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Abstracts 

G protein-coupled receptors (GPCRs) are an important class of drug targets due to 

their involvement in various signaling pathways. GPCRs transmit signals from the 

extracellular environment to the interior of cells, regulating numerous physiological 

processes. GPCRs are known to engage in protein-protein interactions (PPIs) with a 

variety of intracellular signaling molecules, including G proteins, β-arrestins, and other 

adaptor proteins. Understanding these interactions is crucial for unraveling the 

complex signaling networks mediated by GPCRs and developing targeted 

therapeutics. Assay development plays a pivotal role in studying GPCR PPIs, allowing 

researchers to investigate the binding partners, functional consequences, and 

dynamics of these interactions. Developing assays for GPCR PPIs requires careful 

consideration of the specific interaction being studied, the choice of experimental 

techniques, and the suitability for the desired readout. These assays provide valuable 

insights into the molecular mechanisms underlying GPCR signaling and can aid in the 

discovery and development of novel therapeutic strategies targeting GPCR-

associated diseases. Considering that PPIs are highly dynamic processes, cellular 

assays are often essential for their study because they closely mimic the biological 

complexities of cellular environments. The present thesis aimed to develop an in 

cellulo proteomic assay by developing an intracellular nanobody targeting the V5-

peptide tag. Functionalizing this anti-V5 intrabody would allow it to be implemented in 

various cell-based assays with any protein carrying the V5-tag. Therefore, the 

NbV5:V5 tag system presents itself as a versatile tool for live-cell imaging and a 

befitting adaptation to existing cellular assays dedicated to probing PPIs. The 

NbV5:V5 tag system has been applied to interrogate G protein-coupled receptor 
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signaling with the ultimate goal of performing cellular studies of a broader and 

systematic nature using the genome-wide V5-tagged ORF library. 
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CHAPTER I: INTRODUCTION 

1.1 Generality 

 
G protein-coupled receptors (GPCRs) constitute one of mammals' largest 

superfamilies of membrane proteins (1). GPCRs are ubiquitously expressed and can 

be found in virtually all cell and tissue types(2). They are the target of a wide variety 

of extracellular ligands, such as photons, ions, small molecules, peptides, and 

hormones(3). They are characterized by a seven-transmembrane domain structure 

and are involved in the transmission of signals from the extracellular environment to 

the interior of cells. GPCRs participate in diverse physiological processes, such as 

vision, olfaction, taste, and regulation of cardiovascular and immune systems. GPCRs 

are also linked to many pathological conditions such as pain, Alzheimer's disease, 

type 2 diabetes, and depression (4). The structure of GPCRs consists of seven 

transmembrane helices connected by three intracellular loops and three extracellular 

loops (5). These receptors span the cell membrane, with an extracellular domain for 

ligand recognition and an intracellular domain for interaction with intracellular 

signaling proteins (4). GPCRs undergo conformational changes upon ligand binding, 

allowing them to interact with and activate specific heterotrimeric G proteins. These 

G proteins comprise α, β, and γ subunits and act as mediators between GPCRs and 

downstream signaling pathways. Upon activation, the Gα subunit exchanges GDP for 

GTP, dissociating from the βγ subunits and activating downstream effector molecules. 

GPCR signaling can modulate various intracellular pathways, including the cyclic 

adenosine monophosphate (cAMP) pathway, phospholipase C (PLC) pathway, and 

mitogen-activated protein kinase (MAPK) pathway. These pathways regulate cellular 
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responses such as gene expression, ion channel activity, neurotransmitter release, 

and cell proliferation. The importance of GPCRs in cellular signaling makes them 

attractive targets for therapeutic intervention. Many drugs currently on the market 

target GPCRs, including medications for hypertension, asthma, allergies, and 

psychiatric disorders (6). By modulating GPCR activity, these drugs can regulate 

abnormal signaling pathways and restore cellular homeostasis. Studies have also 

unveiled the complexity of GPCR signaling. Depending on which ligand activates a 

receptor, it can engage different intracellular transducers. This ‘biased signaling’ 

paradigm requires that we now characterize physiological signaling not just by 

receptors but by ligand-receptor pairs. In addition to ligand bias, a receptor's response 

is also determined by system bias, which encompasses all non-ligand molecules 

involved in signaling. The combined effect of ligand and system bias leads to 

functional selectivity and provides opportunities to elicit the predominantly 

therapeutically relevant effect of a receptor activation (7).  
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Figure 1 Schematic Representation of the General Structure of GPCRs. 

(A) GPCRs are membrane proteins that consist of seven transmembrane (TM) helices 

connected by three extracellular (ECL1-3) and three intracellular loops (ICL1-3). Their 

N- and C-terminus are found in the extracellular and intracellular regions, respectively. 

(B) The assembly of a typical GPCR is done in a counter-clockwise manner to form a 

functional receptor. (C) Upon agonist binding, the receptor is activated and recruits 

the heterotrimeric G proteins. These proteins bind to the ICL3 and C-terminus of the 

receptor. Figure made on Biorender 
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1.2 GPCR Classification 

This seven-transmembrane protein family comprises 826 members encoded in the 

human genome and is divided into different classes. Different sorting systems have 

been proposed to classify GPCRs. The first proposed by L.F. Kolakowski Jr is based 

on the sequence homology between receptors to divide them into seven classes (A-

F)(8). Another classification system based on phylogenetic studies divides GPCRs 

into five classes: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, and Secretin 

(GRAFS)(9). The Kolakowski classification (A-F) is the basis for the widely used 

GPCR database (GPCRdb) built on receptor sequence homology(10). Class A, or 

rhodopsin-like family, is the most prominent family of GPCRs (over 80% of all GPCRs) 

and includes most sensory receptors. Non-sensory class A receptors bind small 

ligands like small molecules, neurotransmitters, peptides, and hormones. They 

possess common structural characteristics: a short N-terminal domain, a conserved 

cysteine bridge, E/DRY, NPxxY, CWxP, PIF, and Na+-lock motifs(11). Non-sensory 

class A receptors represent the main research focus of the Giguere lab. 

Orphan GPCRs, also known as orphan receptors, are a subset of G protein-coupled 

receptors (GPCRs) identified through genomic sequencing but have unknown 

endogenous ligands or functional roles. These receptors are called "orphans" 

because they lack identified ligands or known physiological functions (12). 

 

Orphan GPCRs represents a significant portion of the GPCR family, with estimates 

suggesting that approximately one-third of the GPCRs in the human genome are still 
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considered orphan receptors(12). Despite their unknown ligands and functions, 

orphan GPCRs are believed to have important roles in various physiological 

processes and hold potential as therapeutic targets (6). Research efforts are focused 

on elucidating the ligands and functions of orphan GPCRs. Different approaches are 

employed to discover the ligands for orphan GPCRs, including screening compound 

libraries, mining databases for potential ligand-receptor interactions, and using 

functional assays to identify ligand-induced responses (2). Once the ligands for 

orphan GPCRs are identified, their functional roles can be investigated through 

studies involving knockout or overexpression models and selective agonists or 

antagonists (3). Understanding the functions of orphan GPCRs can provide insights 

into their involvement in physiological processes, such as sensory perception, 

immune response, and neuronal signaling (13). Orphan GPCRs also present 

opportunities for drug discovery and development. Once the ligands and functions of 

these receptors are elucidated, they can be targeted with selective agonists or 

antagonists to modulate their activity and potentially treat various diseases (14). 

Several orphan GPCRs have been successfully deorphanized in recent years, leading 

to the development of new therapeutics targeting these receptors (15).  
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Figure 2 Phylogenetic Tree of the GPCR Superfamily. Having over 800 types found 
in humans, the family of GPCRs is very abundant and diverse. The opioid receptors 
(OPRM1: μ-opioid receptor, OPRD1: δ-opioid receptor, OPRK1: κ-opioid receptor) are 
part of the largest subfamily of GPCRs, the Rhodopsin family. Other major branches, 
such as Adhesion, Secretin, Glutamate, and Frizzed receptors, are also labeled. The 
classifications are made based on sequence similarity. The image was modified from 
Chen et al. (16) with permission from Annual Reviews via the Copyright Clearance 
Centre. 
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1.3 GPCR structure 

GPCR structural biology is a field of research focused on elucidating the three-

dimensional structures of GPCRs. Determining GPCR structures is essential for 

understanding their molecular mechanisms of action, ligand recognition, and signal 

transduction pathways. Structural information provides valuable insights into the 

function and pharmacology of GPCRs and aids in designing drugs targeting these 

receptors. Historically, GPCRs have been challenging to study structurally due to their 

inherent flexibility, membrane-bound nature, and difficulty obtaining purified and 

stable protein samples. However, significant advancements in technology and 

methodologies have led to notable breakthroughs in GPCR structural biology in recent 

years.  

One of the most significant achievements in GPCR structural biology was the 

determination, in 2000, of the crystal structure of rhodopsin, a GPCR involved in 

vision, which brought the foundation necessary for drug discovery. GPCR structures 

are complicated to obtain due to many barriers, including difficulties in extraction, 

highly flexible conformations, and low expression levels. To counter these barriers, 

several methods were developed to solve the structure of these seven-

transmembrane proteins more efficiently. One such example is lipidic cubic phase 

(LCP) crystallization. Other technological innovations in protein expression and 

purification (17, 18), GPCR crystallization (19), and the application of nanobodies led 

to the fantastic growth of the field's knowledge base. The first structure solved where 

the receptor interacts with a G protein was that of the beta-adrenergic receptor (β2AR) 

in complex with Gs in 2011 (20). On the other hand, the first structure where the 
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receptor interacts with an arrestin was rhodopsin bound to the visual arrestin in 2015 

(21). These two structures revealed important insights into the molecular mechanism 

of the GPCR interacting with G proteins and arrestins.  

 

This groundbreaking work paved the way for studying other GPCRs and revealed a 

common seven-transmembrane helical fold characteristic of GPCRs. Since then, the 

field has seen remarkable progress in obtaining structures of diverse GPCRs through 

X-ray crystallography and, more recently, cryo-electron microscopy (cryo-EM). X-ray 

crystallography has successfully determined high-resolution structures of several 

GPCRs, providing atomic-level details of their ligand-binding pockets and interaction 

sites with downstream signaling molecules. Cryo-EM has emerged as a powerful 

technique for studying GPCRs, particularly for those that are challenging to crystallize. 

Cryo-EM allows for determining GPCR structures in their native lipid environment, 

providing more physiological relevance. Around 90% of GPCR complex structures 

were solved using this method (22). It has contributed to the structural understanding 

of GPCRs in complex with various ligands, G proteins, β-arrestins, and other 

regulatory proteins. Structural studies have revealed important insights into GPCR 

activation and signaling mechanisms, allosteric modulation, ligand binding, and 

receptor-ligand interactions. They have also facilitated structure-based drug design 

and the development of GPCR-targeted therapeutics. Furthermore, recent advances 

in computational modeling and molecular dynamics simulations have complemented 

experimental approaches, enabling the prediction of GPCR structures and exploring 

dynamic processes not captured by a static structure alone. 
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Although GPCRs have differences in their sequences, they share general aspects in 

their structure that distinguish them from other types of receptors. GPCRs comprise 

seven transmembrane helices (TM), essential for transmitting signals in cells. They 

are linked by three extracellular loops (ECLs) and three intracellular loops (ICLs). Most 

of the GPCRs are similar, but some differences depend on the classes. 

 

1.3.1 Class A structure: 

 
Several ligands of GPCR class A bind directly to the helix bundle. Therefore, it 

is not surprising that changes in the structure of ECLs, helices, and more will affect 

the ligand binding pocket and, at the same time, change the mechanism of ligand 

recognition. Most of the GPCR structures were solved in antagonist mode, but in 

recent years, more structures have increasingly been resolved in agonist mode via 

cryo-EM (23–25). GPCRs of class A are activated via micro-switches, including CWxP, 

PIF, Na+ pocket, NPxxY, and DRY, which link the ligand pocket and the G protein-

coupling region. For example, the binding of an agonist to a GPCR of class A will 

cause changes in the conformation of the Na+ pocket. These changes will have an 

impact on TM 6 and TM3. One of the most conserved mechanisms is a salt bridge 

between TM3 and TM6, broken after an agonist's binding, facilitating the coupling of 

G protein to the receptor. 

1.3.2 Class B structure: 
 

The main attribute of the class B structure is the large extracellular domain and 

the large transmembrane domain (12). The major difference with class A is that the 

binding area of class B is more accessible compared to the more restrictive binding 
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pocket of class A. The activation mechanism of class B will cause a change in the 

orientation of TM6, breaking the previous interactions formed with TM2 and TM7, 

creating a pocket for the binding of the G protein. 

1.3.3 Class C structure: 

 
The structures of class C GPCRs are known to have a large extracellular 

domain, forming a dimer distal from the transmembrane domain. When the agonist 

binds to the receptor, it stabilizes the extracellular domain leading to a rearrangement 

in the transmembrane domain via ECL2 (26) Another possible modification of class C 

could be found on GABA receptors. The binding of the ligand will lead to 

conformational changes to TM3, TM4, TM5, and the ICL3 regions, which will then lead 

to the binding of a G protein heterotrimer (27). 

1.3.4 Class F structure: 
 

Class F only represents a small portion of the human GPCRs, characterized 

by a large extracellular domain rich in cysteine (28). Two binding sites have been 

discovered for this class – one in the transmembrane domain and one in the cysteine-

rich domain. The smoothed receptor activated by cholesterol happens at the cysteine-

rich domain, but its mechanism is not well understood due to the lack of a resolved 

structure. 
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1.4 GPCR Signaling  

 
GPCRs are named after their binding partner, (G proteins) guanine nucleotide-

binding proteins. These receptors signal through G protein-dependent signaling but 

can also signal independently through β-arrestin recruitment (29, 30). GPCR signaling 

begins with the interaction of a ligand with the receptor, which causes conformational 

changes in the receptor's structure. The G protein heterotrimer, consisting of the Gα, 

Gβ, and Gγ subunits, is then recruited to the receptor through the interaction of the 

distal C-terminus of the Gα (distal helix 5) with a crevice newly formed between TM3 

and TM5 of GPCRs (DRY motif). Once the heterotrimer and the receptor are bound, 

the G protein undergoes conformational changes in the Guanosine diphosphate 

(GDP) binding pocket, resulting in the release of GDP and binding of Guanosine 

triphosphate (GTP) to the Gα subunit(31). This activates the G protein, causing the 

dissociation of the heterotrimer into Gα and Gβγ subunits. These subunits then 

propagate signals to effector proteins such as G protein-coupled inwardly rectifying 

potassium (GIRK) channels, voltage-gated calcium channels (VGCC), 

phosphodiesterase, phospholipase C, and adenylate cyclase (AC)(32). For example, 

AC could get stimulated by the alpha subunit, Gαs, leading to increased production of 

cAMP, or it could conversely be inhibited by Gαi/oi, leading to decreased cAMP 

production. G protein-dependant signaling stops when the intrinsic GTPase activity of 

the Gα subunits causes the hydrolysis of the GTP into GDP, and the reassembly of 

the heterotrimeric G protein occurs thereafter. Another fundamental mechanism of 

GPCR signaling and regulation is the recruitment of β-arrestins. These β-arrestins can 

adopt different conformations when bound to the receptor but generally involve 

interaction with the phosphorylated C-terminus of the receptors and ICL3 overlapping 
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the binding site of G proteins to a certain level (33–35). This exclusive interaction 

sterically inhibits the recruitment of G proteins, controlling signal transduction, a 

phenomenon called desensitization (36, 37). The C-terminus of the receptor is 

phosphorylated by different kinases, including, among others, G protein-receptor 

kinases (GRKs), PKA, and PKC, which are then recognized and sensed by β-arrestin. 

The activation of β-arrestin leads to its conformation rearrangement and interaction 

with various proteins involved in signal transduction or the internalization 

machinery(38, 39). G protein-independent signaling via β-arrestins could also lead to 

the inhibition of apoptosis, protein translation, along with other intracellular 

mechanisms. GPCR internalization could lead to either the recycling or degradation 

of the receptor (40, 41). 

 

1.4.1 G protein-dependent signaling 

 
As mentioned in the previous paragraph, there is more than one type of heterotrimeric 

G protein. They are classified according to their Gα subunit: Gs, Gi/o/z, Gq/11, and G12/13; 

not all groups bind to the same GPCR and even send signals to the same effectors. 

The stimulatory Gα proteins (Gs) interact with adenylyl cyclase (AC) and increase the 

production of intracellular cAMP. Increased cAMP levels subsequently activate protein 

kinase A (PKA), which phosphorylates downstream targets and regulates cellular 

processes such as gene expression, ion channel activity, and neurotransmitter 

release. Conversely, the inhibitory Gα proteins (Gi/o/z) will inhibit AC, reducing cAMP 

production. Gq/11 proteins interact with and stimulate phospholipase C (PLC), leading 

to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 
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trisphosphate (IP3) and diacylglycerol (DAG). IP3 releases calcium from intracellular 

stores, while DAG activates protein kinase C (PKC), which modulates various cellular 

functions, including neurotransmission, cell growth, and differentiation. Lastly, the 

G12/13 proteins are mainly responsible for pathways involved in the regulation of cell 

morphology and motility through the regulation of guanine nucleotide exchange 

factors (GEFs) for the Rho small GTPase. 

 

The α-GTP subunit and the βγ complex can independently modulate downstream 

signaling pathways. The βγ complex interacts with various effector proteins, including 

ion channels, enzymes, and other signaling molecules. These interactions can 

regulate multiple signaling pathways and cellular processes, such as ion channel 

activity, adenylyl cyclase regulation, phospholipase C (PLC) activity, ion fluxes 

regulation, and cellular proliferation and differentiation modulation.  The βγ complex 

can also participate in feedback mechanisms to regulate GPCR signaling. It can 

modulate the activity of the GPCR itself through interactions with specific regions of 

the receptor, affecting its desensitization, internalization, or resensitization processes. 

Furthermore, the βγ complex can interact with other signaling proteins, such as 

kinases and scaffolding proteins, to form protein-protein complexes that coordinate 

and amplify downstream signaling events. These interactions contribute to the 

integration and modulation of GPCR signaling within cellular signaling networks. The 

β and γ subunits of heterotrimeric G proteins exist as multiple isoforms encoded by 

different genes. In mammals, multiple isoforms of both β (e.g., β1-β5) and γ (e.g., γ1-

γ12) subunits have been identified. Each isoform can have distinct expression 

patterns, cellular localization, and functional properties, contributing to the diversity of 
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βγ complexes. For example, γ3 is found only in the brain (42). Understanding the 

variety of βγ complexes and their interactions with effectors and regulatory proteins is 

crucial for comprehending the complexity of G protein-mediated signaling networks. 

It highlights the ability of G protein signaling to modulate a wide range of cellular 

processes and responses in a context-dependent manner. Further research is needed 

to fully characterize the functional implications of βγ complex diversity and its 

contributions to physiological and pathological processes.  

The interaction between GPCR and G proteins exhibits a certain level of promiscuity. 

The specificity of GPCR-G protein interactions is primarily determined by the coupling 

selectivity, which refers to the preference of a GPCR for a particular G protein subtype. 

Different GPCRs can exhibit varying degrees of coupling selectivity, with some 

showing a strong preference for a specific G protein subtype, while others can couple 

with multiple G protein subtypes (43, 44). The promiscuity of GPCR-G protein 

interactions provides a mechanism for fine-tuning and integrating cellular signaling. It 

allows for the generation of diverse cellular responses and enables GPCRs to respond 

to a wide range of extracellular stimuli. The ability of GPCRs to activate multiple G 

protein subtypes also contributes to the complexity of signaling networks. It provides 

opportunities for therapeutic intervention by targeting specific GPCR-G protein 

interactions. 

 

It's worth noting that while promiscuous interactions occur, there are also instances of 

preferential coupling between specific GPCRs and G protein subtypes. This selectivity 

can be important for maintaining specificity and fidelity in signaling pathways. Further 
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research is needed to fully understand the molecular determinants and functional 

implications of promiscuous and selective GPCR-G protein interactions.  
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Figure 3 Pathways Involved in GPCR Signaling. The binding of an agonist to a 
GPCR activates G-protein-dependent and -independent pathways that modulate 
cellular signaling. The dissociation of the heterotrimeric G protein and the recruitment 
of β-arrestin allows for the activation of a variety of downstream effectors and 
messengers. G protein signaling is terminated through the recruitment of β-arrestin 
as well. The signaling of GPCRs involves a highly-regulated network, and only some 
examples of the pathways involved are highlighted. Figure made on Biorender   
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1.4.2 β-arrestin signaling pathway 

 
Proteins known as β-Arrestins were initially thought only to desensitize GPCRs, but 

we now understand that they play numerous roles in various cell functions (45). These 

adapter proteins were named β-Arrestins due to their sequence similarity to visual 

arrestin (arrestin-1), which is responsible for arresting the rhodopsin signal in the 

retina. Like arrestin-1, β-Arrestins were discovered due to their ability to desensitize 

G protein-dependent signaling of the β2 adrenergic receptor following agonist 

stimulation (45). Two isoforms of β-Arrestins, β-arrestin1 and β-arrestin2, share 78% 

sequence homology and are encoded by arrestin-2 and arrestin-3 genes, respectively 

(46, 47). The other arrestins, visual arrestin (arrestin-1) and cone arrestin (arrestin-4), 

are only expressed in the eye. α-Arrestins are another group of arrestins that share 

structural similarities with β-Arrestins and are involved in receptor endocytosis, but 

they were discovered more recently (48, 49). While both β-Arrestins can interact with 

GPCRs, the level of interaction varies depending on the receptors, with some 

receptors being β-Arrestin1 biased and others being β-Arrestin2-biased (50, 51). It is 

now understood that β-Arrestins play a crucial role in arresting signals and are 

responsible for receptor recycling, receptor transactivation, MAPK signaling, and 

more (52). Although the two isoforms are similar, they have key differences, such as 

β-Arrestin1 accumulating everywhere in the cells, which is not the case for β-Arrestin2 

only accumulating in the cytoplasm (53). Both β-Arrestins do not necessary share the 

same signaling pathways and may interact differently depending on the receptor. For 

example, a journal article published on angiotensin II type 1 receptor (AT1R) showed 

that a knockdown of β-Arrestin2 leads to a decrease in ERK signaling, while a 

knockdown of β-Arrestin1 increases ERK signaling (54). Similar knockdown effects 
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could be observed for other receptors, such as type 1 parathyroid hormone receptor 

(PTH1R), which leads to a decrease in ERK1/2 signaling (55) Other factors, such as 

the presence of signaling partners like GRK, could also influence β-Arrestins. For 

instance, the recruitment of β-Arrestin2 and internalization of the mu-opioid receptor 

were significantly reduced following GRK knockout (56). 

 

1.4.3 Biased agonism/functional selectivity  

 
GPCRs play a vital role in cell signaling and physiological responses. They 

were previously believed to activate only a single signaling pathway upon activation 

via ligand binding, leading to a uniform cellular response. A recent finding has 

challenged this belief, revealing that ligands can selectively activate specific signaling 

pathways, leading to different outcomes. This effect is known as biased 

agonism/functional selectivity and has significant implications for therapeutic 

development and drug discovery (57). Biased agonism refers to the ability of ligands 

to activate distinct downstream signaling pathways while exhibiting different efficacy 

or potency (58). This selective activation can lead to unique pharmacological effects 

and therapeutic outcomes, creating opportunities to develop drugs with improved 

efficacy and reduced side effects. The complex conformational dynamics and 

allosteric modulation of GPCRs are the molecular basis of biased agonism. Ligands 

can bind to different regions of the receptor and stabilize unique receptor 

conformations, resulting in the preferential recruitment of specific downstream 

effectors. The receptor conformational landscape and its coupling to different 

signaling proteins contribute to the biased agonistic properties of ligands (59, 
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60)Several techniques have been developed to characterize and quantify biased 

agonism, enabling the identification and characterization of biased agonists and 

facilitating the design of more selective drugs with desired functional profiles (61). This 

approach holds promise for a wide range of therapeutic areas, including 

cardiovascular diseases, neurological disorders, and cancer (57, 62). A 

comprehensive understanding of the underlying molecular mechanisms and the 

interplay between different signaling pathways is essential to comprehend the 

significance of biased agonism fully. Extensive research efforts have been dedicated 

to elucidating the structural determinants of biased agonism, exploring the receptor-

dependent and ligand-dependent mechanisms, and uncovering the crosstalk and 

communication between signaling pathways (63–65).  
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Figure 4 Bias signaling at GPCRs. One component of functional selectivity is the 
ligand-dependent preferential receptor activation of one over other pathways in a 
given cellular system and relative to a reference ligand. An unbiased agonist activates 
both G protein and β-arrestin signaling pathways to a similar potency and efficacy, 
while G protein-biased and β-arrestin-biased agonists favor one pathway over the 
other, leading to distinct cellular responses. Figure made on Biorender 
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1.5 Pain and opioid crisis  

 
Everybody in their lives is expected to face pain. Pain is a common experience 

indicating something is wrong in our bodies (66). While pain can help us address the 

problem, it could also persist and significantly impact the overall health of an 

individual. Pain management, especially chronic pain, is challenging for health 

professionals and has contributed to the opioid crisis (67). This crisis had a 

devastating effect on the communities, families, and individuals. Everybody knows 

what pain is, but it is a very complex condition involving psychological and 

physiological aspects. Physiologically, pain is a sensory experience that identifies 

harmful stimuli and carries the signal to the central nervous system (CNS) via nerves 

expressing receptors known as nociceptors (68).  

Acute pain usually results from an injury or tissue damage and serves as a way 

of telling humans the need for urgent attention. On the other hand, chronic pain is a 

long process lasting usually more than six months and is sometimes a core medical 

condition (69). Chronic pain is harder to understand fully and significantly affects a 

person's physical and mental well-being. This effect on a person could lead to, not 

surprisingly, a decrease in productivity, functionality, and quality of life (70). The opioid 

crisis emerged due to the misuse and over-prescription of opioid medications, such 

as hydrocodone, oxycodone, and morphine. While opioids can effectively treat acute 

pain or palliative care, their long-term use in managing chronic pain has raised 

concerns. In the late 1990s, pharmaceutical companies reassured healthcare 

providers those opioids had no addictive effects, leading to a surge in opioid 

prescriptions (71). Unfortunately, this surge resulted in an increase in opioid misuse, 

addiction, and overdose deaths. Opioids are highly addictive due to their euphoric 
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effects, which can lead to recreational use or the development of opioid use disorder 

(UOD). The consequences of the opioid crisis have been devastating, with almost half 

a million people in the United States dying from opioid overdoses between 1999 and 

2019, according to the Centers for Disease Control and Prevention (CDC) (72). Opioid 

misuse has also contributed to increased blood infections, such as HIV and hepatitis 

C, due to sharing needles among users. Healthcare providers must approach pain 

management comprehensively and individually to prevent further harm to individuals 

and communities and avoid the potential misuse and overuse of opioids (73).   



27 
 

  



28 
 

Figure 5 The State of the Opioid Crisis. Since 1999, the number of opioid-related 
deaths has increased in North America. Coming in waves due to different driving 
factors, the opioid crisis has become one of the worst public health crises that has 
ever been seen. Currently, synthetic opioids have been the main driver of overdose 
deaths, especially as they coincide with the increased production of illicitly 
manufactured drugs laced with fentanyl. The image is taken from the Centers of 
Disease and Control Prevention. 



29 
 

1.5.1 Opioid receptors  

 
Opioids are among the most commonly prescribed and abused medications in 

the world (74). As a result of their actions on the nervous system, these drugs led to 

the discovery of their receptors in the late 1970s. They work by activating the three 

opioid receptors referred to as mu-opioid receptor (MOP), kappa-opioid receptor 

(KOP), and delta-opioid receptor (DOP), which are all members of the GPCR family 

(75–77). As a matter of fact, these receptors are predominantly expressed in the 

central nervous system, but they can also be found in peripheral neurons, the 

gastrointestinal and respiratory tracts, as well as immune cells. Among the primary 

functions of each of the receptors are to control the perception of pain, however, other 

outcomes have also been found for each receptor. For example, the mu-opioid 

receptor (MOP) receptor is primarily involved in central pain management; the letter 

m in mu signifies morphine, as the receptor is the target of morphinan-based 

painkillers, including oxycodone, fentanyl, morphine, and even codeine.   
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Figure 6 Resolved Crystal Structures of Opioid Receptors. The different opioid 
receptors, including their bound ligands, are shown. (A) MOR-BU72 (PDB ID: 5C1M); 
(B) DOR-Naltrindole (PDB ID: 4EJ4); (C) KOR-MP1104 (PDB ID: 6B73); (D) NOR-C-
35 (PDB ID: 5DHG). The cartoon representation of the different receptors is shown, 
while the molecular surface of ligands is displayed. Nanobodies were used to stabilize 
some structures but were omitted in this figure used after the permission of creator 
Angelica Venes.  
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1.5.2 Mu-opioid receptor 

 
The mu-opioid receptor (MOR) is crucial in controlling pain perception and 

reward pathways in the central nervous system (78). As a member of the GPCR 

superfamily, the MOR plays a vital role in mediating the effects of both endogenous 

opioids, such as endorphins, and exogenous opioids, such as morphine and fentanyl. 

Understanding the MOR's structure, function, and signaling mechanisms is essential 

to comprehend pain modulation, addiction, and developing targeted therapies. The 

mu-opioid receptor is coded by the OPRM1 gene, located on chromosome 6 in 

humans, with four exons spanning approximately 60 kilobases. The receptor protein 

consists of seven transmembrane helices (TMHs), connected by three extracellular 

and three intracellular loops. The extracellular N-terminus contains glycosylation sites, 

while the intracellular C-terminus plays a crucial role in receptor desensitization and 

internalization. The MOR is activated when endogenous or exogenous ligands bind 

to the receptor, triggering a cascade of intracellular events. Endogenous opioids, such 

as beta-endorphins and enkephalins, bind to the MOR with high affinity, modulating 

pain perception and emotional responses. Exogenous opioids, such as morphine and 

other opioid analgesics, also bind to the MOR, leading to analgesia, euphoria, and 

potential addiction (79). The MOR couples with G proteins after the binding of a ligand, 

initiating downstream signaling pathways. The primary signaling pathways associated 

with MOR activation include the inhibition of adenylyl cyclase via G inhibitory proteins, 

resulting in decreased levels of cyclic adenosine monophosphate (cAMP), and the 

activation of potassium channels, leading to hyperpolarization. These signaling events 

contribute to the analgesic effects of opioids and, unfortunately, their potential for 

abuse (29). Activation of the MOR in the CNS modulates pain perception by inhibiting 
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the transmission of pain signals through various mechanisms, including inhibition of 

neurotransmitter release, modulation of neuronal excitability, and modulation of 

descending pain pathways. The analgesic effects of opioids mediated by the MOR 

have been extensively studied and are the basis for their clinical use in pain 

management (80). Although opioids provide effective pain relief, activating the MOR 

also triggers reward pathways, leading to the potential for addiction. Prolonged opioid 

use can lead to tolerance, dependence, and withdrawal symptoms upon cessation. 

The mu-opioid receptor's role in reward pathways and addiction has contributed to the 

opioid crisis, with increased rates of opioid misuse, overdose deaths, and societal 

burden (81). 

 

1.5.3 Opioid interactomes. 

 
The latest drug discoveries for GPCRs are focused on analyzing their 

affinity/efficacy for G protein signaling and β-arrestin2 recruitment. This is because 

most miniaturized and high-throughput assays (HTS) have been developed to 

examine these two signaling pathways. However, the activation of GPCRs triggers 

many more pathways, often referred to as a pluridimensional GPCR signaling 

network, which can account for the physiological outcome of receptor activation. 

Currently, the understanding of the signaling networks activated by opioid receptors 

is limited to a few events, such as Gαi/o subfamily activation and arrestin recruitment.  

While some proteins are known to interact with opioid receptors, there is still a 

significant knowledge gap to fill (82, 83). For example, in the case of mu-opioid 

receptors or delta-opioid receptors, several proteins regulate trafficking and surface 
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expression. These interactions include Calnexin (84) and GASP (85), as well as 

signaling properties such as Calmodulin (86), RGS4 (87, 88), and β-arrestin, a non-

canonical GPCR interactor that controls receptor desensitization and endocytosis. 

Notably, none of these proteins, except beta-arrestin and RGS 4, have been validated 

in terms of proximal interaction or using orthologous assays. Some groups, including 

our lab, have attempted to address this question by examining the GPCR's 

interactome using conventional proteomics approaches such as yeast-two-hybrid, 

mass spectrometry, or bioID. However, these approaches generate many potential 

hits with high rates of false positives, and it can be challenging to validate their 

interaction. GPCRs have very complex biochemical features, making it difficult to 

apply existing proteomics technologies to them. When extracted from their natural 

environment, they can result in misfolded and non-functional receptors, leading to 

numerous unwanted and artefactual interactions. Some GPCR interactors identified 

are associated with organelle structures, such as Golgi(89), endoplasmic 

reticulum(90, 91), and endosomes. They are also found with proteins in an 

intracellularly stacked arrangement following overexpression, and those interactions 

do not imply receptor functional state, a key element toward developing functional 

selective therapeutics. 

1.6 Most common protein-protein assay 

 

1.6.1 Presto-Tango 
 

Understanding GPCR signaling and ligand pharmacology is crucial for creating 

effective therapeutics. In recent years, the Presto-Tango assay has become a 

powerful tool for studying GPCR signaling, ligand pharmacology, and drug discovery. 
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This versatile technique uses tango-optimized engineered GPCRs and β-arrestin 

recruitment to examine receptor activation. When a ligand binds, the GPCR 

containing the TEV cutting site (TEVcs) and the transcriptase activator (tTA) 

undergoes conformational changes that result in β-arrestin, fused with the TEV219, 

recruitment. This will then lead to the cleavage of the TEVcs and liberate the tTA, 

which enters the nucleus of cells and increases production of the luciferase gene 

reporter. The reporter interacts with the luciferase substrate, D-luciferin, leading to a 

luminescence emission. This assay provides valuable insights into ligand-receptor 

interactions and downstream signaling events, making it helpful in analyzing ligand 

pharmacology, including potency, efficacy, and signaling pathway selectivity (92). It 

can also identify new ligands and screen compound libraries for drug discovery in a 

high-throughput manner (93, 94).   
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Figure 7 Principle of the Tango 2.0 Assay. The recruitment of the β-arrestins upon 
receptor activation is monitored by tagging β-arrestin with TEV219 and receptor with 
TEV cutting site (TEVcs) and the transcriptase activator (tTA). This method was 
developed to study protein-protein interactions based on proximity. The proximity of 
the two proteins of interest will lead to the cleavage of the TEVcs by the TEV219 and 
liberate the tTA leading to an increased production of the reporter that will interact in 
the presence of the luciferase substrate, D-luciferin. The Tango signal is quantified via 
a plate reader by looking at luminescence.  
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1.6.2 BRET 

 
Understanding protein-protein interactions is crucial for unraveling cellular 

signaling pathways and developing effective therapeutics. Bioluminescence 

Resonance Energy Transfer (BRET) assay has emerged as a compelling technique 

for studying these interactions in live cells (95). This technique is also used to study 

GPCRs (96). The BRET assay allows the investigation of protein-protein interactions 

in a physiological context (97). It utilizes the energy transfer between a bioluminescent 

donor, such as Renilla luciferases (Rluc) fused to one of the proteins of interest, and 

a fluorescent acceptor, such as GFP, fused to the binding partner to detect proximity-

based interactions. Upon proximity, energy is transferred from the excited donor to the 

acceptor, leading to a measurable signal. This assay has many variants going from 

same cell expression with changes in acceptors or even split-BRET where the donor 

and acceptor are expressed in separate cells (98, 99). It enables the characterization 

of interactions between receptors and signaling proteins, the study of protein complex 

assembly and disassembly, and the analysis of protein conformational changes. In 

the case of GPCRs, it could be used to look at the recruitment of β-arrestins following 

receptor activation or even G protein signaling. The BRET assay has some 

advantages, like live cell imaging, real-time monitoring of interactions, and quantitative 

protein-protein interaction. Still, they are also some disadvantages, modification of the 

protein of interest by adding a large tag, difficulty in separating donor to acceptor 

signal leading to the optimisation of the assay with the BRET2 using GFP2 instead of 

YFP as the acceptor(100), and addressing the potential artifacts per example auto-

fluorescence, inner-filter effects, etc. (101). Nonetheless, the BRET assay holds 
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significant promise for advancing the understanding of cellular pathways and is very 

useful in developing new therapeutics.   
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Figure 8 Principle of the TRUPATH BRET2 Assay. The dissociation of the 
heterotrimeric G protein upon receptor activation is monitored by tagging Gα with 
RLuc8 and Gγ with GFP2. RLuc8 acts as the luciferase donor to facilitate resonance 
energy transfer to the fluorophore acceptor GFP2. These advanced biosensors were 
developed to study protein-protein interactions based on proximity. In the presence of 
the luciferase substrate, coelenterazine 400a, RLuc8 emits light at a wavelength of 
approximately 395 nm, which subsequently excites GFP2 to emit a fluorescent signal 
at 510 nm to indicate the close interaction between the two proteins of interest. The 
BRET signal is quantified by the ratio of the emissions of GFP2 to those of RLuc8. 
Figure made on Biorender 
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1.6.3 NanoBit 

 
Studying protein-protein interactions is crucial in understanding complex 

cellular signaling processes. The NanoBiT assay is a highly versatile and sensitive 

tool for investigating live cell interactions (102). This assay uses a split 

NanoLuciferase (NanoLuc) system, which includes a large subunit (LgBiT) fused to 

one binding partner and a small subunit (SmBiT) fused to the other. It can detect and 

measure interactions between proteins of interest by bringing NanoLuc subunits into 

proximity, thereby reconstituting the functional enzyme and generating a luminescent 

signal. The NanoBiT assay can be used in various experimental designs, such as 

homogeneous solution-based assays or cellular systems, making it highly flexible 

(103). It allows for the characterization of interactions between receptors and signaling 

proteins, the study of protein complex dynamics, and the identification of novel 

interaction partners. The NanoBiT assay has several advantages, including a high 

signal-to-noise ratio and compatibility with live-cell imaging. However, similar to BRET, 

optimization is needed (101)The NanoBiT assay offers a significant understanding of 

cellular signaling pathways, including GPCRs, and holds immense potential for 

accelerating drug discovery and development (104).  
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Figure 9 Monitoring G Protein Coupling to the MOR via the NanoBiT Assay. To 
monitor the real-time interaction of the Gα subunit to the MOR, both the receptor and 
the Gα protein were tagged with SmBiT and LgBiT, respectively. The structural 
complementation of SmBiT and LgBiT is the basis of the NanoLuc Binary Technology 
(NanoBiT) system. Upon receptor stimulation by an agonist, the Gα protein is 
recruited to the receptor that facilitates the interaction of SmBiT and LgBiT, forming a 
complete NanoLuc luciferase enzyme. A luminescent signal in the presence of the 
furimazine substrate follows. Figure made on Biorender   
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1.7 Nanobodies  

 
Considering the limitations above, adopting short peptide or epitope tags offers 

a reasonable possibility to probe PPIs. Less than 20 residues in length, epitope tags 

(e.g., HA, Flag, Myc, and V5) are commonplace in protein purification and 

localization/detection, such as microscopy, but less so for monitoring dynamic 

interactions(105). However, although fluorophores (e.g., GFP, mCherry) and other 

polypeptides (e.g., MBP, GST) are popularly used for probing recombinant proteins in 

a cellular context, including live cell imaging, reporter assays, and resonance energy 

transfer, the smaller size of epitope tags could be preferable for these purposes, as 

the fusion of bulkier fluorophores and polypeptides could interfere with the native 

behavior and functions of the protein of interest, especially interactions that are 

particularly proximity- or location-dependent(106). Besides avoiding cross-reactions 

within the native proteome, epitope tags obviate the need for custom antibody 

generation for every protein of interest and give rise to the possibility of multiplexing 

orthogonal peptide tags within the same experiment(105, 107).  

 

Given the indispensability of these peptides, antibodies have continually been 

developed to recognize existing and newly developed epitope tags. Antibodies have 

proven to be very powerful tools in various cell biology research fields, going from 

western blot to vaccines; the possibilities are endless (108).  Despite their huge ability 

to help scientific research, their large size prevents them from being used in living cell 

studies (109, 110). These limitations led to an improvement in engineering and the 

creation of intrabodies. Intrabodies are known for retaining important proprieties like 

recognition and neutralization with similar levels of affinity and specificity. The 



46 
 

advantage of this engineering is that their biophysical proprieties are different, 

allowing them to bind their specific targets expressed within the same living cells (111). 

However, it also comes with some drawbacks, as the single-chain variable fragments 

(scFvs) are very unstable in the intracellular environment (112–114). Another 

challenge that occurs and causes difficulty in the expression of intrabodies is the 

reducing environment of the cytoplasm, leading to blocking the formation of the 

disulfide bond (115, 116). 

 A major advance was the discovery and development of single variable domain 

(VHH) or nanobody (Nb).  The VHH domains of camelid heavy chain antibodies have 

been shaped by more than 50 million years of evolution for high solubility and stability, 

independent of a partner VL domain. As recombinant proteins, VHH are designated 

single-domain antibodies or nanobodies in reference to their small size in the 

nanometer range (117). Despite of the outstanding track record of camelid 

nanobodies, there are three major restrictions linked to immunizations. First, the target 

space is limited to comparatively stable and immunogenic proteins. Second, it is very 

difficult to favor target conformations with non-covalent ligands because they 

dissociate from the protein shortly after injection. Third, immunizations require access 

to animal facilities, which makes it difficult and expensive for many researchers to 

implement binder generation on a routine basis in their own labs.  

Synthetic nanobody (Nb) libraries are emerging as an attractive alternative to animal 

immunization for the selection of stable, high-affinity Nbs. Pure in vitro binder selection 

methods can overcome these drawbacks of immunization because they allow for full 

control over the binder selection process.  
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These libraries use a consensus framework derived from Llama Nbs combined with a 

designed variation of the complementarity-determining loops (CDRs) that comprise 

the highly variable antigen-binding interface of the VHH (118).  

They have several important advantages such as their small size, high solubility, and 

stability. Remarkably, despite their monomeric binding region composed only of three 

hypervariable loops, Nbs can achieve affinities in the nanomolar and subnanomolar 

orders, just as clasical antibodies. Their modularity allows the easy generation of 

multivalent constructs for many different applications.  

Due to their beneficial properties and accessibility to various cell compartments, Nbs 

applied as intrabodies have turned out to be highly suitable intracellular binding 

molecules(119–121). Having the ability to specifically visualize and/or modulate 

endogenous targets within living cells, intrabodies provide distinct advantages 

compared to other technologies such as fluorescent fusion proteins, conditional gene 

expression, RNA interference and chemical or genetic knockouts. Nevertheless, when 

it comes to intracellular applications it has to be considered that Nbs, like any other 

antibody-derived binding molecule, comprise evolutionary conserved disulfide bonds. 

While the endoplasmic reticulum (ER) and mitochondria provide naturally suitable 

compartments for Nbs due to their (at least partially) oxidative environment, the 

reducing milieu of the cytosol strongly impairs formation of disulfide bonds. This can 

massively affect correct paratope formation and overall folding. Consequently, only 

Nbs whose functionalities do not rely on the formation of disulfide bonds are suitable 

candidates for successful application as intrabodies (122, 123).  
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1.7.1 Nanobody in GPCRs’ studies 

 

1.7.1.1 Nanobody in structural biology 

 
Nanobodies have been widely used to stabilize the active states of many GPCRs, 

including the β2- adrenergic (β2AR), M2-muscarinic (M2R), µ-opioid (MOR), k-opioid 

(KOR)(124), and angiotensin II type 1 (AT1R) receptors. The β2-adrenergic receptor 

(β2AR), a GPCR, is extensively studied due to its involvement in numerous 

physiological processes and relevance to drug discovery (21). GPCRs interact with G 

proteins and initiate intracellular cascades. However, studying their conformational 

changes and signaling partner interactions is challenging due to their flexibility and 

membrane-bound nature. Nanobodies are versatile tools for capturing and stabilizing 

GPCR conformational states (125). Nanobodies are a type of single-domain 

antibodies derived from camelids or sharks. They exhibit high affinity and specificity 

for their target proteins, making them excellent candidates for structural studies (126). 

They have shown their ability to facilitate X-ray crystallography by assisting with 

crystal formation and enhancing the complexity of protein structures(127). 

Researchers used nanobodies to stabilize β2AR-G protein complex for studying the 

interaction between GPCRs and G proteins in signal transduction (128). These 

nanobodies have provided valuable insights into receptor-G protein coupling and 

activation by capturing distinct conformational states of the complex. Nanobodies 

targeting the G protein component have been instrumental in obtaining high-quality 

crystal structures of β2AR-G protein complexes, revealing intricate details of the 

conformational changes and specific interactions between the receptor and the G 

protein upon GPCR activation. The ability to crystallize GPCR structures has revealed 
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their dynamic nature and aided in designing better therapeutics targeting GPCR-

mediated pathways. Other nanobodies have also been known to significantly impact 

the field. Nanobody 6 (Nb6) and Nanobody 39 (Nb39) have a particularly strong 

affinity and selectivity toward opioid receptors (129). Nb6 targets an allosteric site in 

the intracellular loop 3 between TM5 and TM6 and stabilizes a ligand-independent 

inactive state. On the other hand, Nb39 stabilizes the active state of KOR(130). Nb6 

and Nb39 have been used by many researchers as a helpful tool for x-ray 

crystallography and cryo-electron microscopy, due to the ability of the Nbs to form a 

more stable complex with GPCRs that consequently gives important information 

about GPCR activation, ligand binding, and allosteric modulation (131–133).  

 

1.7.1.2 Nanobody as intracellular allosteric modulator of GPCR 

 
Apart from the recognition and stabilization of specific conformations, nanobodies also 

act as allosteric effectors and can affect both ligand binding affinity and functional 

activity. For example, stabilization of an active and inactive conformation and dramatic 

alterations in ligand affinity at the β2AR by allosteric nanobodies were recently 

reported(134). For instance, Nb39 and Nb6 have unique binding properties that 

enable them to target specific conformational epitopes on opioid receptors, providing 

insights into opioid receptor activation dynamics and facilitating the stabilization of 

various receptor states. This capability is particularly significant in decoding the 

nuanced interactions between GPCRs and their downstream signaling partners. The 

use of Nb39 and Nb6 is crucial in exploring the structure of opioid receptors and has 

played a role in crystallizing GPCR-nanobody complexes, thereby enabling the 
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acquisition of high-resolution structures (130, 133). These structures provide a better 

understanding of the intricacies of ligand binding sites, allosteric pockets, and the 

complex mechanisms underlying GPCR activation. Nb39 is adaptable to cryo-electron 

microscopy, which has facilitated the visualization of opioid receptor complexes in 

environments closely resembling their natural states, affording a deeper 

understanding of their functional states. Nb39's modular nature enables fusion with 

diverse tags or reporter molecules, facilitating real-time monitoring of GPCR dynamics 

and interactions. This capability is essential in understanding phenomena such as 

ligand-receptor interactions, biased signaling, and allosteric modulation (135, 136). 

Nb39's genetic manipulability also holds promise for engineering innovative tools for 

GPCR-targeted therapeutics, with its small size and robust stability making it an asset 

for drug delivery and precision targeting. 

 

1.7.2 Nanobody as intracellular biosensor 

 
State-specific nanobodies have also been widely applied as conformational 

biosensors to monitor GPCR dynamics both in vitro and in vivo(137–140). A big part 

of the nanobody field in GPCR studies is mainly focused on specific Nb-GPCR 

biosensors such as Nb80 with β2AR(141), Nb.At110i1 with  AT1R(142), Nb6 and 

Nb39 for opioid receptors. But other nanobodies like Nb33-eGFP (143) or even our 

own NbV5 (144)currently used as biosensors and are showing some promising 

results. Therefore, combining nanobodies with the current assays established in 

GPCR studies is a beneficial tool full of promises to increase the understanding of the 
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GPCR field and ultimately contribute to helping develop safer therapeutics with limited 

side effects(145).   

To visualize native cell structures and dynamic processes within living cells, imaging 

probes must not influence their target structures or intracellular processes. Thus, 

transiently binding intrabodies have become universal and versatile tools for live-cell 

imaging. Studies suggested that, especially, physiochemical parameters have an 

important influence on the development of cytoplasmic stable intrabodies. The first 

intrabody developed were single chain antibody fragments (scFvs) fused to peptide-

tags, conferring a strong negative charge and low isoelectric point in order to generate 

so-called ultra-stable cytoplasmic antibodies (STANDs). In their study, the authors 

demonstrated how fusion of scFvs to negatively charged s3Flag and HA peptide-tags 

induces a significantly increased stability of aggregation-prone cytoplasmic 

intrabodies(146). Notably, many Nbs are already strongly charged, showing either a 

positive or negative isoelectric point (pI) and therefore are less prone to aggregate at 

the most neutral pH of the cytoplasm (147).   

 

1.8 Significances of our system (libraryV5) 

 
Considering that shorter epitopes might have only a minor impact on native protein 

folding, function, and protein–protein interactions, extensive efforts have been 

undertaken to identify Nbs specifically recognizing small peptide-tags. Although most 

Nbs preferably address conformational epitopes (148, 149), more recently, a handful 

of Nbs recognizing linear epitopes were identified, mostly as byproducts from 

screening campaigns against full-sized proteins. Some of these Nbs have been 
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exploited as novel capture and detection systems. For purification of proteins 

comprising the small EPEA-tag (also known as C-tag)(150), Myc-tag or BC2- (Spot-) 

tag (151, 152), Nbs were converted into affinity matrices such as the 

CaptureSelectTM C-tag affinity matrix (www.thermofisher.com), the Myc-trap© or 

Spot-trap® resin (www.chromotek.com), respectively. Notably, besides their 

functionality to capture and detect peptide-tags, Nbs against the ALFA-tag(136), 

Moon-tag (153, 154) and Pep-tag (155) have also been successfully applied as 

intrabodies. However, most of these nanobodies were used to visualize antigens in 

living cells. Current assays used to study protein-protein interactions all require the 

fusion of large tags (TEV, GFP2, LgBiT) to the proteins of interest to perform Tango, 

BRET or NanoBiT experiments. Using a nanobody as a carrier of the large tags and 

fusing a small peptide to the protein of interest could be a better alternative because 

the protein of interest can stay in a more native state (156).  

Functional characterization of the human genome requires tools for systematically 

modulating gene expression in both loss- and gain-of-function experiments. With the 

overarching goal of studying GPCR’s proximal interactome at a genome-wide level, 

we have thus undertaken to develop a suitable platform where a nanobody carrying a 

specialized tracker could recognize any protein exogenously expressed. The ONLY 

public genome-scale expression library of human ORFs was developed by a 

consortium led by the Broad Institute of Harvard and MIT and Center for Cancer 

Systems Biology (CCSB), generating a resource called ORFeome(157). Utilizing the 

hORFeome V8.1 collection, the entire library was shuttled into pLX304-Blast-V5 to 

create the CCSB-Broad Lentiviral Expression Library or pLX307-Puro-V5 to create 

the Mission TRC LentiORF library. These two libraries are the only genome-wide 

http://www.thermofisher.com/
http://www.chromotek.com/
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expression libraries validated for high-throughput screening encoding a C-terminal 

peptide tag, the V5-epitope tag (158).  

 

In order to exploit this resource to study the opioid receptors’ interactome, we thus 

undertook to develop and optimize the ibodyV5, a nanobody recognizing the universal 

V5-tag (159–161). which serves as the foundation of our toolkit comprising 

intracellular nanobody-based biosensors.  
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1.9 Hypotheses and Aims 

We hypothesize that yet-to-be-uncovered signaling pathways are responsible for the 

heterogeneity of drug action in vivo, which cannot be explained by in vitro profiling 

based on G protein, second messengers (such as cAMP), and -arrestin recruitment. 

We also hypothesize that this toolkit could be more powerful as it better represents 

proteins of interest in their native state. We also hypothesize that this tool could be 

more powerful as it better represents proteins of interest in their native state. 

Aim 1. Generation of a high-affinity intrabody directed against the V5-peptide 

tag. To this end, we will use genetic tools and structural biology to develop and 

optimize an anti-V5 nanobody-based intrabody. 

 Aim 2. Optimization and validation of our NbV5 in different assays.  We will 

integrate the intrabody into different PPIs assays like NanoBiT, BRET, TANGO and 

microscopy for this aim. 

Aim 3. Using NbV5 to study the precoupling of G protein with an inactive GPCR. 

To do this, we will look at all the GPCRs tagged with V5 from our library and look at 

the basal level of G protein tagged with LgBiT using our NbV5-SmBiT. 
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CHAPTER II: MATERIALS AND METHODS 

2.1 Cell culture 

 
Human embryonic kidney 293T (HEK293T) and HT1080 cells were obtained from the 

American Type Culture Collection (ATCC) and maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum (Fisher 

Scientific), 5% bovine calf serum (Fisher Scientific) and 1X Pen-Strep (100 U/ml 

penicillin, and 100 µg/ml streptomycin) (Fisher Scientific).  

HEK293T cells stably expressing MOR-SmBiT (MOR-SmBiT/HEK293T) were 

generated by transduction with lentivirus particles, which had been produced in 

HEK293T cells by transiently co-transfecting the lentiviral packaging plasmid psPAX2 

(Addgene #12260), a lentiviral vector encoding µ-OR-SmBiT (pLenti-Blast Addgene 

#17451), and the envelope plasmid pCMV-VSV-G (gift from Marceline Côté) at a 1:1:1 

ratio using PEI transfection reagent. The following day, media was changed, and the 

supernatant was harvested at 48h post transfection. Cells were then transduced with 

lentivirus in standard growth media containing 5 µg/ml polybrene and the next day, 

selected with blasticidin at 5µg/m. All cells were cultured at 37°C in a humidified 

atmosphere containing 5% CO2. 

2.2 Plasmids and cloning  
 
All plasmid DNA used in this publication were fully sequenced and are available upon 

request or through Addgene repository. 

Plasmid encoding ɣ-Actin-V5 was extracted from the MISSION TRC3 Human 

LentiORF Puromycin library (MilliporeSigma). 
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V5-βArrestin1, V5-βArrestin2, βArrestin1-V5, βArrestin2-V5, βArrestin2-ALFA, ALFA-

βArrestin2, βArrestin1-ALFA and ALFA-βArrestin1 were amplified by PCR, including 

the V5 tag within the primer, and subsequently cloned into pcDNA3.1+ at the HindIII-

XbaI restriction sites. 

GɑoA with internal V5-tag at position 92 was synthesized by IDT (Integrated DNA 

Technologies) and cloned at HindIII-XbaI sites in pcDNA3.1+.  

BRET2 constructs: AT1R-RLuc8, µ-OR-RLuc8, NbV5-GFP2, GFP2-NbV5, βArrestin2-

GFP2, βArrestin2-ALFA-GFP2 were amplified by PCR and cloned in pcDNA3.1+ using 

NEB HiFi DNA Assembly (New England Biolabs). Gβ3 and Gɣ2-GFP2 were 

generously gifted by Dr. Asuka Inoue (TOHOKU University). 

NanoBiT constructs: µ-OR-SmBiT and AT1R-SmBiT were amplified by PCR by 

including the SmBiT tag within the primer preceded by a (GGGS)2x linker. NbV5-LgBiT, 

LgBiT-NbV5, NbALFA-LgBiT and LgBiT-NbALFA were amplified by PCR and cloned 

in pcDNA3.1+ using NEB HiFi DNA Assembly (New England Biolabs). 

Gɣ2-SmBiT was generously gifted by Dr. Asuka Inoue (TOHOKU University). 

TANGO constructs: µ-OR-TANGO and AT1R-TANGO are from the original PRESTO-

TANGO library (162–164). Aforementioned receptors fused to the TEV219 or TEV219 

S153N mutant were cloned by PCR at restriction sites HindIII-BamHI in pcDNA3.1+-

X-TEV219 vector. The S153N mutant was generated by site-directed mutagenesis. 

Microscopy constructs: NbV5-eGFP was generated by PCR amplification of NbV5 

and cloned into pEGFP-N1 (Clontech) at the HindIII-BamHI sites. 

2.3 Nanobody development  
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To identify nanobodies that bind to a linear target and that could be expressed from 

inside the cell (as intrabodies), phage display selection was conducted with the Nali-

H1 synthetic library (165) using a His-Halo protein fused with three successive V5-

tags (Halo-3xV5). The naïve library was first depleted using another antigen fused in 

the same Halo vector and selected on magnetic streptavidin beads with the 

biotinylated Halo-3xV5. With the first round presenting a complexity of 3x106 colonies, 

the DNA extracted from the first round were used to construct a Yeast-Two-Hybrid 

prey library by PCR and Gap repair. The VHH selected after one round of phage 

display against V5 tag-Biotin were cloned into the pP9 yeast prey vector, which is 

derived from the original pGADGH plasmid; the library had 2.6x105 independent 

clones in yeast. A single V5 tag, as well as two tandem V5 tags, were cloned into pB27 

as a C- terminal fusion to LexA (LexA-V5); pB27 is derived from the original pBTM116 

plasmid (166). The constructs were verified by sequencing the insert and used as 

baits to screen the V5-specific VHH library For the screen, clones were vetted using 

a mating approach with YHGX13 (Y187 ade2-101:loxP-kanMX-loxP, matα) and 

L40ΔGal4 (mata) yeast strains as previously described(166). Moreover, the library 

has been screened at saturation by cell-to-cell mating (166). A total of 264 His+ 

colonies were selected on a medium lacking tryptophan, leucine and histidine 

supplemented with 0.5 mM 3-AT, obtaining 52 different VHH with redundancies from 

1 to 37.  

2.4 Protein purification 

 
The NbA1 was cloned into the expression vector pET26b (+) (Novagen) at NcoI-XhoI 

restriction sites to generate the pelB leader-NbA1-His6 construct. The plasmid was 
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transformed in SHuffle T7 Competent E. coli (New England BioLabs), and the NbA1 

was subsequently purified from the periplasm of SHuffle T7 cells. Bacteria were then 

grown at 30°C in Terrific Broth and, after reaching an OD600 of ~0.6-0.8, were induced 

with 1mM IPTG (Isopropyl β-d-1-thiogalactopyranoside, ThermoFisher) at 25°C for 

approximately 16 hours. Bacteria were then pelleted and resuspended in a solution of 

lysis buffer (0.5 M sucrose, 0.2 M Tris pH 8, 0.5 mM EDTA) and water at a ratio of 1:2 

to create an osmotic shock. The lysate was then frozen and thawed for more efficient 

purification. Followingly, the mixture was stirred for 45 minutes at 4 °C and brought to 

a concentration of 150 mM NaCl, 2 mM MgCl2, and 20 mM imidazole and centrifuged 

at 20,000xg for 30 min at 4 °C. The supernatant was then filtered through a 0,22 µm 

filter. After filtration, the supernatant was added to a gravity column containing 4 mL 

of Ni-NTA (Qiagen). Beads were washed with a high salt buffer (20 mM HEPES pH 

7.5, 500 mM NaCl, 20 mM Imidazole) and washed three times with low salt buffer (20 

mM HEPES pH7.5, 100 mM NaCl, 20 mM imidazole). The nanobodies were then 

eluted (20 mM HEPES pH 7.5, 100 mM NaCl, 400 mM imidazole) and dialyzed into 

physiological buffer solution (10 mM HEPES pH 7.4, 140 mM KCl, 10 mM NaCl) and 

purified using FPLC (Fast protein liquid chromatography, AKTA GE) on an S75 prep 

size-exclusion column. 

2.5 Crystallization, data collection and structure determination  

 
Purified NbA1 (30mg/mL) was incubated with the V5 peptide in a 1:3 ratio (protein: 

peptide). The protein complex was crystallized via the sitting drop vapour diffusion 

method at 4°C with a mother liquor composed of Bis-Tris pH 6.5, 19% (w/v) PEG 3350 

and 20% (v/v) ethylene glycol. The crystals were flash-frozen in liquid nitrogen, and a 



59 
 

full data set was collected using a Rigaku MicroMax-007HF equipped with a copper 

anode. Images were collected using an R-Axis IV++ detector (Rigaku) and processed 

using Structure Studio (Rigaku). The structure was solved by molecular replacement 

using the structure of NbALFA (PDB  6I2G) as search model and Phaser (136). 

Following several rounds of NbA1 building and refinement using COOT and Phenix, 

respectively, V5 was built in the positive Fourier map. The model was completed by 

adding the molecules and truncating side chains for which no electronic density could 

be observed. Ramachandran statistics: Non-glycine Ramachandran outliers; 0%, 

Non-glycine Ramachandran favored; 100%,Molprobity score : 1.65 . Statistics of data 

collection and refinement are summarized in Table1. All structural figures were 

prepared in PyMOL. 

2.6 Isothermal titration calorimetry (ITC) 

 
ITC experiments were performed on a VP-ITC calorimeter (MicroCal, Northampton, 

MA) by injecting the V5-peptide (521 µM) into the cell containing the NbV5 (38.7 µM) 

in HBS buffer solution (10 mM HEPES pH 7.4, 140 mM KCl, 10 mM NaCl) with or 

without 5 mM DTT. The assay was performed at 19°C and analyzed using the Origin 

software (OriginLab Corporation, Northampton, MA).  

2.7 Nanobody maturation 
 
To optimize the NbA1 sequence and potentially increase the affinity of the antibody 

towards V5, Rosetta single-state design protocol was performed using the Rosetta 

Software Suite on the crystal structure of the NbA1 complex. The structure of NbA1 

was prepared for antibody affinity maturation for Rosetta by manually editing the PDB 

file in PyMOL. PyMOL command prompts were used to delete the unwanted water 
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molecules and all non-essential ligands and chains. An extra processing step was 

also performed to remove any protein atoms that are not involved in the antibody-

antigen interface; chains were also renamed and reordered to help differentiate the 

antibody residues from the antigen residues. Next, a resfile (python script) was 

generated to identify the residues that were within a distance of specified residues 

that define the NbA1 protein interface. The side-chain conformations were optimized 

using the repacking and relaxing feature in Rosetta protein design, which was 

performed to minimize backbone phi-phi angles to relieve small clashes between 

sidechains. The relaxed model was then used to generate ten designed models 

through RosettaScripts XML file, which contains a design protocol that uses a single 

round of fixed backbone design. As a control, the same protocol was repeated to 

generate ten control models without designing any residues. These control models 

were generated to compare the scores and the binding energies of the designed 

models to the native sequence during the analysis stage. The designed sequences 

were then analyzed by looking at the score, binding energy, and the binding density 

of the models. The analysis of the metrics was plotted using RosettaScripts which 

plots the score and the binding energy of the deigned models against the control 

models. Subsequently, specific mutations were identified that resulted in the 

improvement of the NbA1 complex based on corresponding findings from functional 

assay experiments (as shown in Fig. 10). Finally, a sequence logo was generated 

from the designed models in order to determine which mutations were made and their 

frequencies. 

2.8 BRET2 assay 
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HEK293T cells were plated in 6-well plates at 1.2x106 cells and subsequently 

transfected with BRET2 constructs (at ratios indicated in the Figure legends) at a total 

of 3 µg of DNA per well. Transfected cells were detached and seeded on PLL-coated 

white 96-well assay plates (ThermoFisher). The following day, spent medium was 

removed and replaced with 60 µL of 1X HBSS buffer, followed by the addition of 10 

µL of Coelenterazine 400a (Nanolight Technologies) at 50 µM to each well, for a final 

concentration of 5 µM. After incubating the plates away from light for 8 minutes, 30 µL 

of serial dilutions of agonists at 3X concentration was added. Plates were 

subsequently read 4 times after 2 minutes, 10 minutes, 20 minutes, and 30 minutes 

using the Hidex Sense Beta Plus microplate reader (Gamble Technologies) with 405 

nm (RLuc8-Coelenterazine 400a) and 500 nm (GFP2) emission filters, at 1 

second/well integration times. Figures shown in the manuscript account for the reads 

after 20-minute incubations with agonist (and correspondingly, approximately 30-

minute incubations with Coelenterazine 400a). Data were extracted using the 

integrated software and subjected to non-linear least-squares regression analysis 

using the sigmoidal dose-response function provided in GraphPad Prism 9.0. Data of 

3 or 4 independent experiments (N=3 or 4) performed in quadruplicate are presented 

as BRET2 ratio (acceptor/donor) as indicated in figure legends. 

2.9 NanoBiT assay 

 
μ-OR-SmBiT/HEK293T and HEK293T cells were plated in 6-well plates at 1.0x106 

cells and then transfected with the NanoBiT constructs the next day (ratio and 

constructs in Figure legends) at a total of 3 µg of DNA per well. Transfected cells were 

detached and seeded on PLL-coated white 384-well assay plates (ThermoFisher) in 
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starvation media (DMEM, 1% FBS, 1x Pen-Strep), The next day, media was removed 

and replaced with 20µL of 1X HBSS buffer containing 5 μM furimazine and incubated 

for a total of 10 minutes at room temperature before reading on Fluorescent Imaging 

Plate Reader (FLIPR) Tetra system (Molecular Devices). Baseline measurements 

were initially read before drugs were added into their respective wells (concentration 

and different drugs in Figure legends). The subsequent changes in relative 

luminescence signals (RLU) were recorded over time. Data were extracted using the 

integrated ScreenWorks software and subjected to non-linear least-squares 

regression analysis using the sigmoidal dose-response function provided in 

GraphPad Prism 9.0. Data of 3 or 4 independent experiments (N=3 or 4) performed 

in quadruplicate are presented as Relative Luminescence Units (RLU) or normalized 

as indicated in figure legends. 

2.10 TANGO assay 

 
HTTL (HEK293T stably expressing a luciferase reporter gene under the TRE-Tight 

promoter) cells, an in-house developed reporter cell line (to be published), were 

seeded in 6-well plates at 1.2x106 cells and were transfected with Tango-ized 

constructs using the PEI precipitation method. Twenty hours later, the transfected cells 

were plated in in DMEM supplemented with 1% dialyzed FBS into PLL coated 384-

well white clear bottom cell culture plates at a density of 20,000 cells/well in a total 

volume of 40 μL for 5 hours to ensure proper attachment of cells. Agonist solutions, 

previously prepared at 3X concentration in sterilized assay buffer (20 mM HEPES, 1× 

Hanks’ balanced salt solution (HBSS), pH 7.40), were added to the cells at 20 μL per 

well. Following overnight incubation, media was removed and 20 μL per well of 
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homemade luciferase detection reagent (108 mM Tris–HCl; 42 mM Tris-Base, 75 mM 

NaCl, 3 mM MgCl2, 5 mM Dithiothreitol (DTT), 0.2 mM Coenzyme A, 0.14 mg/ml D-

Luciferin, 1.1 mM ATP, 0.25% v/v Triton X-100, 2 mM Sodium hydrosulfite) was added 

to all wells. After 10 minutes of incubation in the dark at room temperature, plates 

were read using the Hidex Sense Beta Plus microplate reader (Gamble Technologies). 

Data were subjected to non-linear least-squares regression analysis using the 

sigmoidal dose-response function provided in GraphPad Prism 9.0. Data of 3 or 4 

independent experiments (n=3 or 4) performed in quadruplicate are presented as 

Relative Luminescence Units (RLU) or normalized as indicated in figure legends. 

2.11 Immunofluorescence 

 
HT1080 were seeded in a chambered coverslip with 8 individual wells and high walls 

in complete medium to obtain a 50% confluency the following day. The next day, cells 

were transiently cotransfected using JetPRIME (Polyplus Transfection) with ɣ-actin-

V5/pLX307 or pcDNA3 and NbV5-eGFP/pcDNA3.1+. Twenty-four hours post-

transfection, cells were fixed with 4% paraformaldehyde, washed and then 

counterstained with Hoechst 33342 stain solution. Cells were imaged on a Zeiss Axio 

Observer D1 fluorescence microscope at 100X, and the images were analyzed using 

ImageJ software. 
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CHAPTER III: RESULTS 

 In our platform, two proteins interact with each other and are referred to as 

"bait" and "prey." The bait is a membrane receptor from the G protein-coupled receptor 

(GPCR) family, and in the case of GPCRs, it can only be fused to the C-terminal. The 

prey protein can be any V5-tagged protein, with the tag placed at the C- or N-termini 

or within the protein sequence. We used β-arrestin-1 and β-arrestin-2, well-

established GPCR interactors, as the prey to demonstrate this concept. The anti-V5 

intrabody acts as a bridge between the V5-tagged prey protein and the bait receptor, 

which carries the other functional moiety. This system allows for the reconstitution of 

a functional cell-based assay with minimal interference with the prey protein's function 

and the native complex formation. 

Generation of a nanobody against the V5-Tag (work done in collaboration with 

Hybrigenics) – A group of selective nanobodies capable of recognizing the V5-tag 

has been identified and chosen using the Hybribody platform. This approach 

combines synthetic VHHs phage-display screening and yeast two-hybrid (Y2H) 

techniques. The CDRs were integrated into humanized scaffolds to create the 

synthetic library NaLi-H1 (165). This method is advantageous as it enriches stable 

and soluble intracellular-targeting nanobodies. The process is illustrated in (Fig.10A-

B). In the initial phase, peptide phage display was conducted against a purified 

HaloTag protein with a duplicate V5-tag. The VHHs selected after one round of phage 

display were then cloned into yeast prey vector to perform yeast-two hybrid screening 

(166, 167). In total, 52 different VHHs with redundancies ranging from 1 to 37 were 

obtained. The first 20 clones with the most redundancies were selected, and VHHs 
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were cloned into pcDNA3.1+ fused at the C-terminus with the TEV219. Each clone 

was assessed using the TANGO-based assay with the mu-opioid receptor (μ-OR) and 

Angiotensin II receptor type 1 (AT1R) and the β-arrestin-2 carrying either an N- or C-

terminal V5-tag (V5-β-arrestin-2 and β-arrestin-2-V5, respectively). The nanobody-

based TANGO assay's overall schematic is depicted in (Fig.13A). Each clone was 

independently tested using an increasing concentration of the μ-OR agonist DAMGO 

and AT1R agonist angiotensin II, as previously described (162–164). From these 

preliminary findings, only one clone, referred to as NbA1, showed a robust response 

with β-arrestin-2-V5 but a ineffective response towards V5-β-arrestin-2. It's worth 

noting that codon optimization for human expression of the original nanobody resulted 

in a 3-fold increase in expression and was selected for further experiments in human 

cells (Fig.10C-D).  
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Figure 10 Overview of the selection of a synthetic nanobody interacting with the 

V5-tag. A Schematic of the phage-display panning for the enrichment of nanobodies 

interacting with the V5-peptide tag. B, Schematic of the yeast-two-hybrid screening 

(Y2H) for the enrichment of nanobodies interacting with the V5-peptide tag in an 

intracellular environment (intrabody). The AT1R-TANGO (C) and μ-OR-TANGO (D) 

were co-transfected with β-arrestin2 carrying a C- or N-terminal V5-peptide tag along 

with the NbA1(C.O)-TEV219 or NbA1-TEV219 and fusion protein. Dose-response 

agonist treatments demonstrate the recruitment of β-arrestin in all configurations 

tested. Dose-response curves were built using XY analysis and fitted using non-linear 

regression with the 3-parameters dose-response stimulation function. All error bars 

represent SD (n = 3 technical replicates) (C.O = codon optimized).  
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Crystal structure of the NbA1 – To improve the activity of NbA1 towards N-terminally 

tagged β-arrestin-2, a computer-aided affinity maturation approach was chosen. The 

first step was to solve the V5-bound structure of NbA1 at a resolution of 2Å (Table 1). 

The crystal structure, done with the help of Dr. Couture’s group, showed that NbA1 

folds conventionally as a V-shape IgG fold connected by a disulfide bond (168) 

(Fig.11A-B). The paratope responsible for V5 peptide interaction is mainly mediated 

by the CDR2 and CDR3 regions, which is typical for nanobodies (169) (Fig.11A-B). 

The V5 peptide interacts with NbA1 through several polar and hydrophobic contacts 

and is oriented at 90 degrees to the central axis. The V5-tag has no secondary 

structures, and 11 out of the 14 residues of the tag interact directly with NbA1 

(Fig.11B). Data suggest that hydrophobic residues play a significant role in the 

interaction, indicating a strong contribution of entropic forces by the Nb:V5 interfaces  

(Fig. 11C). Nanobodies have greater paratope diversity compared to classical Ab VH 

domains, as highlighted by a recognition mode that is different from the ALFA-tag. The 

ALFA-tag involves contacts with all three CDRs and is oriented parallel to the central 

axis. Lastly, three residues (Gln57, Gly58, Asp59) within the CDR2 loop could not be 

modeled (Fig. 11A).  
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NbA1:V5 

Data collection 
 

Space group P1 

Cell dimensions   
 

    a, b, c (Å) 45.4, 45.4, 70.6 

      α,β,γ (°)  90.0, 90.0, 97.9 

Resolution (Å) 24.59 – 2.01 (2.08 – 2.01)* 

Rsym or Rmerge 0.034 (0.070) 

I / σI 24.2 (11.6) 

Completeness (%) 95.1 (92.1) 

Redundancy 2.6 (2.6) 

Refinement 
 

Resolution (Å) 24.59 – 2.01 

No. reflections 35510 

Rwork / Rfree 19.1/23.8 

No. atoms 
 

    Protein (A/B/D/G) 926/936/928/925 

    V5 (E/C/F/H) c 

    Water 288 

B-factors (Å2) 
 

    Protein (E/B/C/D) 30.9/30.8/30.5/30.6 

    V5 28.0/28.7/29.1/29.0 

    Water 30.1 

R.m.s. deviations 
 

    Bond lengths (Å) 0.009 

    Bond angles (°) 1.136 

*Values in parentheses are for the highest-resolution shell.  
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Table 1 Data collection and refinement statistics for NbA1 in complex with the 
V5 peptide.   
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Figure 11 Structure of the NbA1 bound to the V5 peptide. 
a, Overview of the NbA1-V5 peptide complex shown as cartoon representation. NbA1 

is colored in blue with CDRs 1-3 colored in red, orange, and yellow, respectively. Three 

residues from the CDR2 were not resolved in the refined structure. b, Close-up view 

of the polar interactions within the complex including water-bridged interaction. The 

V5-peptide (green) is shown as stick representation with the N-terminal on the left. 

Interacting residues from the paratope are labeled in blue while the peptide labels are 

green and marked with a prime symbol. H-bonds are shown as yellow-dashed lines 

and water molecules as red spheres. c, The NbA1-V5 peptide complex shown as 

surface representation and colored using the color_h script based on the Eisenberg 

hydrophobicity scale 64. d, Sequence of NbA1 with CDRs 1-3 colored in red, orange, 

and yellow, respectively. The square highlights the RQG tripeptide that is disordered 

in the CDR2 loop. e, the initial assessment revealed that the nanobody was not well 

expressed in HEK293 and codon optimization (NbA1(C.O)) increased its expression 

and consequently its functional activity. The AT1R-TANGO and μ-OR-TANGO were 

co-transfected with β-arrestin1 or β-arrestin2 carrying a C- or N-terminal V5-peptide 

tag along with either the NbA1-TEV219, NbA1(C.O)-TEV219 or NbV5-TEV219 fusion 

protein. Dose-response agonist treatments demonstrate the difference between the 

NbA1 and NbV5 nanobodies. The NbV5 recognizes the N- or C-terminally V5-tagged 

β-arrestin2 with similar logistic parameters (potency and efficacy) while the original 

NbA1 clone only recognizes the C-terminally tagged β-arrestin2 (β-arrestin2-V5). 

Dose-response curves were built using XY analysis for non-linear regression curve 

and the 3-parameters dose-response stimulation function. All error bars represent SD 

(n = 3 technical replicates).  
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Maturation of the NbA1 – Our approach aims to aid in the study of protein-protein 

interactions through the use of a versatile nanobody-based sensor. Although NbA1 is 

functional, it exhibits a preference for the C-terminally tagged β-arrestin-2. This 

partiality may be due to the lack of interactions with the last two residues of V5. In 

silico affinity maturation was conducted using Rosetta modeling software to improve 

affinity. The relaxed model produced five designed mutants that were tested (Fig. 12A-

B).  AD-F showed promise compared to BD-F, with only one amino-acid difference in 

position 60 having a lysine for AD-F compared to a serine for BD-F. Ten mutants with 

degenerated mutations were synthesized and tested in a TANGO assay. Based on 

the functional evaluation, it was found that two mutations (delta59 and S60K) resulted 

in better activity compared to NbA1, particularly for the N-terminal V5-tagged arrestin. 

Consequently, an optimized nanobody, called NbV5, was created with only those two 

mutations. The maturated NbV5 exhibited a significant improvement in overall 

behavior in our functional TANGO assay (Fig.12C) and was selected for future 

development. Our biosensor platform was initially characterized with GPCRs, which 

allowed for the regulation of interaction using an agonist, thus providing a better 

approach to measuring the efficiency of our biosensor approach. Subsequent 

demonstrations were conducted using two divergent GPCRs, the angiotensin II 

receptor (AT1R) and the mu-opioid receptor (μ-OR), which are widely used receptors 

in our lab, to characterize the NbV5-based biosensors.  
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Figure 12 Effect of mutations on NbA1. 
A, sequence of two mutants obtained via maturation of the NbA1 focused on the three 

CDRs with only one amino acid difference at position 60. B, The Nb B-DF and A-DF 

were fused with the TEV219 protease were transfected in HEK293T cells. Dose-

response agonist treatments demonstrate the recruitment of β-arrestin in all 

configurations tested, and dose-response curves were built using XY analysis and 

fitted using non-linear regression and the 3-parameters dose-response stimulation 

function. All error bars represent SD (n = 3 technical replicates). C, Mutants targeting 

the position 60 fused with TEV219 were transfected in HEK293T cells. Dose-response 

agonist treatments demonstrate the recruitment of β-arrestin in all configurations 

tested, and dose-response curves were built using XY analysis for non-linear 

regression curve and the 3-parameters dose-response stimulation function. All error 

bars represent SD (n = 3 technical replicates).  
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TANGO – We used the protease-dependent TANGO assay as our primary method to 

evaluate our nanobody in the tripartite system. TANGO was chosen due to its high 

sensitivity and permissibility. Our nanobody was further characterized at the μ-OR and 

AT1R, showing a dose-response curve with both β-arrestin-1 and -2, as well as in both 

configurations with respect to the position of the V5-tag (Fig.13). It is worth mentioning 

that the EC50 is comparable to our updated TANGO assay with the TEV219 directly 

fused at the C-terminus of the β-arrestins (170). These findings support the suitability 

of our NbV5-based biosensors for use with the TANGO-based assay.  
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Figure 13 NbV5 as a versatile nanobody-based biosensor: application in 
protease-dependent cell-based assay (TANGO). 
A, Schematic of the protease-dependent cell-based assay (TANGO) used to assay 

the anti-V5 nanobodies. The original NbA1 clone selected from the Y2H screening 

was fused with the TEV219 protease and cloned into a eukaryotic expression vector. 

The initial assessment revealed that the nanobody was not well expressed in HEK293, 

and codon optimization (NbA1(C.O)) increased its expression and consequently its 

functional activity. The μ-OR-TANGO (B) and AT1R-TANGO (C) were co-transfected 

with β-arrestin1 or β-arrestin2 carrying a C- or N-terminal V5-peptide tag along with 

the NbV5-TEV219 fusion protein. Dose-response agonist treatments demonstrate the 

recruitment of β-arrestin in all configurations tested. (D) The μ-OR-TANGO and AT1R-

TANGO were co-transfected with β-arrestin2-TEV219 and stimulated with agonists 

showing that EC50 obtained using the original TANGO is similar to the NbV5-adapted 

TANGO. Dose-response curves were built using XY analysis and fitted using the non-

linear regression and the 3-parameters dose-response stimulation function. All error 

bars represent SD (n = 3 technical replicates).  
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BRET – In our NbV5-based biosensor toolkit, we adapted the BRET functional assay, 

which proved to be a common approach. To ensure accurate results, we compared 

the β-arrestin-1 and β-arrestin-2 fused at the N- or C-terminus with the V5-tag. We 

also included the ALFA-tag as a reference, which has been previously characterized 

and works well with all tag placements (N-term, C-term, and internal) illustrating that 

all configurations produced strong signals (Fig. 14). However, the NbV5-GFP2 with a 

C-terminal tag gave a better BRET2 ratio, while the NbALFA showed less impact. The 

NbALFA's binding mode is at a 90-degree angle compared to NbV5, which could 

explain this observation. Notably, the tag placement on the prey protein did not 

significantly affect the tested receptor-β-arrestin coupling. Specifically, for AT1R, both 

β-arrestin isoforms were well recruited with a slight preference for β-arrestin-2 in this 

assay. Overall, our NbV5-based biosensors are ideal for use with BRET assays.  
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Figure 14 NbV5 as a versatile nanobody-based biosensor: application in 
Bioluminescence Resonance Energy Transfer (BRET2). 
A, Schematic of the BRET2 cell-based assay used to evaluate the NbV5. The 

recruitment of the β-arrestin-NbV5-GFP2 complex to the receptor fused to RLuc8 

allows the energy transfer between the Renilla reniformis Luciferase mutant (RLuc8) 

and the green fluorescence protein mutant GFP2 in the presence of the RLuc8 

substrate Coelenterazine 400a. B-D, NbV5-based detection of β-arrestin1 and β-

arrestin2 recruitment at the AT1R-RLuc8. N- and C-terminally V5-tagged β-arrestins 

were tested as well as both N- and C-terminally GFP2-tagged NbV5. Dose-response 

curve treatment with angiotensin II reveals equivalent recruitment of β-arrestin1 and 

2 at the AT1R. No major differences were observed between the N- and C-terminally 

V5-tagged β-arrestin, whereas the C-terminally GFP2-tagged NbV5 (NbV5-GFP2) 

showed better response. D, Similar results were obtained with the ultra-potent 

nanobody that recognizes the synthetic ALFA-tag (NbALFA). Dose-response curves 

were built using XY analysis and fitted using non-linear regression and the 3-

parameters dose-response stimulation function. All error bars represent SD (n = 3 

technical replicates).  
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NanoBiT – We have introduced our nanobody biosensors for the nanoluciferase 

binary complementation technique. We compared different configurations for β-

arrestins (V5-β-arrestin and β-arrestin-V5) and nanobody fusions (Nbs-LgBiT and 

LgBiT-Nbs) (Fig. 15). The LgBiT-NbV5 produced a better response compared to 

NbV5-LgBiT, indicating the importance of testing both orientations for optimum 

response and sensitivity. Using NanoBiT, we found that β-arrestin-1 is preferred over 

β-arrestin-2 at the AT1 receptor (Fig.15B-D). Similar results were obtained with the 

ALFA-tag system, indicating that the tag system does not affect the results. For the μ-

OR, we co-transfected the GPCR kinase 2 (GRK2), known to increase β-arrestins 

recruitment for this receptor (Fig.15-16). We found that β-arrestin-1 is favored over β-

arrestin-2 for μ-OR and that the N-terminally V5-tag β-arrestins and N-terminal LgBiT-

NbV5 are the optimal orientations for this receptor (Fig. 15E-G).  
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Figure 15 NbV5 as a versatile nanobody-based biosensor: application in 
Nanoluciferase Binary Technology (NanoBiT).  
A, Schematic of the NanoBiT cell-based assay used to evaluate the NbV5. NbV5-

based detection of β-arrestin1 and β-arrestin2 recruitment at the AT1R-SmBiT (B,C,D) 

and μ-OR-SmBiT (E,F,G) was assayed. N- and C-terminally V5-tagged β-arrestin was 

tested as well as both N- and C-terminally LgBiT-tagged NbV5. (D,G), Live kinetic 

traces at 1 μM agonist are shown in (D) for the AT1R and (G) for the μ-OR. The trace 

represents the mean of a quadruplicate experiment. H, Schematic of the NanoBiT 

cell-based assay used to assess the internal V5-tag. I, Functional recognition of an 

internal localized V5-tag was also assayed by NanoBiT by incorporating the V5-tag at 

position 92 of the G⍺oA (G⍺oA-iV5) and measuring the dissociation from the Gβ3 and 

SmBiT-Gɣ2 dimer upon μ-OR activation with DAMGO. (B,C,E,F,I), Dose-response 

curves were built using XY analysis and fitted using non-linear regression and the 3-

parameters dose-response stimulation function. All error bars represent SD (n = 3 

technical replicates).  
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We evaluated the ability of NbV5 to recognize an internally positioned V5-tag using 

the inhibitory G protein G⍺oA with the V5-tag inserted at position 92. It is well 

established that inhibitory G proteins tolerate insertion at this position, commonly used 

to insert a fluorescent protein or RLuc8 for BRET experiments (171) (Fig. 15H-I). We 

fused SmBiT at the N-terminus of the G𝛾2 subunit and co-expressed it with Gβ3, 

assembling to make the obligatory Gβ𝛾 dimer, which interacts with the inactive GDP-

bound G⍺oA. Once activated by the G⍺i/o-coupled μ-OR, the activation of the G 

protein can be detected through the dissociation of the heterotrimer (Fig.15H-I). Our 

Nb-based sensor allows the measurement of G protein activation by inserting the V5 

sequence, which minimizes the possibility of affecting overall G protein regulation. We 

have found that internally-inserted NanoBiT complementary subunits are not well 

tolerated, which is an advantage of using our V5-tagged biosensors based on prior 

experiments performed in our laboratory. 

In traditional assays, larger tags like GFP2, RLuc, or TEV219 are used and attached 

to the prey proteins. However, we sought to investigate the impact of a larger tag 

fusion to β-arrestin with the NbALFA:ALFA-tag system. Our assumption was that the 

rigidity of the ALFA-tag combined with including a proline before and after the tag 

would reduce its steric effect. The NanoBiT results (Fig. 15) differed from those 

obtained in BRET2 (Fig.14) in various ways. We observed a preference for β-arrestin1 

recruitment over β-arrestin2 and a significant positional effect depending on the tag 

location. To investigate the effect of adding GFP2 to β-arrestin and its recruitment at 

the receptor, we tested β-arrestin2-ALFA and β-arrestin2-ALFA-GFP2 at both AT1R 

and μ-OR. We also co-expressed the G protein-coupled receptor kinase 2 (GRK2) to 
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achieve reasonable recruitment at the μ-OR, since its expression levels are none in 

HEK293 cells (171). Our findings (Fig.16D-E) revealed that β-arrestin recruitment 

significantly increased at the μ-OR in the presence of GRK2, but the GFP2 tag had a 

strong detrimental effect compared to that observed with AT1R in (Fig. 16D-E). We 

concluded that the bulkiness of the tag has an unpredictable effect that depends on 

the bait:prey pair used and should be avoided as much as possible. Therefore, using 

a tag system such as NbV5:V5 should minimize the potential effect. The NanoBiT 

assay offers the ease of performing a live experiment, which can be used for endpoint 

assays on a microplate reader as in (Fig.16B-D), a real-time kinetic reader can reveal 

more information. With GPCRs, kinetic experiments and appropriate models should 

be favored to study signaling in non-equilibrium conditions (172). In (Fig. 16C-E), we 

conducted a live kinetics experiment that examined the recruitment of β-arrestin-ALFA 

versus β-arrestin-ALFA-GFP2 at the μ-OR and AT1R in the presence and absence of 

GRK2, using a single concentration of selective agonist. As previously reported, the 

expression of GRK2 has opposite effects at the AT1R and μ-OR (173), with an 

increase in efficacy and potency at μ-OR and a decrease in these parameters at 

AT1R. The endpoint experiment accurately represented the latter, but the live 

experiment revealed that GRK2 expression significantly increases the rate of β-

arrestin recruitment at μ-OR, reaching a steady state that remains relatively stable 

over time.  



87 
 

  



88 
 

Figure 16 Effect of tag size on β-arrestin recruitment in BRET2 and NanoBiT 
assays. 
To assess the effect of a larger tag on the activity of β-arrestin2 recruitment at the 

AT1R, β-arrestin2-ALFA was compared against β-arrestin2-ALFA-GFP2. a, NbALFA-

based detection of β-arrestin2 recruitment at the AT1R-RLuc8 was assayed in BRET2, 

with no difference being observed in this configuration. NbALFA-based detection of β-

arrestin2 recruitment was then assayed in NanoBiT at the AT1 (b,c) and μ-opioid (d,e) 

receptors in the presence and absence of GRK2. The addition of GFP2 tag decreases 

β-arrestin2 at AT1R but also abolishes the cooperative effect of GRK2. A similar 

observation was made for the μ-OR but with more amplified phenotype. GRK2 has a 

strong cooperative effect on β-arrestin2 recruitment at the μ-OR. GFP2 almost 

completely abolishes β-arrestin2 recruitment at the μ-OR in the absence of GRK2 and 

strongly reduces the efficacy and potency in the presence of GRK2. Live kinetic trace 

at 1 μM agonist are shown in (c) for the AT1R and (e) for the μ-OR. GRK2 expression 

increases the rate of β-arrestin2 recruitment at μ-OR while having modest or no effect 

at AT1R. Dose-response curves were built using XY analysis for non-linear regression 

curve and the 3-parameters dose-response stimulation function. All error bars 

represent SD (n = 3 technical replicates).  
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Nanobodies as fluorescence trackers for microscopy  

Our next objective was to investigate the potential of using the NbV5 fused with a 

constitutive fluorescent protein, such as eGFP, as a genetically-encoded tracker. To 

achieve this, we co-expressed 𝛾-actin, carrying a C-terminal V5 tag (𝛾-actin-V5), with 

the NbV5-eGFP fusion protein. As depicted in (Fig. 17), the NbV5-eGFP diffuses 

throughout the cell in the absence of 𝛾-actin-V5 but associates with it in its presence. 

Notably, various actin-related structures, such as stress fibers and lamellipodia, can 

be observed, implying that the NbV5-eGFP can efficiently interact with dynamic 

proteins, such as 𝛾-actin, without disrupting their natural localization. Consequently, 

the NbV5 can be utilized as a tool for tracking protein remodeling or trafficking in live-

cell-based experiments.   
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Figure 17 NbV5-based detection of V5-tagged proteins by cell imaging. 
Fluorescence imaging of HT1080 cells expressing NbV5-eGFP and ɣ-Actin-V5 or 

pcDNA3.1+ as a negative control. In the absence of ɣ-Actin-V5, NbV5-eGFP (green) 

is diffuse throughout the cell, while in the presence of ɣ-Actin-V5, NbV5-eGFP is 

enriched in actin-rich protrusions and structures. Cells were co-stained with the F-

actin probe Alexa Fluor 568 phalloidin (red) and the blue DNA stain Hoechst. The 

overlay is shown on the top panel. Images are representative of 25 cells from three 

independent experiments. Scale bars are 25 µm. 
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CHAPTER IV: PRELIMINARY DATA 

Nanobodies to study basal level interactions of G proteins. 

The subsequent phase of our research involved the application of the nanobody within 

our laboratory’s field of study. To validate its effectiveness, we sought to juxtapose it 

with the most recent data we had acquired (as depicted in Fig. 18A). The data 

indicated that the G⍺oA is present at the receptor in the inactive state using the G 

protein-LgBiT, a finding that was not observed with other G proteins. This observation 

was successfully replicated using the nanobody system (as shown in Fig. 18B), 

thereby reinforcing the potential utility of the nanobody in various studies. Currently, 

we are employing NbV5 to investigate the basal level of G proteins, a level that is 

comparable to that of the G protein-LgBiT. Our exploration of the concept of an 

inhibitory G protein (GαoA) associated with the inactive form of the receptor offers a 

fresh perspective in this field. We are eagerly anticipating the testing of over 400 

GPCR-tagged V5 in the near future and have already begun testing a few receptors, 

with some promising results that we look forward to sharing soon. However, these 

findings have prompted us to question why GαoA is the sole G protein recruited to the 

inactive receptor, especially considering that many research groups are more focused 

on the difference between Gi and Go inhibitory proteins. GαoA and GαoB are products 

of alternative splicing and primarily differ in the C-terminus of the protein sequence 

(174). To gain a deeper understanding of the uniqueness of GαoA, we are currently 

conducting research in our laboratory to study the difference between GαoA and 

GαoB at the basal level, as previously described, but also by examining various 

pathways such as interactions with the GPCRs, interaction with GIRKs, and 
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others(175). Our objective is to comprehend the rationale behind their divergent 

interaction patterns, and we are also attempting to investigate this by creating mutants 

of these two intriguing G proteins. This endeavor will not only enhance our 

understanding of these proteins but also contribute significantly to the broader 

scientific community. In a more long-term view, the NbV5 will be used to interrogate 

the proximal interactome of the MOR, GαoA, and the MOR- GαoA complex using the 

genome-wide ORF library. This functional proteomics assay is under development but 

will use the NbV5 developed during my master's degree as the bridge between the 

V5-tag encoded protein from the library and the interrogated target (MOR, GαoA, 

MOR- GαoA). 
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Figure 18 Interaction level of G protein with the inactive receptor.  
A, Baseline levels of interaction between Gproteins-LgBiT and μ-OR-SmBiT (B) 

NbV5-based detection of GoA-LgBiT recruitment at the μ-OR-V5 with the addition of 

NbV5-SmBiT. (A-B) The experiment was done via co-transfection of different plasmids 

and read on the Hidex reader for luminescence levels. 
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CHAPTER V: DISCUSSION 

In this report, we discuss the creation and analysis of a V5-tag nanobody and 

a series of versatile, nanobody-based biosensors for intracellular use. The goal of our 

approach was to prevent the need for attaching a large, functionalized tag to a protein. 

Instead, we aimed to utilize a freely available genome-wide library of C-terminally V5-

tagged ORFs. The V5-epitope is a well-established peptide tag that has been utilized 

for over three decades. At physiological pH, the 14-mer peptide has no net charge. 

Although it lacks any predicted secondary structures, it possesses a well-organized 

core because of the existence of three prolines. This intrinsic rigidity is believed to 

reduce the multidimensionality of the conformational landscape, thus minimizing the 

impact of environmentally-induced secondary structures and unpredictable behaviour 

in solution. Over time, various peptide tags have been developed, each with its own 

advantages and disadvantages. However, only a few tag systems have functional 

intrabodies that are fully characterized, as demonstrated in this study. The 

NbALFA:ALFAtag is the only well-characterized tag system currently available on the 

market, although it is worth noting that it is an artificial peptide tag. Although ALFA 

performs well, it is not an open-source resource, which may limit its further utilization. 

Additionally, the inflexible helical structure of the ALFA tag may potentially affect the 

local secondary structures inside cells. One could take advantage of having two 

distinct tag systems by implementing both tags simultaneously. 

 In the field of biotechnologies, it is common to require information about cellular 

components such as their abundance, localization, and dynamic interactions. This 

information is crucial for characterizing and validating potential drug targets, as well 
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as for understanding physiological and pathophysiological cellular processes(176). 

The creation of traceable proteins that can be monitored within cells is essential for 

both endpoint analysis and real-time diagnostics. This is especially important given 

the growing need for a more comprehensive understanding of cellular processes, and 

the potential to expand the use of intracellular tracers to a genome-wide or even 

(omics)-wide scale 

 Most nanobodies currently available were created through animal 

immunization, but there is significant potential in the development of synthetic in vitro 

platforms, as demonstrated here (165, 177). The Hybribody approach combines 

peptide phage-display and intracellular yeast-two-hybrid for further enrichment of 

potential intrabodies. Therefore, the selection of Nbs wherein the paratope folding 

does not rely on disulfide bonds is crucial for the discovery of potential intrabodies.  

 Through screening, a number of potential nanobodies were identified, with 

clone NbA1 proving to be the most effective as an intrabody. However, initial tests 

showed that all nanobodies had low expression levels, which was resolved by 

optimizing the codons for a human expression system. Based on the results of the 

TANGO cell-based assay, it was determined that NbA1 was not the most effective in 

recognizing the N-terminal V5-tag. As a result, the NbA1 was isolated from the 

periplasm of SHUFFLE bacteria, which are particularly adept at purifying proteins that 

contain disulfide bonds. The purified NbA1 was co-crystallized with the V5-tag and 

the resulting structure was utilized for computer-aided maturation to produce the final 

optimized NbV5, which exhibited improved functionality in vitro. The maturation 

process was limited to the three CDRs, and no mutations were identified that could 

significantly alter the binding energy. Based on the mutants tested in TANGO, it was 
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discovered that NbV5-AD-F had a similar impact as the codon-optimized version with 

a C-terminally attached V5-tag, but it was capable of interacting with the V5-tag on 

the N-terminal end. Additionally, it was observed that NbV5-BD-F, despite having the 

same sequence as AD-F except for a Lys at position 60, was unable to interact with 

the V5-tag on the N-terminal end due to its original Ser. After careful consideration, 

mutations were made on the region in question, resulting in extensive point mutation 

and ultimately leading to the creation of NbV5. The most notable improvement of 

NbV5, in comparison to NbA1, is its enhanced interaction with N-terminally positioned 

V5-tag. (Fig 12C). The two mutations were found to be juxtaposed wherein the Asp59 

is removed and the Ser60 is mutated to Lys (ΔD59,S60K) (Fig. 12C). It is possible that 

the removal of one residue in the vicinity of a disordered loop in the CDR2 and the 

presence of Lys60 could lead to the stabilization of this region. The formation of 

intramolecular H-bonds within the CDR2 loop by Lys60 may further enhance the 

stability of the region. (Fig. 11B).  

 After determining the appropriate method of interaction, we developed a 

comprehensive toolkit for use in commonly utilized cellular assays such as TANGO, 

BRET, and NanoBiT assays. However, we believe that our toolkit can be further 

expanded and that other assays can be modified to incorporate the NbV5:V5 system. 

 Our research has demonstrated the capability of our nanobiosensors to 

investigate the involvement of β-arrestin-1 and β-arrestin-2 in two widely known 

GPCRs: the μ-OR and the AT1R. The former is responsible for the effects of 

commonly prescribed painkillers such as morphine and fentanyl, while the latter plays 

a crucial role in regulating vasoconstriction. AT1R antagonists (ARBs) are prescribed 

for the management of hypertension, congestive heart failure, and diabetic 
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nephropathy. It has been observed that these two receptors have the ability to recruit 

β-arrestins, but there is conflicting information regarding the selectivity of isoforms 

and, most importantly, the inherent effectiveness of drugs. The measurement of the 

direct interaction between the receptor and its effector is a key aspect for the accurate 

determination of intrinsic drug efficacy and as such, the use of smaller tags should 

mitigate some distortions caused by larger functional tags. When examining AT1R, 

the impact of a bigger tag wasn't very significant. However, when comparing the effect 

of a larger tag on the μ-OR, it becomes evident that using NbV5 as a carrier for bigger 

tags is more advantageous. 

 One of the assays that has been successfully converted to be included in the 

NbV5-based toolkit is the TEV-dependent reporter method. This particular assay was 

chosen due to its high permissibility and sensitivity. However, it's worth noting that a 

potential limitation of TEV-dependent reporter methods is their catalysis kinetics. In 

2020, Sanchez et al. reported the S153N TEV219 mutant with an increased catalytic 

rate (178). After conducting a test on the new mutant, we noticed a 3 to 4-fold rise in 

the total RLU produced. However, we did not detect any significant changes in the 

fold-over-baseline and EC50. While the S153N mutant enhances the dynamic range, 

it does not offer significant advantages in our system. Therefore, we decided to go 

ahead with the non-mutated TEV219. Next, we proceeded to modify two well-known 

PPI assays, BRET and NanoBiT, to work with the Nb V5 platform. It's important to 

mention that we observed a notable distinction between BRET and NanoBiT in terms 

of the specific recruitment of different β-arrestin isoforms at AT1R. It's worth noting 

that the NanoBiT assay reveals a preference for β-arrestin-1 compared to β-arrestin-

2, whereas BRET2 and TANGO showed no difference.  
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It is unclear why this observation occurs. Based on the data presented in (Fig. 

16), the size and orientation of the tag have a more significant impact on NanoBit than 

BRET2. This disparity can be explained by the fact that binary complementation, being 

an interaction assay, is unable to track spatial rearrangement. On the other hand, 

BRET2 is highly reliant on conformation, and its efficiency is contingent on the 

distance and spatial orientation necessary for dipole-dipole coupling. It is possible that 

the BRET2 signal measured reflects a combination of recruitment and conformational 

changes (multi-states), whereas NanoBit only detects newly recruited β-arrestin or a 

single conformational state of the complex. 

Our team has tested the effectiveness of the Nanobody V5 in microscopy 

experiments involving 𝛾-actin-V5. The results showed that it is a useful tool for tracking 

protein remodelling and trafficking in live-cell-based experiments. Currently, we are 

using NbV5 to study the basal level of G proteins, which is similar to the level of G 

protein-LgBiT. This opens up a new perspective in the field as we explore the concept 

of having an inhibitory G protein (GoA) associated with the inactive form of the 

receptor. We are excited to test over 400 GPCR-tagged V5 soon. Some receptors 

have already been tested and very interesting results are going to be shared in the 

near future. But these findings bring questions on why GoA is the only Gprotein 

recruited to the inactive receptor especially considering that a lot of research groups 

are not even making the distinction between GoA and GoB. Research to understand 

the uniqueness of GoA is currently performed in our lab. 

 As previously stated, the existence of a comprehensive open reading frame 

(ORF) library featuring a C-terminal V5-tag brings about promising opportunities for 

advancing mammalian functional proteomics. This particular approach offers 
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significant benefits over other proteomics assays as it is not restricted to endogenous 

proteins, can be executed in living human cells, and captures ligand-dependent 

interactomes. Our laboratory is presently investigating the potential of this approach 

to enhance binary protein-protein interaction (PPI) mapping. A similar library has 

recently been employed for genome-wide profiling of human HOX proteins 

interactome using bimolecular fluorescence complementation (BiFc) assay. This 

research demonstrated the power of this approach as a tool for illuminating the binary 

PPI interactome. We are optimistic that the NbV5:V5 system will make similar assays 

more feasible both economically and technically for the scientific community as a 

whole. Although this study employed G protein-coupled receptors (GPCRs) to 

characterize the toolkit, we have confidence that NbV5:V5 or NbALFA:ALFA systems 

could be utilized to study any receptor-protein or protein-protein interaction (179). 
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