean ± S.E.M. of three or more independent experiments, 
tested each time in triplicate. 
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Figure 22: Effect of NP001, PPSCR and palmitate on NT-induced  β-arrestin recruitment 
Concentration-response curves exhibiting BRET2-monitored β-arrestin 1 and 2 recruitment in response to 
increasing concentrations of NT(1-13), performed in hNTS1-expressing CHO cells pre-stimulated (10 minutes) 
with fixed concentrations of 0, 1, 10, and 100 µM of (A) NP001, (B) PPSCR, or (C) palmitate. Plate was 
stimulated with coelenterazine 400A 20 minutes after NT(1-13) stimulation, and read on plate reader 30 
minutes later. BRET2 ratios were normalized according to non-pre-stimulated NT(1-13); BRET2 ratios for non-
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treated cells were set as 0 % recruitment, and BRET2 ratios for cells treated with 1 µM of NT(1-13) were set as 
100 % recruitment. Each data set represents the mean ± S.E.M. of three or more independent experiments, 
tested each time in triplicate. 
 
 
 
Table 6: Effect of NTS1 pepducin series on NT’s potency to recruit β-arrestin 1 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

0 µM 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,1 1,9 ± 0,1 1,4 ± 0,1 1,5 ± 0,1 1,6 ± 0,1 
1 µM 1,8 ± 0,2 -- -- -- 2,3 ± 0,3 1,4 ± 0,1 1,8 ± 0,1 1,8 ± 0,1 

10 µM 3,9 ± 0,7 3,6 ± 0,9 3,9 ± 0,7 2,5 ± 0,3 5,0 ± 4,3 1,6 ± 0,1 1,8 ± 0,1 2,1 ± 0,1 
32 µM 16 ± 13 -- -- -- -- -- -- -- 

100 µM 14± 17 -- -- -- 95 ± 60 1,3 ± 0,1 3,4 ± 0,4 1,7 ± 0,1 
-- = concentration not tested  
 
 
 
Table 7: Effect of NTS1 pepducin series on NT’s potency to recruit β-arrestin 2 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

EC50 ± 
SEM (nM) 

0 µM 1,8 ± 0,1 1,8 ± 0,1 1,8 ± 0,1 1,8 ± 0,1 1,2 ± 0,1 1,3 ± 0,1 1,4 ± 0,1 1,6 ± 0,1 
1 µM 1,7 ± 0,2 -- -- -- 1,4 ± 0,2 1,3 ± 0,1 1,3 ± 0,1 1,6 ± 0,1 

10 µM 3,5 ± 1,0 5,1 ± 0,7 3,3 ± 0,5 4,8 ± 1,0 3,2 ± 0,8 1,4 ± 0,1 1,8 ± 0,1 1,4 ± 0,1 
32 µM 5,8 ± 4,0 -- -- -- -- -- -- -- 

100 µM 17 ± 21 -- -- -- 73 ± 52 1,4 ± 0,1 3,8 ± 0,6 1,6 ± 0,1 
-- = concentration not tested  
 
 
 
Table 8: Effect of NTS1 pepducin series on NT’s efficacy to recruit β-arrestin 1 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

0 µM 100 ± 1 100 ± 1 100 ± 1 100 ± 1 100 ± 3 100 ± 1 97 ± 2 100 ± 1 
1 µM 100 ± 2 -- -- -- 102 ± 2 97 ± 2 103 ± 2 97 ± 1 

10 µM 87 ± 2 92 ± 2 75 ± 2 80 ± 2 86 ± 2 97 ± 2 107 ± 3 99 ± 1 
32 µM 42 ± 11 -- -- -- -- -- -- -- 

100 µM 9 ± 4 -- -- -- 27 ± 3 100 ± 2 115 ± 4 102 ± 1 
-- = concentration not tested  
 
 
 
 



 

 

85 

Table 9: Effect of NTS1 pepducin series on NT’s efficacy to recruit β-arrestin 2 

 PP001 PP002 PP003 PP004 PP005 NP001 PPSCR Palmitate 

[Pepducin] Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

Emax ± 
SEM (%) 

0 µM 100 ± 1 100 ± 1 100 ± 1 100 ± 1 100 ± 1 98 ± 2 100 ± 1 100 ± 1 
1 µM 98 ± 1 -- -- -- 101 ± 2 97 ± 1 97 ± 2 98 ± 1 

10 µM 75 ± 5 87 ± 3 79 ± 3 80 ± 4 87 ± 3 99 ± 1 100 ± 1 99 ± 2 
32 µM 58 ± 13 -- -- -- -- -- -- -- 

100 µM 25 ± 10 -- -- -- 34 ± 7 98 ± 1 93 ± 2 103 ± 2 
-- = concentration not tested  
 
 

3.4 Impact of pepducins on NTS1 receptor homomerization 

Subsequently, BRET experiments were performed in order to determine whether or 

not pepducin treatment had an impact on hNTS1’s ability to self-associate, to form 

homodimers and higher-order oligomers. This involved carrying out BRET titration assays 

in which CHO cells were transiently transfected with fixed quantities of hNTS1-RlucII and 

increasing quantities of hNTS1-GFP10, and were subjected (or not) to treatment with 100 

µM PP001, NP001 or PPSCR 10 minutes prior to reading. As can be observed in Figure 

23, the BRET signal for each condition increased hyperbolically and attained a plateau at 

the highest hNTS1-GFP10 concentrations, at which we consider all donor-tagged receptor 

proteins to be associated with acceptor-tagged receptor proteins (receptor saturation). This 

is precisely the type of curve one would expect from this type of experiment as a result of 

specific receptor-receptor interactions, and thereby attests to hNTS1’s ability to 

homomerize. Interestingly, while NP001 or PPSCR administration do not appear to alter 

this saturation curve in any fashion, PP001 stimulation is accompanied by a marked 

increase in the BRET signal.  

As is evidenced by the data provided in Table 10, this PP001-induced increase in 

BRET does not appear to impact the concentration ratio ([GFP10]/[RlucII]) at which 50 % 

of all donor-tagged receptors are associated with acceptor-tagged receptors (BRET50); 

instead, these values are quasi-identical between treated and non-treated conditions (2,2 ± 

0,3 versus 2,1 ± 0,3). However, the maximal BRET values attained were clearly impacted 

by pepducin administration, as the PP001-treated condition reached a BRETmax of 0,174 ± 

0,007, whereas the non-treated condition presented with a BRETmax of 0,123 ± 0,004. In 
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BRET titration experiments, BRET50 is an indicator of the association propensity between 

two tagged proteins; BRETmax, on the other hand, depends, among other factors, on the 

distance and relative orientation between the donor and acceptor proteins.  

 

 
 
 

 
Figure 23: Effect of PP001, NP001 and PPSCR on hNTS1-hNTS1 interaction 
BRET2 saturation curves observed in CHO cells transiently transfected with fixed quantities of hNTS1-RlucII 
and increasing quantities of hNTS1-GFP10, including a non-treated condition and conditions for which the cells 
were pre-stimulated with 100 µM PP001, NP001 or PPSCR. Plate was stimulated with coelenterazine 400A 
and read on plate reader 10 minutes post-pepducin-injection. Each data set represents the mean ± S.E.M. of 
three or more independent experiments, tested each time in duplicate. 
 
 
 
Table 10: Effect of PP001, NP001 and PPSCR on hNTS1-hNTS1 interaction 

 BRET50 
[GFP10]/[RlucII] 

S.E.M. 
[GFP10]/[RlucII] 

BRETmax 
(BRET2 ratio) 

S.E.M. 
(BRET2 ratio) 

Non-treated 2,2 ± 0,3 0,123 ± 0,004 
PP001, 100 µM 2,1 ± 0,3 0,174 ± 0,007 
NP001, 100 µM 2,2 ± 0,4 0,127 ± 0,005 
PPSCR, 100 µM 2,3 ± 0,3 0,130 ± 0,004 

 

3.5 Impact of pepducins on NT receptor binding  

As a final means of characterizing the in vitro behaviour of the ICL1 pepducin series 

as it pertains to hNTS1, competition radioligand binding experiments were performed in 

which the pepducins’ effect on NT orthosteric binding was determined. In these 
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experiments, a range of “cold” NT(8-13) and pepducin concentrations (10-12 M to 10-5 M) 

were incubated with a fixed amount of the radiolabeled native ligand, [125I]-NT, in the 

presence of the target receptor (hNTS1-expressing CHO membranes). The PP001, PP003 

and PP005 pepducins were chosen here so that one representative from each of the DMR 

profiles obtained previously (PP001; PP002-PP003; PP004-PP005) would be tested. As can 

be seen in Figure 24, NT(8-13) effectively displaced the receptor-bound [125I]-NT, with an 

affinity of 0,7 ± 0,1 nM. At high pepducin concentrations, most notably at 10 µM, a 

decrease in bound [125I]-NT was also observed, corresponding to 70 ± 2, 60  ± 1 and 62 ± 7 

% reductions in [125I]-NT specific binding, as compared to NT(8-13), for PP001, PP003 

and PP005, respectively. Most importantly, this reduction was not observed with NP001, 

confirming that the pepducin-induced “displacement” of bound NT issues from an 

intracellular action following cell membrane translocation, and is not a result of direct 

competition at the orthosteric binding site. The IC50 values are provided in Table 11. 

Again, it is notable that while PP001, PP003 and PP005 exhibited very different response 

profiles in the SPR- and impedance-based assays, their effect on NT binding is similar.  

 

 
 

 
Figure 24: Effect of NTS1 pepducin series on [125I]-NT orthosteric binding 
Concentration-response curves exhibiting the displacement of radiolabeled [125I]-NT binding in response to 
increasing concentrations of NT(8-13), PP001, PP003, PP005, or NP001, performed on hNTS1-expressing 
CHO cell membranes. Values were normalized according to NT(8-13); values for cells treated with 10 µM of 
NT(8-13) were set as 0 % [125I]-NT specific binding, and those for non-treated cells were set as 100 % [125I]-NT 
specific binding. Each data set represents the mean ± S.E.M. of two independent experiments, tested each 
time in triplicate. 
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Table 11: Effect of NTS1 pepducin series on [125I]-NT orthosteric binding 

 IC50 
 

S.E.M. 
 

Displacement 
 (%) 

S.E.M. 
(%) 

NT(8-13) 0,7 nM ± 0,1 nM 100,0 ± 0,1 
PP001 2,1 µM ± 0,5 µM 70,0 ± 2,2  
PP003 3,5 µM ± 0,8 µM 60,3 ± 1,2  
PP005 4,2 µM ± 20,1 µM 61,8 ± 7,2 
NP001 -- -- -- -- 

-- = unable to generate IC50; no displacement 



DISCUSSION 
 

The G protein-coupled receptor family represents an important protein target class in 

drug discovery, constituting the targets of 30 – 50 % of all approved drugs on the market 

today (Overington, et al., 2006; Wise, et al., 2002). Nevertheless, many GPCRs remain to 

be explored, and recent studies have revealed much more complex signalling modalities for 

GPCRs than previously believed, which may afford particularly interesting opportunities in 

drug discovery. It has therefore become clear that the therapeutic potential of GPCRs is by 

no means exhausted, and novel strategies have recently been developed to better exploit 

this potential.  

Among these, cell-penetrating pepducins designed to target the intracellular face of 

GPCRs are especially intriguing, and have been shown to act as both allosteric agonists and 

allosteric modulators of their cognate GPCR. However, in the 15 years since they were first 

introduced, pepducins have been developed for only about a dozen GPCRs, and have been 

studied in a limited number of physiological contexts. While pepducins represent a new, 

budding area of research, there is a need to further explore their cellular and physiological 

actions in new receptor systems.  

This study therefore aimed to validate the use of pepducins as tools to investigate 

GPCR signalling and function, using the human neurotensin 1 receptor as a new receptor 

template. This receptor, of great interest to our laboratory for its role in NT-mediated 

antinociception, was ideal for our purposes, as we are well set up to study NTS1-mediated 

effects. Consequently, we designed, synthesized and characterized the in vitro effects of a 

pepducin series based on the ICL1 sequence of hNTS1. This characterization was four-fold. 

Firstly, as a means of verifying that the pepducins were biologically active and could 

target the hNTS1 receptor, we determined whole-cell integrated response profiles for each 

of the pepducins in CHO-hNTS1 cells, using SPR- and impedance-based assays. This 

notably permitted the subdivision of our pepducin series into three distinct profile groups. 

Secondly, we established pepducin signalling signatures by monitoring the activation of 

both G-dependent and G-independent signalling pathways in response to pepducin 

treatment, with the use of BRET-based biosensors. Notably, these results revealed an 
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apparent biased allosteric agonist behaviour on the part of our pepducins, as they favoured 

G protein activation over β-arrestin recruitment. Furthermore, the pepducins inhibited NT-

mediated β-arrestin recruitment in a concentration-dependent manner, indicative of 

negative allosteric modulatory (NAM) behaviour. Thirdly, we assessed the pepducins’ 

impact on hNTS1 receptor homomerization by performing BRET titration experiments 

with treated and non-treated cells. These results attest to a constitutive functional 

interaction between the tagged hNTS1 receptors, which is seemingly enhanced by PP001 

treatment. Finally, we performed competitive radioligand binding assays to assess the 

pepducins’ impact on NT orthosteric binding. At high pepducin concentrations, [125I]-NT 

binding was partially reduced, which may shed a new light on the pepducin-mediated NAM 

behaviour. 

As the control compounds NP001 and PPSCR were consistently inactive throughout 

these tests, the cellular effects observed were not a result of either extracellular or non 

sequence-specific interactions. As a whole, therefore, this study confirmed the previously-

stated hypothesis that an ICL1-based pepducin series could allosterically modulate the 

hNTS1 receptor, and participate in the cellular effects linked to hNTS1 activation. 

 

4.1 Pepducin-mediated cellular actions 

4.1.1 Strengths and limitations of the cellular model 

 The CHO-K1 cell line, as well as a line of CHO cells stably expressing hNTS1, 

were used for all of the in vitro assays described in this thesis. This cell line presents with 

numerous experimental advantages, such as being extremely robust, easily transfected with 

PEI (Mozley, et al., 2014), and able to express recombinant proteins with a high yield. 

Notably, these advantages have contributed to making CHO cells the mammalian host cell 

system most frequently used for large-scale manufacturing of recombinant proteins 

(Fischer, et al., 2015). For us, however, the most important consideration influencing this 

choice was that, within our lab, NT and NT-based analogues have all been characterized 

exclusively in this cellular model (Besserer-Offroy, et al., 2017; Fanelli, et al., 2017; 

Thomas, et al., 2016; Fanelli, et al., 2015). Also, many of the studies investigating NTS1 

signalling, as well as the roles of the different intracellular loops in G protein coupling, 
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were performed in CHO-K1 cells (Skrzydelski, et al., 2003; Najimi, et al., 2002; Yamada, 

et al., 1994). It seemed therefore logical to characterize our pepducins in this same cell line, 

in order to be consistent with previous reports.  

 However, the experimental benefits of using CHO cells may have been outweighed 

by their rather limited physiological relevance; seeing as the NTS1 receptor is 

endogenously expressed in the CNS, in the small intestine and in the vascular endothelium, 

characterizing the pepducins in a neuronal cell line, for example, would have been much 

more applicable. Moreover, the assays were performed in conditions of hNTS1 receptor 

over-expression, and in a heterologous system; while this was necessary due to the nature 

of the techniques used, it is clear that this is a system which may not accurately reflect the 

receptor’s behaviour in vivo. It must also be considered that cellular context plays an 

important role in GPCR signalling. In assays performed in our own laboratory, we have 

observed marked differences in hNTS1-mediated cAMP production between CHO cells 

and HEK293 cells. It is thus conceivable that our findings concerning the pepducin bias, in 

particular, may not hold true for another cell type, seeing as the nature and the quantity of 

the interactants with the receptor may be substantially different (Benredjem, et al., 2017). 

 Nevertheless, as a whole, this cellular model proved reliable and easy to manipulate 

experimentally, and thus enabled a first validation of our pepducin series. 

 

4.1.2 Whole-cell integrated responses 

 The primary role of the whole-cell integrated response assays was, initially, to 

verify that the pepducins were indeed biologically active, and could induce a cellular 

response in an NTS1-expressing cell population. This was effectively confirmed by both 

SPR and impedance-based assays, as each of the main pepducins in our series induced 

cellular responses, often of considerable magnitude.  

 To my knowledge, no pepducins reported to date have been characterized using 

whole-cell integrated response (or dynamic mass redistribution) assays; these results 

therefore constitute a first in pepducin research. As previously indicated, the great 

advantage of these techniques is that they are non-invasive and label-free, and are therefore 

rid of the many limitations associated with the use of fluorescent dyes and probes. Indeed, 

for many assays, the very act of observing a biological system requires that we change it, 
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and it remains unclear to what degree the use of labels may affect the biological processes 

we seek to visualize. Furthermore, toxicity associated with fluorescent dyes, or photo 

bleaching of fluorophores, can represent significant experimental challenges to overcome 

(Halai & Cooper, 2012). Label-free technology can permit the real-time screening of 

compounds in a cellular environment that more closely mimics biological reality. However, 

this technology also presents with some difficulties; notably, because the signal obtained 

(both for optical and impedance techniques) is an accumulation of all events within the cell, 

it can be difficult to attribute a change in signal to a specific event (Halai & Cooper, 2012). 

Also, the signal may be sensitive to solvents that cause a morphological change to the cells, 

such as DMSO, and may not always be representative of GPCR signalling events alone. 

Thus, in the DMR assays described in this thesis, although we clearly obtained three 

distinct profile groups in response to our pepducin series (PP001; PP002-PP003; PP004-

PP005), we cannot comment on what cellular events the pepducin-induced increases or 

decreases in signal actually correspond to. It is generally known that DMR changes are 

reflective of cellular activity such as cytoskeleton remodeling, cell spreading, and cell-cell 

or cell-substrate adhesion or tension, but the specific effects of our pepducins cannot be 

further elucidated with these techniques. Other studies have combined DMR assays with 

phase-contrast microscopy, for example, in order to associate actual morphological changes 

to a DMR response (Chabot, et al., 2009), but these will vary depending on the receptor 

system studied.  

In any case, the SPR and resistivity traces indicated that, whatever these DMR 

changes correspond to, they evidently differ from those resulting from NT(8-13) 

administration. As the pepducins modulate hNTS1 by binding to an allosteric site, and thus 

stabilize different receptor conformations than does NT, producing their own distinct 

signalling signature, this was not unexpected. However, the magnitude of the PP004- and 

PP005-induced responses, in particular, was somewhat surprising, as it is much stronger 

than that of NT(8-13), and of most endogenous ligands tested.  

 Furthermore, some of the responses obtained from the impedance-based assays were 

surprising, such as the higher concentration (30 and 100 µM) traces which differed 

drastically from the lower ones (9 and 2,7 µM). At these higher concentrations, we initially 

observed the start of a response similar to the lower-concentration profiles, but this was 
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quickly followed by what can be described as a “collapse” in signal, often reaching levels 

below the baseline. One possible explanation is that, at these concentrations, the response is 

such that the cells actually detach from the electrode substrate, resulting in a very rapid 

decrease in cellular resistance to the electric current. We also believe that the slight 

responses induced by our control pepducins (NP001 and PPSCR) at 100 µM would 

essentially be a result of the extreme sensitivity of the assay and, for PPSCR, may be 

attributed to the palmitate, which induces a similar response at that concentration. 

 Perhaps one of the most important results we obtained with these assays was the 

confirmation that receptor expression was required for pepducin action, as evidenced by the 

lack of an SPR response in mock cells treated with PP001. In addition to providing a strong 

argument for NTS1-specific action on the part of our pepducins, at least in this cell line, 

this result is in agreement with the quasi-totality of the pepducins reported in the literature, 

such as P1pal-19 (PAR1), ATI-2341 (CXCR4) and ICL3-9 (β2AR), for example. As 

indicated previously, I am only aware of one pepducin reported to date that is believed to 

act in a receptor-independent manner, ICL3-8 (β2AR). For our pepducin series, we can 

therefore reasonably expect them to act by binding directly to the hNTS1 receptor. The lack 

of a SPR or impedance response from the NP001 control is also in accordance with what 

has been reported in the literature so far; N-terminal palmitoylation has been shown to be 

necessary for pepducin action in multiple studies. This strongly suggests that the pepducin-

receptor binding site is intracellular, and thus allosteric. 

 Another important piece of information we gained as a result of the multiple-

concentration resistivity traces was an indication of the concentration range at which our 

pepducins are biologically active, at which we begin to observe a cellular response (3-10 

µM). While these concentrations may seem excessively high, it must be remembered that 

pepducins must first cross the membrane barrier to mediate their activity. Furthermore, the 

translocation of pepducins into the cell does not proceed unidirectionally; pepducins can 

passively flip between the inner and outer leaflets of the membrane, so that the proportion 

found intracellularly at any given time is unknown. Logically, the concentration of 

pepducins effectively interacting with the GPCR is much lower than what is administered, 

and the pepducins may be much more potent than we are able to perceive. For pepducins, 

therefore, differences in potency are not simply reflecting differences in the affinity of a 
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given pepducin for its cognate receptor, but may also be affected by the rate at which a 

pepducin crosses the membrane barrier, its distribution between the inner and outer leaflets 

of the cell membrane, the nature and length of its lipid tether, etc.  

 Despite these considerations, it is clear that the concentrations at which we observe 

a pepducin-mediated response in these assays are far greater than for many of the pepducins 

reported in the literature to date. The CXCR4-derived pepducin, ATI-2341, has been shown 

to stimulate the Gαi1 signalling pathway with an EC50 of 0,21 ± 0,07 µM (Qoyer et al., 

2013). The β2AR-derived ICL3-8 and ICL3-9, reported as Gαs-biased pepducins, produce 

cAMP with 577 ± 14 nM and 4,7 ± 0,1 µM potencies, respectively (Carr III et al., 2014). 

To my knowledge, the most potent pepducin described so far is ICL1-9, also derived from 

β2AR, which has been shown to recruit β-arrestins with an EC50 of 96 ± 14 nM (albeit only 

with partial efficacy), and this was unusual within its own series (Carr III, et al., 2016). The 

other pepducins from the same ICL1-based β2AR pepducin series presented with EC50 

values in the 1 µM range (ICL1-4 = 1,9 ± 0,5 µM; ICL1-11 = 1,7 ± 0,5 µM and ICL1-20 = 

1,1 ± 0,3 µM). In comparison, our pepducin series present with noticeably weaker 

potencies, as we only begin to observe cellular responses at 2,7 µM and 10 µM 

concentrations.  

 In summary, the DMR assays constituted a novel approach to characterize our 

pepducin series, and enabled us to validate that our pepducins were biologically active 

(albeit with weaker potencies than for most pepducins reported to date), and required 

receptor expression and N-terminal palmitoylation to mediate their biological actions. They 

furthermore revealed the existence of distinct response profiles among our series.   

 

4.1.3 Pepducin signalling signatures 

4.1.3.1 Biased allosteric agonism 

 The pepducin signalling signatures for our series were obtained using BRET G 

protein dissociation and β-arrestin recruitment biosensors that have been validated for use 

in multiple studies (Besserer-Offroy, et al., 2017; De Henau, et al., 2016; Corbisier, et al., 

2015; M'Kadmi, et al., 2015; Brulé, et al., 2014; Qoyer, et al., 2013; Richard-Lalonde, et 

al., 2013). A significant advantage to these assays is that they permit the real-time detection 
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of GPCR pathway activation directly at the receptor-effector interface, instead of measuring 

the production of second messengers further downstream. However, BRET does have its 

limitations. For example, in states of overexpression, BRET assays may be prone to false-

positives (non-specific BRET), and so, rigorous controls are needed (however, as our 

biosensors have been validated in multiple studies, we are quite confident in the results we 

present here) (Marullo & Bouvier, 2007). Furthermore, BRET is dependent on the relative 

orientation and distance of the acceptor and donor proteins, so that, potentially, some 

conformational changes may not be detected between particular BRET partners. When 

interpreting results, this is an important factor to consider. Also, with the use of pepducins 

in particular, there is some indication, from our own experiments, that their biophysical 

properties (lipopeptidic nature) may result in luminescence quenching, as we have observed 

a trend towards lower total luminescence counts for pepducin-treated conditions. All things 

considered, though, these BRET biosensors remain one of the best techniques currently at 

our disposal to measure GPCR pathway activation in live cells. To date, few studies have 

used BRET biosensors to investigate pepducin-induced signalling, with the notable 

exception of the groups that established pepducin signalling bias (Carr III, et al., 2016; Carr 

III et al., 2014; Quoyer, et al., 2013). 

Here, our assays revealed that our pepducins can display allosteric agonism, as they 

were capable of activating the GαoA and Gα13 signalling pathways with high efficacies. 

Agonist effects on GPCR signalling have been reported for many pepducins, with 

responses that include cAMP production (Carr III et al., 2016, Carr III, et al., 2014), cAMP 

inhibition and calcium mobilization (Carr III, et al., 2015), as well as ERK production, 

direct Gαi and Gα13 activation, and β-arrestin recruitment (Quoyer, et al., 2013). 

Our assays furthermore revealed that this agonist behaviour was not uniform, as our 

pepducins preferencially activated the GαoA and Gα13 signalling pathways over the β-

arrestin 1 and 2 pathways. Thus, they appear to act as biased allosteric agonists, which has 

been reported much less frequently. Among those that have been reported, it seems that our 

pepducins align themselves more closely to ATI-2341 and to the β2AR Gαs-biased 

pepducins (ICL3-2, ICL3-7, ICL3-8 and ICL3-9), than to the β2AR β-arrestin-biased 

pepducins (ICL1-4, ICL1-9, ICL1-11, ICL1-20). This bias makes them particularly 

interesting as tools to investigate GPCR signalling and function, as, providing their actions 
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are specific to the NTS1 receptor, they may be used to clarify the relative contributions of 

G protein signalling and β-arrestin recruitment in NTS1-mediated physiological effects.  

While we have not (as of yet) further investigated the mechanisms behind the poor 

pepducin-mediated β-arrestin recruitment, it is relevant to note that in both of the studies 

that reported G protein-biased pepducins, the authors found that pepducin stimulation 

(ATI-2341, ICL3-8, ICL3-9) resulted in very low GRK5/6 phosphorylation (and for ATI-

2341, GRK2 and GRK3 phosphorylation, as well) of their cognate receptor, as evaluated in 

HEK cells transfected with the FLAG-CXCR4 or FLAG-β2AR (Quoyer, et al., 2013; Carr 

III, et al., 2014). Therefore, we might reasonably expect our own pepducins to also lead to 

poor GRK-mediated receptor phosphorylation, which may help explain this negative bias 

toward β-arrestin. It may also be relevant to first confirm our lack of β-arrestin recruitment 

using different BRET constructions, as Quoyer, et al., (2013) did, in order to verify that it is 

not simply due to an acceptor-donor orientation with poor resonance transfer. 

Somewhat surprisingly, we observed no differences between the signalling profiles of 

PP001 and PP005, the pepducins in our series with the longest and shortest peptide 

sequences, respectively. Given that these presented with very different effects in the DMR 

assays, it was expected that we would also observe noticeable differences in signalling 

between the two. Preliminary in vivo results presented in section 4.2.1 have also 

highlighted differences between PP001 and PP005 activity, reinforcing this idea. However, 

this does not seem to be the case with the signalling pathways studied. Of course, while we 

seeked to investigate pepducin-mediated signalling by examining an array of signalling 

pathways, this array was by no means exhaustive. It is possible that these differences in 

cellular response are reflective of distinctions in signalling pathways which we have not 

tested.   

Finally, the concentration range at which we began to observe G protein pathway 

activation also agreed with what we previously found in the DMR assays (10 µM), 

reinforcing the notion that our pepducin series is less potent than other pepducins reported 

to date.  
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4.1.3.1 Biased allosteric modulation 

Our experiments with the BRET biosensors also revealed that our pepducin series 

could produce a negative allosteric modulatory (NAM) effect on NT-associated signalling. 

This NAM behaviour was demonstrated for both PP001 and PP005, with no apparent 

difference between the two, and was absent for the controls NP001, PPSCR and palmitate. 

This type of behaviour has been reported before, as multiple “antagonist” pepducins 

have been described in the literature. Ever since the very first publication concerning 

pepducins, the PAR1-based P1pal-7 and P1pal-12 pepducins were reported to inhibit 

SFFLRN-induced Ca2+
i  transients (Covic, et al., 2002a). One S1P3-based pepducin 

(Compound 16) was even reported to inhibit responses promoted by another (agonist) 

pepducin, KRX-725 (Severino, et al., 2013). Other pepducins developed for PAR2, PAR4, 

MC4, CXCR1/2, CXCR4 and β2AR receptors have also been reported to inhibit agonist-

induced responses ranging from ERK activation (Cisowski, et al., 2011), interleukin 

production (Kaneider, et al., 2005), calcium ion influx and platelet aggregation (Wielders, 

et al., 2007), neutrophil migration (Sevigny, et al., 2011), lymphoma cell migration 

(O’Callaghan, et al., 2012), aortic vasorelaxation (Kubo, et al., 2006), and others. The 

p4pal-10 pepducin was found to concentration-dependently inhibit calcium mobilization in 

HEK293 and HASM cells in response to a range of Gαq-coupled receptor agonists 

(bradykinin, carbachol, PAR1-AP, histamine, and ATP), with varying potencies (Carr III, 

et al., 2015). The Gαs-biased pepducin ICL3-9 was found to inhibit isoproterenol-promoted 

β2AR internalization in concentration-dependent manner (Carr III, et al., 2014). To my 

knowledge, no study so far has evaluated pepducin NAM behaviour by examining G 

protein activation or β-arrestin recruitment directly, in the way we have done here, nor has 

a “biased” allosteric modulation been shown. 

Initially, it was considered that this NAM behaviour on NT-associated β-arrestin 

recruitment may be the result of steric hindrance (or competition) at the intracellular face of 

the receptor or, alternatively, a result of reduced NT binding to the receptor. Our 

subsequent radioligand binding experiments strongly favour the latter interpretation, 

although this presents with an additional difficulty. The NAM behaviour we observed 

seems to be biased; the inhibition of NT-associated β-arrestin recruitment is readily 

apparent, but not so for NT-associated G protein activation. Theoretically, if the NAM 
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behaviour were simply a result of reduced NT binding, we would expect the pepducin-

induced inhibition in signalling to be apparent for all NT-mediated signalling pathways, 

both G-dependent and G-independent. We explain this discrepancy by the fact that our 

pepducins are not only allosteric modulators, but also possess an inherent allosteric agonist 

behaviour. We believe that the inhibitory effect of pepducins on NT-associated G protein 

activation is effectively masked by the pepducins’ own agonist behaviour on these 

pathways; the net effect is that we perceive an allosteric modulatory bias, where there is 

only an allosteric agonism bias. This is supported by the fact that there appears to be a 

slight shift in NT’s EC50 values for G protein signalling when treated with pepducins 

(although the error is too great to claim this conclusively). Of course, all this does not 

exclude steric hindrance also being a factor in NAM behaviour. It may be that the 

pepducins stabilize a receptor conformation that no longer permits β-arrestin recruitment, 

even by NT.  

 The dual actions of these pepducins, both as agonists and NAMs, may also have an 

impact on their potential therapeutic use. For example, in the introduction, I described how 

allosteric compounds present with key features that make them therapeutically interesting. 

One often-cited advantage to allosteric modulators in pharmacotherapy is that their effects 

are saturable, that is, they reach an upper limit. Allosteric modulators are only active in the 

presence of the endogenous agonist (Kenakin, 2012). Once the allosteric site is fully 

occupied, the modulator’s effect on the agonist-mediated signalling reaches its peak, and 

increasing the concentration will have no additional effect. Thus, the danger associated with 

overdoses, for example, would be largely reduced. For pepducins which also present with 

their own allosteric agonist behaviour, and are therefore active even in the absence of the 

endogenous agonist, some of the advantages associated with saturable effects would no 

longer be applicable. However, many of the other key features of allosteric compounds still 

apply (ie. separate effects on affinity and efficacy, receptor subtype selectivity, probe 

dependence, preservation of physiological patterns, etc.).  

In sum, the BRET signalling assays revealed both biased allosteric agonist and NAM 

behaviour on the part of our pepducins. As this behaviour was absent for NP001, PPSCR 

and palmitate, we are confident in these results. The signalling bias here is especially 
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interesting; the pepducins may be particularly useful as tools to investigate the signalling 

pathways responsible for NTS1-mediated physiological effects. 

  

4.1.4 Increase in NTS1 homomerization 

 In order to determine the impact of pepducin treatment on receptor homomerization, 

we performed BRET titration experiments measuring the functional interaction between 

acceptor- and donor-tagged hNTS1 receptors, with or without pepducin stimulation.  

Notably, this was the first time that this technique was used within our own 

laboratory to demonstrate hNTS1 homomerization, and so required the design and 

construction of a new hNTS1-RlucII plasmid (the hNTS1-GFP10 plasmid having already 

been constructed for our β-arrestin recruitment assays). Thus, while other studies have 

reported NTS1 homodimerization in detergent solutions (White, et al., 2007), in 

reconstituted membrane systems (Harding, et al., 2009) or in cells using co-

immunoprecipitation (Perron, et al., 2007), this is the first time (to my knowledge) that it 

will be demonstrated in live cells, using BRET. As our results reveal a clearly-defined 

BRET saturation curve, they strongly attest to a constitutive interaction between hNTS1 

receptor monomers. Although we chose to measure this interaction via a titration 

experiment, alternative BRET methods exist, such as the use of competitive inhibition or 

increasing partner concentrations, expanded upon by Bouvier & Marullo in their 2007 

review (Bouvier & Marullo, 2007). For the first method, both hNTS1-RlucII and hNTS1-

GFP10 constructs would be transfected into the cells in equal amounts, along with 

increasing quantities of label-free hNTS1. If the hNTS1-hNTS1 interaction is specific, the 

label-free hNTS1 should compete for binding with the tagged receptors, and a 

concentration-dependent decrease in the BRET signal should be observed. For the second 

method, both hNTS1-RlucII and hNTS1-GFP10 constructs would be transfected into the 

cells at similar ratios (1:1, 1:2, 1:3, etc.), but in increasing quantities. If the interaction is 

specific, the BRET signal should remain steady for each “ratio” condition, as it should be 

independent of the total concentration of both receptors. If the interaction is non-specific, 

the BRET signal would instead increase linearly, as the total concentrations of both 

receptors are increased. While each method (titration, competitive inhibition, increasing 

partner concentrations) may serve to demonstrate receptor homomerization, it may be more 
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scientifically rigorous to use a combination of these. Consequently, we are also seeking to 

corroborate the findings of this thesis using a BRET competitive inhibition assay; our 

preliminary results (not shown) seem to confirm constitutive hNTS1 homomerization, as 

well as the PP001-induced increase in BRET signal. Also, in order to truly demonstrate that 

this hNTS1-hNTS1 interaction is specific, it would be preferable to perform similar 

titration assays in cells transfected with the tagged receptor constructs and control RlucII-

coding and GFP10–coding plasmids. 

In addition to confirming the homomerization of hNTS1, our results revealed that 

PP001 administration, but not NP001 or PPSCR administration (100 µM), could enhance 

this homomerization process. More specifically, we observed a clear increase in the 

BRETmax, although BRET50 seemingly remained unchanged. In BRET titration 

experiments, BRETmax depends on the distance and relative orientation between the donor 

and acceptor proteins, whereas BRET50 is regarded as an indicator of the association 

affinity of two proteins. Thus, it is possible that PP001 does not mediate an actual increase 

in hNTS1-hNTS1 affinity, but rather promotes a conformational rearrangement of the 

receptor complex that permits a better transfer of resonance energy. Alternatively, it might 

promote the formation of higher-order oligomers; the increase in BRET signal would be a 

reflection of receptors self-associating into greater complexes. As the studies published so 

far seem to indicate that the NTS1 receptor assembles principally into homodimers, and 

does not constitutively form higher-order complexes, it would be interesting if pepducins 

could change this state (although this is purely speculative). I would however like to state 

that we observed BRET luminescence at multiple time-points; at the time-point presented 

in this thesis, we observed no change in BRET50. However, other time-points presented 

with more BRET50 variability. Nevertheless, as discussed above, it is clear that PP001 has a 

positive impact on NTS1 homomerization. 

An additional difficulty in deciphering the nature of this impact, is that we have not 

yet proceeded to test the effect of NT administration on receptor homomerization, so we 

cannot compare PP001-mediated activity to that of NT. It is generally understood that 

GPCR dimerization may be ligand-dependent, or simply constitutive; thus, it is possible 

that treatment with NT may increase the BRET signal in a similar fashion to PP001, or 

produce no effect at all. If we consider the findings of Harding, et al.,(2009), who found 
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that NTS1 dimerization in brain polar lipid liposomes was independent of NT, we might 

reasonably expect the latter to occur in our own experiments. If NT is inactive on hNTS1 

homomers, we might think that the PP001-mediated effect is not a result of hNTS1 

activation, but rather an inherent property, common to all pepducins.  

Such a conclusion would not be well-founded, however, as work from Quoyer, et 

al.,(2013) demonstrated, using a similar BRET titration experiment, that the ICL1-based 

pepducin ATI-2341 (1 µM) had no effect on CXCR4 dimerization (while CXCR4’s 

endogenous ligand, SDF-1α, caused a marked increase in BRETmax). This is the only 

other study of which I am aware to examine the effect of pepducins on receptor 

homomerization. While we tested PP001 at a much greater concentration than they did for 

ATI-2341, these concentrations agree with the relative potencies of our compounds, as 

ATI-2341 may mediate CXCR4 signalling with more potency than PP001 does for NTS1. 

It appears, therefore, that not all pepducins affect receptor homomerization, and that this 

may be a specific property of our series targeting hNTS1. 

In sum, these BRET titration experiments provide a first indication of hNTS1 

homomerization in live cells, and hint at the fact that pepducins may have a particular 

impact upon this process, by promoting receptor self-assembly. While there are still 

questions surrounding the exact nature of this effect, as well as the actions of the other 

pepducins in our series, these findings substantiate our claims that our pepducins are 

biologically active, require N-terminal palmitoylation and their specific peptide sequences 

to mediate their biological actions, and can allosterically modulate the hNTS1 receptor. 

 

4.1.5 Inhibition of NT orthosteric binding 

The role of the competition radioligand binding experiments was to determine 

whether or not the pepducins in our series could have an impact on the binding of 

neurotensin to its orthosteric site on the hNTS1 receptor. Indeed, we found that high 

pepducin concentrations (10 µM) led to a partial reduction in [125I]-NT binding. The most 

critical aspect of these results was the observation that the non-palmitoylated control, 

NP001, did not do so. Had this not been the case, we might conclude that our pepducins 

could interact directly with the orthosteric site on NTS1. However, as N-palmitoylation is 

required here, we are confident that the pepducin-induced “displacement” of bound NT 
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issues from an intracellular action following cell membrane translocation, and is not a 

result of direct competition with [125I]-NT. 

As with the homomerization assay, these results are in stark constrast to (the little of) 

what has been published in the field to date. In two separate studies published by the same 

group (Carr III, et al., 2016; Carr III, et al., 2014), β2AR-derived pepducins were incubated 

with [125I]-iodocyanopindolol in HEK cells overexpressing FLAG-β2AR. While the β-

blocker carvedilol could effectively displace bound [125I]-iodocyanopindolol, the pepducins 

ICL1-9, ICL3-8 and ICL3-9 were completely ineffective at doing so, at concentrations of 3, 

10 or 30 µM. Clearly, our conflicting results that PP001, PP003 and PP005 can inhibit 

[125I]-NT binding, to levels reaching 60-70 % displacement at 10 µM, suggests that there 

may be more variability in the pepducin mode of action than previously understood, and in 

how pepducins allosterically modulate the binding and signalling of endogenous ligands. 

Also, as previously mentioned, a significant outcome of these experiments was that 

they helped inform the negative allosteric modulatory behaviour we observed in the BRET 

β-arrestin recruitment assays. They notably suggest that the concentration-dependent 

inhibition in NT-induced β-arrestin recruitment we observed may be due to a reduction in 

NT binding, and not be the result of steric hindrance at the receptor-effector interface. 

All in all, these results confirm that our pepducins target the hNTS1 receptor, and can 

behave as allosteric modulators; they furthermore present the novel result that orthosteric 

binding can be affected by pepducin intracellular actions. 

 

4.2 Future prospects 

 This project constitutes an important first step to validate and to characterize the 

actions of a new NTS1-based pepducin series. However, there are still many other avenues 

of research to explore, which could permit a more thorough characterization of pepducin-

mediated actions for this receptor system, and answer some long-standing questions 

surrounding the pepducin mode of action. 
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4.2.1 Preliminary in vivo results 

The scope of this study was limited to an in vitro characterization of the ICL1-based 

pepducin series; however, a logical extension of this project is to investigate their in vivo 

behaviour, as well. As the pepducins participate in cellular effects linked to hNTS1 

activation, it was considered likely that these translated into typical NTS1-mediated 

physiological responses, such as analgesia, hypothermia and hypotension. Therefore, 

preliminary in vivo experiments were performed to assess the pepducins’ antinociceptive 

and hypotensive actions. It was also considered that, potentially, our findings concerning 

pepducin-mediated NTS1 signalling may aid in identifying the signalling pathways 

responsible for each of the NTS1-mediated effects.   

Consequently, we assessed the antinociceptive potential of our pepducins in a rat 

acute pain test. During this test, we measured the latency in the withdrawal response (tail-

flick) of adult male Sprague-Dawley rats to a noxious thermal stimulus (a 52oC water bath), 

following injection of pepducins directly into the spinal cord between the L5-L6 vertebrae. 

In our laboratory, this model is primarily used as a means of screening for analgesic 

compounds, of which the most interesting are then brought along into the more intensive 

chronic pain models. Thus, we used this test to screen our pepducin series by testing 

PP001, PP003 and PP005 (one representative from each of the SPR and impedance profile 

groups), at a dose of 275 nmol/kg. The test was repeated at 10-minute intervals for 1 hour 

post-injection, and then again at 90 minutes. Whereas PP003 and PP005 were inactive (not 

shown), PP001 administration resulted in a significant increase in the tail withdrawal 

latency, for 60 minutes immediately following injection (Figure 25). Notably, this 

antinociceptive effect was not accompanied by any observable side effects; the rats seemed 

to tolerate PP001 very well. Importantly, injections of NP001 or PPSCR at the same dose 

did not result in a significant increase in withrdrawal latency, similarly to treatment with 

the vehicle (saline, composed of 10 % DMSO and 20 % polyethylene glycol, added to aid 

in tissue distribution). Accordingly, PP001 has been retained for further research into its 

analgesic properties. 
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Figure 25: Effect of PP001, NP001 and PPSCR in rat acute pain test 
Latency measured (in seconds) for a healthy rat to withdraw its tail from an acute nociceptive stimulus (a 52oC 
water bath), as determined at 10-minute intervals for 1 hour following intrathecal administration (275 nmol/kg), 
and again at 90 minutes. Each compound was prepared in a saline solution composed of 10 % DMSO and 20 
% polyethylene glycol (PEG), and administered by acute lumbar puncture between the L5-L6 vertebrae, at an 
injection volume of 25 µL. Adult male Sprague-Dawley rats were used weighing 250-300 g (Charles River 
Laboratories, St-Constant, Québec, CA), and were lightly anaesthetized with isoflurane during compound 
administration. The experimental procedures were approved by the Animal Care Committee of the Université 
de Sherbrooke, and were in accordance with the directives of the Canadian Council on Animal Care. Each 
data set represents the mean ± S.E.M. of n=6 rats. A two-way ANOVA statistical test, followed by Tukey’s 
correction for multiple comparisons, was performed. The ** symbol refers to a p-value < 0,01. All analyses 
were performed using Graphpad Prism 7 software.  
 

Furthermore, we examined the effect of systemic NT(8-13) and pepducin injections 

on the blood pressure of adult male Sprague-Dawley rats. The experimental procedure to do 

so involved highly invasive surgery, during which we inserted a catheter into the rat’s right 

carotid artery (PE50 polyethylene tubing filled with heparinized saline) and monitored its 

mean, systolic and diastolic arterial blood pressure and heart rate. The compounds were 

then administered via a cathether inserted into the left jugular vein (PE10 polyethylene 

tubing filled with heparinized saline) at a 55 nmol/kg dose which, for NT(8-13), 

corresponds to 0,05 mg/kg. Furthermore, as a control, the vehicle in which the pepducin 

compounds were prepared was also injected and evaluated; this vehicle consisted of saline 

and approximately 5 % DMSO.  
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As can be observed in Figure 26, the blood pressure remained steady following 

injection with the vehicle, as with the non-palmitoylated compound NP001. Interestingly, 

PP004 and PP005 were similarily inactive in this experiment, whereas PP001 and PP003 

induced potent and sustained drops in blood pressure. For PP001, this response was 

characterized by a 40-second delay in onset, followed by a steep decline in blood pressure 

(-40 ± 6 mm Hg) that was partially recovered by the end of the experiment. In the case of 

PP003, the delay in response was briefer (20 seconds), and followed by a blood pressure 

drop from which the rats did not recover, reaching fatal levels (-55 ± 2 mm Hg) near the 

end of experiment (8 minutes post-injection). The PP002 pepducin, despite exhibiting a 

similar response profile as PP003 in the in vitro SPR and impedance-based assays, did not 

produce a response anywhere near as potent; instead, it prompted a negligeable initial drop 

in pressure (-4 ± 2 mm Hg, at 15 seconds post-injection), and, after a brief return to 

baseline, a gradual decrease in pressure until end of experiment (-9 ± 5 mm Hg). 

Interestingly, none of the pepducins produced a potent triphasic response like that of NT(8-

13), which consisted of an immediate important decline in blood pressure (-29 ± 3 mm Hg, 

20 seconds post-injection), a near-complete recovery (-22 ± 3 mm Hg), and a final decline.  

However, it should be noted that at higher doses of NT(8-13), the response is sustained 

throughout (there is no recovery). 
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Figure 26: Effect of pepducin series on rat arterial blood pressure 
Changes in arterial blood pressure observed in a carotid-artery-cannulated rat over a 400-second time period, 
following injection of compounds into the jugular vein (55 nmol/kg). Adult male Sprague-Dawley rats weighing 
300-400 g (Charles River Laboratories, St-Constant, Québec, CA) were used, and were anaesthetized with a 
mixture of ketamine and xylazine (87:13 mg/kg) via intramuscular injection. All compounds were prepared in a 
saline solution composed of 5 % DMSO. Blood pressure data was acquired with a a Micro-Med transducer 
(model TDX-300, USA) and a Micro-Med analyzer (model BPA-100c, USA). Data was recorded every 5 
seconds for a 5-minute period, and then at 60-second intervals until return to baseline. At close of experiment, 
rats were euthanized by surgical rupture of the diaphragm. All experimental procedures were approved by the 
Animal Care Committee of the Université de Sherbrooke, and were in accordance with the directives of the 
Canadian Council on Animal Care. Each data set represents the mean ± S.E.M. of n=5 rats; dotted lines 
represent S.E.M. All analyses were performed using Graphpad Prism 7 software. 
 

 

Collectively, these results confirmed that the pepducins can also participate in the 

physiological effects linked to NTS1 activation, and highlighted PP001 as an important 

pepducin for further study. Furthermore, our findings concerning the biased signalling of 

pepducins (G protein activation favoured over β-arrestin recruitment) may help inform the 

effects observed here. Assuming that the results from our cellular model are transferrable to 

our animal models, this suggests that both the antinociceptive and hypotensive effects 

following NTS1 activation are primarily mediated through G protein-dependent signalling 

pathways. It is unclear why PP001 and PP005 present with such divergent efficacies in 

vivo, despite possessing similar signalling signatures in vitro, although this may depend on 

signalling differences for pathways which we did not evaluate. 

 



 

 

107 

In light of these results, we plan to further test the analgesic and antinociceptive 

actions of PP001 in a tonic pain model (formalin), and in neuropathic, inflammatory and 

cancer chronic pain models, techniques well mastered in our laboratory (Tétreault, et al., 

2013; Guillemette, et al., 2012; Parent, et al., 2012; Tétreault, et al., 2011; Doré-Savard, et 

al., 2010; Roussy, et al., 2008). Notably, very few studies exist to date which evaluate the 

action of pepducins in regards to pain, and these focus mainly on the actions of a PAR4-

based pepducin, P4pal-10 (Russell, et al., 2010; Annahazi, et al., 2009; McDougall, et al., 

2009). Furthermore, these studies were limited to knee joint pain and inflammation 

(Russell, et al., 2010; McDougall, et al., 2009), and to pain induced by colorectal distension 

(Annahazi, et al., 2009). One other study investigated the analgesic actions of a lipidated 

ICL2-derived compound targeting the delta opioid (DOP) receptor (C11-DOPri2) in a CFA 

inflammatory pain model, and observed that chronic injection of this compound could both 

attenuate the Deltorphin II-induced (DOPR), and increase the DAMGO-induced (MOPR) 

anti-hyperalgesic and anti-nociceptive actions (Beaudry, et al., 2015). Evidently, evaluating 

the action of pepducins in the models proposed above would be breaking new ground in 

pepducin research and, should the PP001 pepducin be effective in these models, may lead 

to a novel analgesic.  

 

4.2.2 Pepducin specificity and selectivity 

 Another important facet to the study of pepducins that this project did not explore, is 

to determine their specificity and selectivity for the NTS1 receptor. All of the biological 

assays described here focused on effects mediated by NTS1. In most of the experiments 

peformed, it can be correctly assumed that these effects are truly mediated through NTS1 

activation. For example, the assay used to measure β-arrestin recruitment (or its inhibition) 

relies on a direct interaction between a RlucII-tagged β-arrestin and a GFP10-tagged NTS1 

receptor, confirming that the effects observed are mediated by NTS1. Similarily, the 

pepducins’ effects on receptor homomerization or on NT orthosteric binding are almost 

certainly NTS1-dependent, due to the very nature of the experiments. For some of the other 

effects observed (whole-cell integrated responses and G protein activation), it cannot be 

conclusively claimed that they were not mediated by another receptor (or receptors) 

endogenously expressed by the CHO cells. However, while the assay used to determine G 
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protein activation measures an interaction between two tagged G protein subunits, and not 

the receptor itself, the fact that these experiments were performed in a system in which 

NTS1 is overexpressed makes it much more likely that this activation is mediated by NTS1. 

Most convincingly, the fact that the PP001-mediated SPR response did not occur in cells 

lacking hNTS1 receptor expression provides a strong argument for an NTS1-specific action 

on the part of our pepducins. Nevertheless, to be truly confident that the effects observed by 

our pepducins are solely the result of NTS1 activation, particularly for the in vivo results, 

their actions on other receptors must be properly assessed.  

 As established in section 1.2.4 of the introduction, pepducin polypharmacology has 

been reported before. Even in Covic, et al.’s (2002a) seminal paper, the PAR1-based 

pepducin P1pal-19 was shown to provoke IP3 production in COS7 cells expressing the 

CCKA or SSTR2 receptors. The PAR4-based pepducin P4pal-10 could inhibit agonist-

mediated responses on a slew of Gαq–coupled receptors (Carr III, et al., 2015). A recent 

study evaluating pepducins based on human and mouse FRP1 and FRP2 receptors found 

that, surprisingly, the two FRP1-based pepducins instead targeted FPR2, and that 

substantial differences in the nature of the pepducin-mediated effect (inhibitory vs. 

activatory) existed between receptor species (Winther, et al., 2017). Therefore, it is feasible 

that our pepducin series may also present with off-target effects; if this is the case, the 

antinociceptive and hypotensive effects observed in vivo may not be due to NTS1 

activation alone.  

 In order to effectively test pepducin-mediated activity on a wide range of receptors, 

we have sent a request for PP001 profiling to the NIMH Psychoactive Drug Screening 

Program run by Dr. Bryan Roth of the UNC School of Medicine, stationed in Chapel Hill, 

North Carolina (USA). For the purposes of this drug screening program, functional GPCR 

assays have been developed for an entire library of GPCRs, including serotonergic, 

muscarinic, nicotinic, chemokine and opioid receptors, as well as a high number of class A, 

B and C orphan GPCRs, to name a few (Kroeze, et al., 2015). Consequently, it was 

determined that the PP001 pepducin could be screened more efficiently, and for a greater 

number of receptors, by this platform than by our own team. 

 If our pepducins demonstrate a lack of specificity in these assays, their usefulness as 

investigative tools in vivo would necessarily be diminished; however, they may still show 
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promise as novel therapeutics. On the other hand, if they present with very specific profiles, 

especially if they show selectivity for NTS1 over NTS2, they would represent extremely 

valuable tools to exploring GPCR function, especially in vivo. 

 

4.2.3 Mechanisms of pepducin-receptor interactions 

 In addition to exploring the in vivo effects and to determining the specificity of the 

already-synthesized pepducin series, it would be interesting to explore the mechanisms by 

which our pepducins interact with their cognate receptor. Specifically, we would like to 

narrow down a potential binding site between the PP001 pepducin and the hNTS1 receptor. 

As alluded to in section 1.2.4 of the introduction, a photochemical cross-linking approach 

has already been used by Janz and colleagues (2011) to determine a direct interaction 

between the ICL1-based ATI-2341 pepducin and its cognate chemokine receptor, CXCR4. 

We plan to build on this technique. 

 In their study, they generated an ATI-2341 analogue termed ATI-2766, in which the 

Leu in position 7 was replaced by L-photo-leucine and a TAMRA fluorescent label was 

inserted in a position flanking the lipid portion of the pepducin. Here, the particularity of 

the L-photo-leucine amino acid is that it contains a photoactivable diazine ring which, 

under UV radiation, will form a reactive carbene that creates a stable, covalent cross-link 

with a nearby atom in a highly location-specific manner (Suchanek, et al., 2005). The 

TAMRA label served to visualize the pepducin in cellular imaging and in-gel fluorescence 

studies, and was chosen principally because it does not absorb UV rays in the region 

affecting the photo-Leu probe. After ensuring that these modifications did not alter the 

pepducin’s functional activity by monitoring calcium production in cells expressing 

CXCR4 or the highly homologous CCR5 receptor (to which the pepducin analogue 

responded in the former condition, but not the latter, precisely like ATI-2341), cells 

expressing an epitope-tagged version of the CXCR4 receptor were incubated with the ATI-

2766 pepducin. Susbsequently, the cells were exposed to UV light, in order to induce a 

covalent cross-link between the pepducin and the receptor. The receptor was then 

immunoprecipated and resolved by SDS-PAGE, and, thanks to in-gel fluorescence imaging 

set to detect TAMRA-associated light emission, the presence of the covalently-linked ATI-

2766 pepducin was confirmed. In conjunction with results showing that this fluorescence 
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was not detected in conditions containing untransfected or CCR5-expressing cells, and was 

furthermore reduced by competition with the unmodified pepducin, the authors could 

confidently conclude that CXCR4 was a direct binding partner of the ATI-2341 pepducin.  

 Similarily, we have begun the synthesis of a PP001 analogue containing L-photo-

Leu and a TAMRA fluorophore, with which we intend to perform photochemical cross-

linking experiments in CHO-hNTS1 cells. However, we also plan to include an additional 

step before fluorescence detection, during which time we will incubate the 

immunoprecipate (receptor-pepducin complex) with proteases that will cleave the receptor 

at select regions. Thus, it is our hope that, in addition to confirming PP001 as a direct 

binding partner of hNTS1, we may identify the receptor region that contains the pepducin 

binding site. It is clear that elucidating this binding site may greatly inform the pepducin 

mode of action, which remains poorly understood. 

 Alternatively, it may be feasible to try a molecular modeling approach to identify 

the pepducin-receptor binding site, as at least one published study has used blind docking 

(ZDock) and flexible docking (FlexPepDock, HADDOCK) protocols, as well as molecular 

dynamics simulations, to identify potential binding sites between the ATI-2341 pepducin 

and the CXCR4 receptor (Planesas, et al., 2015). These methods enabled them to identify 

key residues for pepducin-receptor binding interactions, from which they could propose an 

intracellular binding site found near ICL1, where the pepducin would interact with ICL2, 

and, to a lesser extent, ICL3 and the C-terminal tail. Potentially, similar modeling protocols 

could be applied to our pepducin series, to see whether or not a similar binding site could 

be proposed for PP001. 

 

4.2.4 Design of macrocylic pepducins 

 Furthermore, while the results with this first pepducin series are promising, this 

series may yet be optimized; potentially, their affinity and/or efficacy for the NTS1 receptor 

may be increased by additional chemical modifications. To this end, we have synthesized 

and begun characterizing a series of pepducins corresponding to a PP001 alanine scan, for 

which each amino acid in PP001’s peptide chain is systematically replaced by an Ala 

amino acid, in order to determine the key residues for pepducin activity. Once these are 

identified, a number of chemical modifications to the PP001 peptide sequence may be 
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beneficial, such as macrocylization. This technique, which involves closing off a peptide 

sequence to form a cyclic, or “ring”, structure, has been used in the past to restrict peptide 

conformation, and to confer advantages such as increased proteolytic stability or 

permeability (Marsault & Peterson, 2011). While no macrocyclic pepducins have yet been 

reported in the scientific literature, these could, theoretically, more faithfully recreate the 

topology of the intracellular loops than their linear counterparts. Thus, the design of 

macrocyclic pepducins may represent an interesting avenue to explore, and would be a 

novel addition to the field of pepducin research.     

 

4.2.5 Design of ICL2-, ICL3-, and C-terminal-based pepducins 

 Finally, this study has centered around characterizing the actions of a pepducin 

series based solely on the first intracellular loop of hNTS1. While there were clear reasons 

for us to choose to base our series on this loop (sequence consensus across receptor species, 

limited number of ICL1-based pepducins developed to date), it would nevertheless be very 

interesting to investigate the actions of pepducins based on the other loops of hNTS1, as 

well. In the eventuality that these present with effects that differ from the ICL1-based 

series, they may shed a light on the roles of the different intracellular loops in GPCR 

signalling and clarify the interactions between the ICL domains and cellular effectors, 

which are still poorly understood. Thus, with this aim in mind, we have recently 

synthesized pepducins based on ICL2, ICL3 and the C-terminal tail of hNTS1, as well as 

the corresponding non-palmitoylated and scrambled controls. Although they have not yet 

been characterized, we are looking forward to comparing their actions to those of the ICL1 

series. 
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Conclusion 

 To conclude, this study aimed to validate the use of pepducins as investigative tools 

into GPCR signalling and function. To do so, our research team designed, synthesized and 

characterized the cellular effects of a new pepducin series using the ICL1 peptide sequence 

of the human neurotensin 1 receptor as a template. The findings presented in this thesis 

effectively showed that this pepducin series is biologically active, and is capable of 

allosterically modulating the hNTS1 receptor. Furthermore, we report novel pepducin 

cellular actions, such as a pepducin-induced increase in receptor homomerization, and 

reduction in orthosteric binding. Notably, evidence supporting the biased signalling 

behaviour of our pepducins, which act both as allosteric agonists and allosteric modulators, 

suggest that these pepducins may be particularly interesting tools to further explore the 

signalling pathways responsible for physiological effects. All in all, this study contributed 

to furthering our understanding of the behaviour of pepducins, in general, and may yet 

serve to illuminate the signalling and function of the NTS1 receptor, in particular. 
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