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Abstract1 
The third intracellular loop (ICL3) of the G protein-coupled receptor 

(GPCR) fold is important for the signal transduction process downstream of 

receptor activation1–3. Despite this, ICL3’s lack of defined structure, combined 

with its high sequence divergence among GPCRs, obfuscates characterization of 

its involvement in receptor signaling4. Previous studies focusing on the β2 

adrenergic receptor (β2AR) suggest that ICL3 is involved in the structural process 

of receptor activation and signaling5–7. We derive mechanistic insights into ICL3s 

role in β2AR signaling, finding that ICL3 autoregulates receptor activity through a 

dynamic conformational equilibrium between states that block or expose the 

receptor’s G protein binding site. We demonstrate the importance of this 

equilibrium for receptor pharmacology, finding that G protein-mimetic effectors 

bias ICL3’s exposed states to allosterically activate the receptor. Our findings 

additionally reveal that ICL3 tunes signaling specificity by inhibiting receptor 

coupling to G protein subtypes that weakly couple to the receptor. Despite the 

sequence diversity of ICL3, we demonstrate that this negative G protein selection 

mechanism through ICL3 extends to GPCRs across the superfamily, expanding 

upon the framework for how receptors mediate G protein subtype selective 

signaling. Furthermore, our collective findings motivate ICL3 as an allosteric site 

for receptor and signaling pathway specific ligands. 

  

 
1 Unless otherwise noted, material is derived from ‘Sadler, F. et al. Autoregulation of GPCR signaling 
through the third intracellular loop. Nature, published 2023, © 2023 Springer Nature’. 
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Chapter 1 – Introduction 
 
I. An overview of G protein-coupled receptors. 
 Human bodies need the ability to rapidly sense and respond to many 

different stresses, impulses, and needs. G protein-coupled receptors (GPCRs) 

are proteins on the membrane surface of our cells that enable this stimulus-

response ability. There are over 800 different types of GPCRs in humans that 

each are responsible for responding to the different types of stimuli. The stimuli 

involved are termed ligands. Ligands range from proteins, peptides, hormones, 

lipids, and nucleotides; some GPCRs relay a physical stimulus (light, adhesion) 

through the receptor’s ligand binding site. 

The general mechanism for how GPCRs trigger cellular responses starts 

with the ligand interacting with the GPCR to activate it (Figure 1). When the 

receptor is activated, it in turn causes a G protein heterotrimer composed of 𝛼, β 

and 𝛾 subunits to exchange the nucleotide guanine diphosphate (GDP) for the 

nucleotide guanine triphosphate (GTP) and dissociate. This activated G protein 

in turn stimulates a cascade of one or more second messengers in the cell. 

Rapid fluctuations of second messenger levels inside the cell then trigger large-

scale changes in cell phenotype. Through this effective mechanism of signal 

transduction, many physiological processes are directly controlled by one or 

more types of GPCRs (Table 1). 

The second messenger cascades activated by GPCRs depend on the 

type of G protein activated by a receptor in question. The four main subtypes of 

G𝛼 subunits directly influence signaling: Gs (stimulates cyclic AMP (cAMP)), Gi 

(inhibits cAMP), Gq (stimulates inositol phosphate), and G12/13 (primarily 

influences actin cytoskeleton organization and not second messenger level 

signaling). The free β and 𝛾 subunits of the G protein influence potassium flux by 

activating inwardly rectifying ion channels. Calcium flux is another second 

messenger response occurring further downstream of Gs, Gi and Gq activation. 
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Figure 1. General GPCR signaling mechanism. Legend: 𝛼 - G protein alpha 

subunit, β - G protein beta subunit, 𝛾 - G protein gamma subunit, cAMP – cyclic 

adenosine monophosphate, IPx – inositol phosphate, Ca2+ - Calcium, K+ - 

potassium. Unpublished material. 

 

Physiological System Process Receptor 

Cardiovascular  Heart rate and blood pressure Adrenergic9 

Immune  Inflammation Chemokine10 

Sensory Vision Opsin11 

Nervous Mood, perception, memory Serotonin12 

Endocrine Metabolism Glucagon13 

Table 1. Examples of physiological processes regulated by GPCRs. Unpublished 

material. 

 

 Not surprisingly, the ability of GPCRs to directly control physiological 

processes makes them attractive drug targets. Over 30% of all currently FDA-

approved drugs target a GPCR14. These drugs largely belong to two main 
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pharmacological classes: either they block a receptor from being activated 

(antagonist) or activate the receptors themselves (agonist). GPCRs remain 

priority targets for new therapeutics. 

The β-adrenergic receptors (β-ARs), a subfamily of G protein coupled 

receptors (GPCRs) are an illustrative example for how GPCRs work, and how 

they are important in physiology and medicine. The β-ARs are critical for 

cardiovascular homeostasis due their ability to directly and rapidly modulate 

signaling9. When activated by the agonist epinephrine, β-ARs primarily activate 

the cAMP stimulatory G protein Gs, which in turn leads to the heart beating faster 

and stronger. Standard treatment of congestive heart failure aims to dampen 

these positive chronotropic and inotropic effects. Therefore, the therapeutic 

approach to reducing these effects is to block β-AR activation with antagonists. 

 Due to their importance as drug targets, research efforts prioritize 

elucidating the precise mechanism(s) of GPCR action. Pharmacological, 

biochemical, and genetic manipulations in the 1970’s-1990’s deciphered the 

basic mechanism of GPCR signaling15, as well as the molecular components of 

the receptor that relay effective signal transduction2. GPCR biology and drug 

discovery were revolutionized by a period of structure determination beginning in 

the late 2000’s. Structures confirmed the basic architecture of the receptor: 7 

alpha helices arranged in a cylindrical assembly in the cell membrane16. 

Furthermore, structures illustrated how the receptor activates G proteins: when 

the receptor is activated, the intracellular face of the receptor opens, becoming 

amenable for G protein binding and activation (Figure 2)17. The sequence 

conservation between different GPCR isoforms made these structural insights 

especially powerful in the context of drug discovery. In theory, drugs can be 

designed to induce a response based on stabilizing a specific structural state of 

any desired receptor target18. 
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Figure 2. Structural basis of GPCR activation. Overlay of the inactive state 

structure (PDB ID: 2rh1) and the active, G protein bound structure (PDB ID: 

3sn6) of the beta 2 adrenergic receptor (β2AR). The G protein binding site is 

blocked in the inactive state, and the opening of the intracellular site in the active 

state reveals the G protein binding site. Unpublished material. 

 

II. Unstructured regions are important for GPCR function. 
 Despite the power of structural insights for determining how GPCRs 

function and ultimately how to drug them, there is a breadth of information that 

this structural lens fails to capture. It is well appreciated that the dynamic 

transitions between receptor states help dictate the magnitude and type of 

signaling response19. In this case, a short-lived intermediate state might better 

indicate how the receptor signals than the end-point state captured in a receptor 

structure. Furthermore, the cellular context of a given receptor determines how it 

responds to a given stimulus. The subcellular localization of the receptor, 

presence of cytoskeletal and signaling effectors, and membrane composition 

might all present the receptor in a state that is not well represented by a 

structure. 
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 The unstructured domains of the GPCR fold are a potential bridge 

between the structural, dynamical, and cellular bases of GPCR signal 

transduction. The seven transmembrane helices of the receptor are connected 

by unstructured N- and C- termini, as well as the extra- and intracellular loops 

that bridge the helices together. These regions have been repeatedly 

demonstrated to be important for receptor function20. For example, the second 

intracellular loop of the receptor undergoes a conformational change that 

stimulates GDP to GTP exchange in the G protein21. Another example is the C-

terminus of the receptor, which contains phosphorylation sites that mediate 

receptor desensitization and internalization after activation22.  

 Another unstructured domain that has been repeatedly implicated in the 

core signaling mechanism of the receptor dating back to the original cloning of 

GPCRs and elucidation of their basic signaling mechanisms is the third 

intracellular loop (ICL3). Early studies demonstrated that chimeric receptors with 

swapped ICL3 regions signal through both receptors’ preferred pathways (Figure 

3)23–25. Predating structural knowledge, these studies indicated that the ICL3 

region itself contains the capacity for receptors to couple specifically to certain 

types of G proteins. 

 
Figure 3. Schematic of two receptors with swapped ICL3s. Unpublished material. 
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Structural data corroborates these initial findings. ICL3 connects the 

transmembrane helices responsible for structural changes between the 

receptor’s inactive and active states (transmembrane helices 5 and 6). 

Additionally, ICL3 is immediately adjacent to the binding site of G proteins and 

other signaling effector proteins at the intracellular cavity of the receptor (Figure 

4)26. The spatial location of ICL3 implicates it in the general signaling mechanism 

across GPCRs.  

 
Figure 4. Structural models of ICL3. Left – structure of the β2AR – Gs protein 

complex (PDB ID: 3sn6). Missing density of ICL3 is indicated. Right – 

RosettaFold structural models of three different receptor isoforms: the beta 1 

adrenergic receptor (β1AR), the cannabinoid 1 receptor (CB1R), and the 

muscarinic 1 receptor (M1R). Unpublished material. 

  

Structural and early pharmacological data suggest ICL3’s relevance from 

a drug discovery perspective. ICL3 is a template for a class of drugs called 

pepducins27. Pepducins are peptides derived from the first and third intracellular 

loops of a host GPCR. A lipid (palmitate) is added to the N-terminus of the 

peptide, allowing it to anchor itself in the inner leaflet of the cell membrane 

(Figure 5). Once exposed to the intracellular face of the cell, the pepducin 
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interacts with the native host GPCR to modulate receptor signaling. This 

modulation can range from inactivation, partial activation, to full activation, 

depending on the template receptor from which the pepducin is derived, as well 

as the precise amino acid sequence composition of the pepducin28,29. 

 
Figure 5. Schematic of pepducin design. Palmitate group depicted in white, 

amino acids of the receptor and pepducin shaded. Unpublished material. 

 
III. The mechanism of ICL3 is unknown. 

 This breadth of structural and pharmacological data demonstrates that 

ICL3 is important for GPCR signaling. Despite this, precisely how ICL3 influences 

signaling is unknown. This is largely due to ICL3’s lack of structure and sequence 

heterogeneity across GPCRs. 

 The GPCR signaling mechanism is best understood through a structure-

to-function paradigm: how does the structure of the receptor influence the 

receptor’s function? This approach applies well to the transmembrane helices, as 

well as extra- and intracellular loops that have defined three-dimensional 

structure. However, ICL3 either completely lacks structural resolution (Figure 4), 
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or it is engineered to stabilize the receptor for capturing its structure7. 

Furthermore, ICL3 is predicted to be intrinsically disordered (lacking structure) for 

many GPCRs5,30. While GPCR structures implicate ICL3 in G protein signaling 

based on its physical location, it is impossible to determine how ICL3 influences 

signaling from structural methods alone.  

 GPCRs are generally well conserved in amino acid sequence, which 

means that structural and functional insights derived from one receptor isoform 

generally translate well to other isoforms. However, sequence conservation 

breaks down with regards to the ICL3 region. ICL3 spans a wide range of 

sequence lengths (10-240 amino acids) and is heterogenous in sequence 

composition even among closely related receptor isoforms (Figure 6). Given this 

lack of consensus, even hypotheses for how ICL3 influences receptor function 

vary immensely between different receptors. 

 
Figure 6. Sequence diversity of ICL3. a. ICL3 length of GPCR isoforms. GPCRs 

are grouped by the primary G protein subtype that they have been experimentally 

determined to couple to (Gs, Gi, or Gq)31,32. ICL3 lengths of the Gs coupled β-

ARs, Gi coupled CBRs, and Gq coupled MRs are indicated. b. Sequence 

similarity (%) of receptor subfamilies highlighted in (a). Similarity was calculated 

for the entire receptor, or exclusively the ICL3 region. Unpublished material. 
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 Despite this lack of sequence consensus, there is a large body of 

historical data characterizing the underlying pharmacology of the receptor 

through mutagenesis of ICL3. Receptor pharmacology is quantitatively derived 

from experimental data determining how ligands interact with the receptor and 

how ligands stimulate second messenger signaling (Figure 7). Deletion or 

replacement of ICL3, either as a whole region or certain subsegments, impacts 

how ligands interact with receptor (Kd), the potency of signaling stimulated by the 

receptor (EC50), the maximum effect of signaling (Emax), or the efficacy of 

signaling (log(Emax/EC50), derived in 33).  

 

 
Figure 7. Graphical representation of pharmacological parameters from (a) 

ligand binding assays and (b) receptor signaling assays. Arrows indicate how 

parameters change when ligand binding strength increases (decrease in Kd ), 

when signaling potency increases (decrease in EC50), and when Emax increases. 
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The signaling efficacy ratio (log(Emax/EC50)) follows the same pattern as ligand 

binding strength and potency. Unpublished material1. 

 

We attempted to synthesize this large body of literature together in a 

graphical format to determine if any patterns emerged. As ICL3 is highly variable 

in sequence length, we opted to use an N- and C- terminal numbering scheme to 

keep track of the locations of mutagenized sites, where the N-terminal half of an 

ICL3 sequence is N1-Nn, and the C-terminal half is Cn-C1, where n is one-half 

the length of a receptor’s ICL3 sequence. We used a C-terminal residue in 

transmembrane helix 5 (TM5.56 by generic residue numbering) as a starting 

point for the N-terminal sequence numbering to demarcate where ICL3 begins 

outside of the membrane. We applied the same logic to the N-terminal residue in 

transmembrane helix 6 (TM6.37) for the C-terminal sequence numbering. To plot 

the effect of location of mutation versus functional effect, we normalized each 

ICL3 length to the shortest ICL3 in the dataset (22 amino acids). Each position 

mutated was assigned the effect of the mutation. We included all mutational data 

(pKd, pEC50, and Emax) that we could find with a wild-type reference point (Table 

2). While there is literature data for antagonists, we opted to plot exclusively 

agonist binding data.  

 

 
1 Another parameter that can be influenced is the Hill coefficient (NH) of the binding or signaling 
curves170. NH represents the slope of the binding or signaling curves between the minimum and 
maximum asymptotes. For binding equations, NH represents cooperativity of binding if there are 
multiple binding sites on a receptor. Most GPCRs (with the exception of Class C GPCRs)  are 
considered monomeric species with a single ligand binding site, and NH is typically close to 1 (no 
cooperativity). By contrast, signaling curves represent much more complex biological processes. 
NH is highly dependent on the experimental system used to measure the response, and it is 
therefore difficult to directly derive biological interpretation from NH from GPCR signaling data171. 
However, if ICL3 is considered a second “allosteric” binding site, NH could be influenced by an 
allosteric ligand. Exploration of ICL3 as an allosteric site is explored more in Chapter 3. 

Receptor Mutation 
Style Positions Insertion Positions Ligand 

Class 
pKd,Mut-
pKd,WT Assay pEC50,Mut

-pEC50,WT 
Emax,Mut/Em

ax,WT Notes Ref 

5HT2B Insertion N11-C12 BRIL  agonist 0.19     34 

5HT2B Insertion N11-C14 BRIL  agonist -0.10     34 
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5HT2B Insertion N11-C14 BRIL  agonist 0.17     35 

5HT7R 
(mouse) 

Directed 
Mutation C8 G  agonist 0.00 cAMP 0.68 0.33  36 

5HT7R 
(mouse) 

Directed 
Mutation C6 S  agonist -0.13 cAMP  0.22  36 

AA2AR Deletion N10-C15   agonist 0.40     37 

AA2AR ICL3 
replacement N1-C18 AA1R  agonist -0.18 cAMP 0.13 0.47 +GppNhp condition 38 

AA2AR Directed 
Mutation C17-C16 A,A  antagonist 0.06 cAMP -0.29 0.81  38 

AA2AR ICL3 
replacement C14-C11 AA1R  antagonist -0.03 cAMP -0.07 0.74  38 

AA2AR ICL3 
replacement C14-C7 AA1R  antagonist 0.02 cAMP 0.16 1.05  38 

AA2AR ICL3 
replacement N16-C18 AA1R  antagonist 0.09 cAMP -0.25 0.97  38 

AA2AR Directed 
Mutation N1,N3 AA1R  antagonist -0.06 cAMP 0.01 0.80  38 

AA2AR Directed 
Mutation N12 N  agonist 0.25 cAMP -0.49 1.24 +GppNhp condition 38 

AA2AR Directed 
Mutation N14 Q  agonist -0.07 cAMP -0.72 1.17 +GppNhp condition 38 

AA2AR ICL3 
replacement N1-C2 AA1R  agonist 0.36 cAMP -0.73 0.25 +GppNhp condition 38 

AA2AR Insertion N10-C15 T4L  agonist      39 

AA2AR Insertion N10-C15 T4L  agonist 0.48     40 

ACM1 Deletion N10-N22   agonist 0.45 IP3 -0.43 0.53 
EC50 value is an 

average of two given 
values 

41 

ACM1 ICL3 
replacement N25-C11 ADRB1 

(Turkey)  
N22-C11 agonist 0.27 IP3  0.70 Derived from Table 

2 (- PTX)  
42 

ACM1 Deletion C24-C10   agonist 0.26 IP3 0.36 0.63  41 

ACM1 Directed 
Mutation N5,N7,N12 A,A,K  agonist  IP3 0.14 1.00  41 

ACM1 Directed 
Mutation C9,C7 A,A  agonist  IP3 -0.32 0.69  41 

ACM1 Deletion N11-C54   agonist -0.14 IP3 -0.34 0.85  41 

ACM1 ICL3 
replacement N(-8)-C3 ACM2 N(-8)-C4 antagonist -0.34 current 

response 
 0.01  23 

ACM1 Insertion N10-C14 T4L  agonist 2.45    additional mutations: 
N2Q,N12Q,N110Q 

43 

ACM1 Directed 
Mutation N2  A agonist -0.24 IP3  0.16  44 

ACM1 Directed 
Mutation N3  A agonist -0.16 IP3  0.50  44 

ACM1 Deletion C23-C10     IP3  0.71  45 

ACM1 Deletion N58-C75     IP3  0.87  45 

ACM1 Deletion N56-N65     IP3  1.03  45 

ACM1 Deletion N67-N73     IP3  0.87  45 

ACM1 Deletion N75-C75     IP3  0.95  45 

ACM1 Deletion N46-C58     IP3  0.71  45 

ACM1 Deletion N38-C63     IP3  0.85  45 

ACM1 Deletion N33-C56     IP3  0.95  45 

ACM1 Deletion N11-C54   agonist -0.23 IP3  0.71  45 

ACM1 Deletion N10-C35     IP3  0.89  45 

ACM1 Deletion N11-C19   agonist 0.34 IP3  0.87  45 

ACM1 Deletion N23-C10   agonist -0.61 IP3  1.19  45 

ACM1 Directed 
Mutation N(-1),N2,N3  A,A,A   IP3  0.34  46 
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ACM1 Directed 
Mutation C8,C6,C2 A,A,A    IP3  0.39  46 

ACM1 Deletion N10-C35     IP3  1.40  47 

ACM1 Deletion N11-C19     IP3  1.00  47 

ACM1 Deletion N23-C10     IP3  1.21  47 

ACM1 Directed 
Mutation C7 A  agonist -0.10 IP3 -0.72 1.00  48 

ACM1 Directed 
Mutation C6 A  agonist -0.34 IP3 -1.10 0.46  48 

ACM1 Directed 
Mutation C3 A  agonist -0.27 IP3 0.00 0.46  48 

ACM1 Directed 
Mutation C6,C3 A,A  agonist -0.85 IP3 -0.86 0.46  48 

ACM1 Directed 
Mutation C7,C3 A,A  agonist 0.11 IP3 1.52 0.31  48 

ACM1 Directed 
Mutation C7,C6 A,A  agonist -0.49     48 

ACM1 Directed 
Mutation C7,C6,C3 A,A,A  agonist -0.23     48 

ACM1 
(mouse) Insertion N12-C25 RIR  antagonist 0.01 IP1  0.81  49 

ACM1 
(mouse) Insertion N12-C84 RIR  antagonist 0.00 IP1  1.03  49 

ACM1 
(mouse) Insertion N12-C67 RIR  antagonist 0.00     49 

ACM1 
(mouse) Insertion C69-C25 RIR  antagonist 0.00     49 

ACM2 ICL3 
replacement N(-7)-C1 ACM1 N(-7)-C2 antagonist 0.00     23 

ACM2 ICL3 
replacement N1-C2 ACM3 N1-C3 agonist -0.88 IP3    4 

ACM2 ICL3 
replacement N1-N16 ACM3 N1-N17 agonist 0.17 IP3    4 

ACM2 ICL3 
replacement N1-C2 ACM3 N1-C3 agonist -1.13 cAMP 

inhibition 
 0.02  50 

ACM2 ICL3 
replacement N1-N16 ACM3 N1-N17 agonist 0.26 cAMP 

inhibition -0.65 0.40  50 

ACM2 ICL3 
replacement N1-C3 ACM3  agonist -0.04 current 

response 
 1.74  51 

ACM2 ICL3 
replacement N1-N21 ACM3  agonist 0.13 current 

response 
 1.21  51 

ACM2 ICL3 
replacement N1-N12 ACM3  agonist -0.77 current 

response 
 0.44  51 

ACM2 ICL3 
replacement N13-N21 ACM3  agonist -0.19 current 

response 
 1.60  51 

ACM2 Insertion N11-C14 T4L  agonist 0.08     52 

ACM2 Directed 
Mutation N3  Y agonist 0.15 IP3    53 

ACM2 ICL3 
replacement N1-N11 ADRB1 

(Turkey) N1-N11 agonist 0.74   0.70  54 

ACM2 ICL3 
replacement N1-N15 ADRB1 

(Turkey) N1-N16 agonist 0.74   0.70  54 

ACM2 ICL3 
replacement N1-N25 ADRB1 

(Turkey) N1-N26 agonist 0.74 
Go 

activatio
n 

 0.91  54 

ACM2 Directed 
Mutation N3 Y  agonist 0.68 IP3    55 

ACM2 ICL3 
replacement N1-N21 ACM3 N1-N21 agonist 0.59 IP3    55 

ACM2 ICL3 
replacement C29-C(-1) ACM3 C29-C(-1) agonist -1.08 IP3    55 

ACM2 Directed 
Mutation C3,C2 A,A  agonist 0.67 IP3    55 

ACM2 ICL3 
replacement C3-C(-1) ACM3 C3-C(-1)   cAMP 

Inhibition  0.05  56 

ACM2 Insertion C1 A  agonist 0.08 cAMP 
Inhibition  0.62  57 

ACM2 Insertion C7 A  agonist -0.08 cAMP 
Inhibition  0.88  57 

ACM3 ICL3 
replacement N1-C3 ACM2 N1-C2 antagonist -0.17 IP3  0.27  4 

ACM3 ICL3 
replacement N1-N17 ACM2 N1-N16 antagonist -1.74 IP3  0.17  4 
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ACM3 ICL3 
replacement N1-C3 ACM2 N1-C2 agonist 1.72 IP3  0.05  50 

ACM3 ICL3 
replacement N1-N17 ACM2 N1-N16 agonist 0.27 IP3  0.01  50 

ACM3 ICL3 
replacement N1-C3 ACM2  agonist -0.33 current 

response 
 0.07  51 

ACM3 ICL3 
replacement N1-N21 ACM2  agonist -0.90 current 

response 
 0.16  51 

ACM3 ICL3 
replacement N1-N12 ACM2  agonist -0.42 current 

response 
 0.17  51 

ACM3 ICL3 
replacement N13-N21 ACM2  agonist -0.46 current 

response 
 0.67  51 

ACM3 ICL3 
replacement N10-N21 ACM2  agonist -0.62 current 

response 
 0.54  51 

ACM3 ICL3 
replacement N5-N21 ACM2  agonist  current 

response 
 0.50  51 

ACM3 Deletion N3-N12   agonist -0.19 current 
response 

 0.08  51 

ACM3 Deletion C17-C10   agonist  current 
response 

 0.97  51 

ACM3 Deletion C9-C6   agonist  current 
response 

 0.26  51 

ACM3 Insertion N9-C12 T4L  agonist 0.77     58 

ACM3 Insertion N2 A  agonist 0.11 IP3 -0.99 1.08 
3 and 5 alanine 

insertions disrupt 
signaling completely 

59 

ACM3 Directed 
Mutation N3 F  agonist 0.15 IP3 -0.12 1.06 

Point mutation to W 
or A at this site have 

different effects 
53 

ACM3 ICL3 
replacement N1-N16 ACM2 N1-N16 agonist 0.45 IP3  0.13 S(N3)Y rescues IP3 

accumulation 
53 

ACM3 ICL3 
replacement N1-N16 ACM2 N1-N16 agonist 0.01 IP3  0.14  60 

ACM3 ICL3 
replacement N1-N8 ACM2 N1-N8 agonist 0.60 IP3  0.19  60 

ACM3 ICL3 
replacement N9-N19 ACM2 N9-N19 agonist 0.68 IP3 -0.51 0.96  60 

ACM3 ICL3 
replacement N1-N4 ACM2 N1-N4 agonist 0.31 IP3 -0.82 0.27  60 

ACM3 ICL3 
replacement N5-N8 ACM2 N5-N8 agonist 0.98 IP3 0.06 0.98  60 

ACM3 Deletion N1-N8   agonist 0.40 IP3  0.00  60 

ACM3 Directed 
Mutation N1 ACM2 N1 agonist 0.61 IP3 -0.45 1.22  60 

ACM3 Directed 
Mutation N2 ACM2 N2 agonist 0.45 IP3 -0.26 1.08  60 

ACM3 Directed 
Mutation N3 ACM2 N3 agonist 0.56 IP3 -0.82 0.33  60 

ACM3 Directed 
Mutation N4 ACM2 N4 agonist 0.22 IP3 -0.40 0.97  60 

ACM3 Directed 
Mutation N3-N7 FMLVL  agonist 0.00 current 

response  1.14  61 

ACM3 Directed 
Mutation N8-N12 MIVML  agonist -0.22 current 

response  0.31  61 

ACM3 Directed 
Mutation N8,N10-N12 M,VML  agonist -1.22 current 

response  1.24  61 

ACM3 Deletion N3-N7   agonist 0.00     61 

ACM3 Directed 
Mutation C8-C6,C4 VMN,T  agonist -0.64 current 

response  0.22  61 

ACM3 Deletion N13-C13   agonist -0.73 current 
response  0.77  61 

ACM3 Deletion N13-C10   agonist -0.22    0.38  61 

ACM3 Deletion N13-C6   agonist -0.30 current 
response  0.20  61 

ACM3 
Deletion, 
Directed 
Mutation 

N13-C13,C8-
C6,C4 VMN,T  agonist -0.48 current 

response  0.14  61 

ACM3 Insertion C1 A  agonist -0.26 IP3  0.16  57 

ACM3 Insertion C7 A  agonist 0.04 IP3  0.81  57 

ACM4 Insertion N10-C13 T4L  agonist -0.06     43 

ACM5 Directed 
Mutation N7 V     0.70 0.85  62 
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ACM5 Directed 
Mutation N8, N10, N12 Q, S, N     0.40 1.13  62 

ACM5 Directed 
Mutation N5, N15 V, E     0.22 1.14  62 

ACM5 Directed 
Mutation N11 O     0.00 0.71  62 

ACM5 Directed 
Mutation N4 L     -0.04 1.35  62 

ACM5 Directed 
Mutation N5, N8, N12 L, O, A     -0.05 0.74  62 

ACM5 Directed 
Mutation N2, N10 L,S     -0.11 0.85  62 

ACM5 Directed 
Mutation N10, N15 I, E     -0.11 1.00  62 

ACM5 Directed 
Mutation 

N4, N6, N11, 
N14 W, A, M,  G     -0.40 0.92  62 

ACM5 Directed 
Mutation N4, N17 W, L     -0.48 1.20  62 

ACM5 Directed 
Mutation N8, N13, N14 T, P, P     -0.76 0.79  62 

ACM5 Directed 
Mutation N1,N4,N5 O,O,A,V     -0.81 0.82  62 

ACM5 Directed 
Mutation N8,N15 D,R     -0.83 0.77  62 

ACM5 Directed 
Mutation N5 N,B     -0.89 0.72  62 

ACM5 Directed 
Mutation C10,C8,C7 G,K,S  agonist 0.04 IP3 0.40 1.10  63 

ACM5 Directed 
Mutation 

C21,C18,C13,
C11-C7 R,P,PNRGS  agonist 0.09 IP3 0.40 1.20  63 

ACM5 Directed 
Mutation C15,C12 T,K    IP3 0.05 1.20  63 

ACM5 Directed 
Mutation C21,C9,C8 L,ET    IP3 -0.08 1.10  63 

ACM5 Directed 
Mutation C14,C3 I,K    IP3 -0.11 0.90  63 

ACM5 Directed 
Mutation C17,C16,C10 TQ,F    IP3 -0.15 1.20  63 

ACM5 Directed 
Mutation 

C17,C13-
C11,C9 Q,GAO,R    IP3 -0.15 0.90  63 

ACM5 Directed 
Mutation 

C21,C19,C15,
C12 R,I,N,I    IP3 -0.28 0.70  63 

ACM5 Directed 
Mutation C10,C9,C7 LT,T    IP3 -0.26 0.80  63 

ACM5 Directed 
Mutation C18,C17,C3 NG,H    IP3 -0.38 1.00  63 

ACM5 Directed 
Mutation 

C13,C12,C9,C
6,C3,C2 GR,E,R,AM    IP3 -0.41 0.65  63 

ACM5 Directed 
Mutation C17,C9 G,E    IP3 -0.48 0.80  63 

ACM5 Directed 
Mutation 

C21,C20,C15,
C13,C7 LP,R,E,S    IP3 -0.54 1.10  63 

ACM5 Directed 
Mutation C19,C12,C9 I,I,N    IP3 -0.62 1.00  63 

ACM5 Directed 
Mutation C17,C13,C9 G,S    IP3 -0.70 0.80  63 

ACM5 Directed 
Mutation 

C18,C17,C16,
C14 R,QT,E    IP3 -0.95 0.80  63 

ACM5 Directed 
Mutation 

C20,C17,C16,
C12,C5 P,NP,F,T    IP3 -0.95 1.00  63 

ACM5 Directed 
Mutation 

C19,C17,C10,
C8,C6,C1 I,Q,R,V,H    IP3 -0.95 0.45  63 

ACM5 Directed 
Mutation C15,C12,C10 N,D,L    IP3 -1.11 0.80  63 

ACM5 Directed 
Mutation 

C20,C19,C12,
C11,C9 PK,DO,    IP3 -1.20 1.20  63 

ACM5 Directed 
Mutation C18,C7,C3 I,T,P  agonist 0.11 IP3 -1.20 0.75  63 

ACM5 Directed 
Mutation 

C19,C18,C10,
C5 IS,L,T    IP3 -1.20 0.90  63 

ACM5 Directed 
Mutation 

C21,C14,C11,
C9,C8,C4,C2 

Q,S,R,ND,T,
K    IP3 -1.30 0.95  63 

ACM5 Directed 
Mutation C20,C2 H,P  agonist 0.16 IP3 -1.63 0.35  63 

ACM5 Directed 
Mutation 

C20,C19,C15-
C13,C5,C3,C1 

HI,MKL,Q,T,
L,P    IP3 -1.65 0.5  63 

ACM5 Directed 
Mutation C10,C8-C6 L,DMT  agonist -0.07 IP3 -1.81 0.55  63 
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ACM5 Directed 
Mutation 

C21,C18,C12,
C4,C2 Y,N,A,P,R    IP3 -1.88 0.5  63 

ACM5 Directed 
Mutation C13,C9,C4,C3 M,I,SP    IP3 -1.89 0.25  63 

ACM5 Directed 
Mutation 

C19,C14,C12,
C7,C4 T,G,D,I,R    IP3 -1.94 0.7  63 

ACM5 Directed 
Mutation 

C19,C14,C13,
C8 I,TE,D,N    IP3 -1.97 0.35  63 

ACM5 Directed 
Mutation 

C17,C15,C12,
C10,C8,C4 R,M,F,G,D,T    IP3 -2.00 0.5  63 

ADA1B Deletion N14-C12   agonist 0.60 IP1  0.80 G𝛼16 Data 64 

ADA1B Deletion N3-N5   agonist 0.01     64 

ADA1B Deletion N6-C19   agonist 0.57     64 

ADA1B Deletion N25-N32   agonist 0.02 IP1  0.20  64 

ADA1B Deletion N25-C12   agonist 0.06     64 

ADA1B Deletion N25-C5   agonist 0.37     64 

ADA1B Deletion N3-N32   agonist 0.81     64 

ADA1B Directed 
Mutation C6 L  agonist 0.09     64 

ADA1B Deletion,Direc
ted Mutation N25-N32,C6 L C6 agonist 0.05     64 

ADA1B ICL3 
replacement N3-N5 ADRB2 N3-N5 agonist 0.99 IP3 0.08 0.55  24 

ADA1B ICL3 
replacement N18-N26 ADRB2 N10-N18 agonist 0.26 IP3 -0.33 0.55  24 

ADA1B ICL3 
replacement N28-N35 ADRB2 N17-N24 agonist 0.10 IP3  0.09  24 

ADA1B ICL3 
replacement C35-C30 ADRB2 N27-C24 agonist 0.16 IP3 0.37 0.67  24 

ADA1B ICL3 
replacement C9-C3 ADRB2 C9-C3 agonist 2.29 IP3 2.54 1.06  24 

ADA1B Directed 
Mutation C9 ADRB2 C9 agonist 0.21 IP3 0.10 1.00  24 

ADA1B Directed 
Mutation C7 ADRB2 C7 agonist 1.25 IP3 1.70 0.94  24 

ADA1B Directed 
Mutation C4 ADRB2 C3 agonist 1.89 IP3 2.24 0.86  24 

ADA1B Directed 
Mutation C4 T  agonist 1.11 IP3 1.21 0.95  65 

ADA2A ICL3 
replacement N(-19)-C(-6) ADRB2 N(-2)-C(-19) agonist -1.66     2 

ADA2A ICL3 
replacement N1-N18 ADRB2 N1-N18 agonist -0.07 cAMP 

Inhibition -0.43 1.26  66 

ADA2A ICL3 
replacement N1-N18 5HT1A N1-N18 agonist 0.14 cAMP 

Inhibition -0.08 1.08  66 

ADA2A ICL3 
replacement 

N1-N18, C22-
C6 ADRB2 N1-N18, 

C22-C6 agonist -0.13 cAMP 
Inhibition -1.81 0.87  66 

ADA2A ICL3 
replacement 

N1-N18, C22-
C6 5HT1A N1-N18, 

C22-C6 agonist -0.16 cAMP 
Inhibition -0.18 1.26  66 

ADA2A ICL3 
replacement C22-C6 ADRB2 C22-C6 agonist 0.56 cAMP 

Inhibition 0.18 0.79  66 

ADA2A ICL3 
replacement C22-C6 5HT1A C22-C6 agonist -0.04 cAMP 

Inhibition -0.18 1.06  66 

ADA2A 
(pig) 

Directed 
Mutation C16,C14,C12 A,A,A  agonist 0.50 cAMP 

inhibition -0.12 1.02  67 

ADA2A 
(pig) 

Directed 
Mutation C7,C6 A,A  agonist 0.50 cAMP 

inhibition -1.30 0.96  67 

ADA2A 
(pig) 

Directed 
Mutation C9,C7,C6 A,A,A  agonist 0.50 cAMP 

inhibition -1.69 0.84  67 

ADA2A 
(pig) 

Directed 
Mutation C9,C7,C6 A,A,A  antagonist 0.08 cAMP 

inhibition -2.27 0.75  67 

ADRB2 ICL3 
replacement N4-C4 ADA1B N4-C4 agonist 0.63 cAMP -0.48 0.28  25 

ADRB2 ICL3 
replacement N4-N20,C9-C4 ADA1B N4-N20,C9-

C4 agonist 1.53 cAMP -0.26 0.21  24 

ADRB2 ICL3 
replacement N4-N13,C9-C4 ADA1B N4-N13,C9-

C4 agonist 1.51 cAMP -0.22 0.26  24 

ADRB2 ICL3 
replacement N9-N24 ADA1B N9-N24 agonist 0.63 cAMP -0.91 0.83  24 
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ADRB2 ICL3 
replacement N(-1)-N7 ACM1 N(-1)-N10 agonist 0.70 cAMP  0.01  68 

ADRB2 Directed 
Mutation C17 G  agonist 0.66 cAMP 0.65 0.96  3 

ADRB2 Directed 
Mutation C18-C21 KRFI  agonist -0.19 cAMP -0.54 0.78  3 

ADRB2 Deletion C9-C3   agonist 0.49 cAMP -0.46 0.54  3 

ADRB2 Deletion C13-C3   agonist 0.06 cAMP -0.23 0.83  3 

ADRB2 
Deletion, 
Directed 
Mutation 

C9-C(-4) VLAVVI        3 

ADRB2 Deletion N1-N7 E,F        3 

ADRB2 Deletion N2-N8         3 

ADRB2 Directed 
Mutation N(-5)-N5 ILVYVRIYQI N(-5)-N5 agonist 0.92 cAMP 0.50 0.77  3 

ADRB2 Deletion C9-C3   agonist -0.05 cAMP  0.46 

Derived from Table 
1 (Iso/FSK) and 
Table 2 (cyclase 

mix) 

69 

ADRB2 Insertion N10-C13 T4L  agonist 0.51     70 

ADRB2 Deletion N16-C13   agonist -0.19     71 

ADRB2 Insertion N13-C9 T4L  agonist 0.60     72 

ADRB2 Directed 
Mutation C10,C9,C7,C4 S,R,K,A  agonist 1.34 cAMP 0.89 1.00 +GppNhp condition 73 

ADRB2 
(hamster) Deletion N9-N16   agonist -0.54 cAMP 0.60 1.11  74 

ADRB2 
(hamster) Deletion N19-C4   agonist 0.58 cAMP    74 

ADRB2 
(hamster) Deletion N9-N16   agonist -0.41 cAMP -0.18 0.67  74 

ADRB2 
(hamster) Deletion N19-C4   agonist -0.40 cAMP -0.40 0.67  74 

ADRB2 
(hamster) Deletion C4-C(-1)   agonist -0.40 cAMP -0.30 0.89  74 

ADRB2 
(hamster) 

Directed 
Mutation 

N7, N8, N12, 
N15 S,S,S,S  agonist -0.60 cAMP -0.37 0.77  75 

ADRB2 
(hamster) 

Directed 
Mutation N7, N12, N15 S,S,S  agonist -0.85 cAMP -0.52 0.87  75 

ADRB2 
(hamster) 

Directed 
Mutation 

N2, N3, N5, 
N6, N13 L,L,L,L,L  agonist 0.40 cAMP -0.48 0.30  75 

ADRB2 
(hamster) 

Directed 
Mutation 

N1, N2, N3, 
N4, N5, N6, 
N7, N8, N9 

K,A,L,A,A,L,
A,K,K 

 agonist -0.78 cAMP -0.43 0.20  75 

ADRB2 
(hamster) Deletion N(-1)-N7   agonist 1.46 cAMP  0.31 +GppNhp condition 8 

ADRB2 
(hamster) Deletion N7-N14   agonist -0.18 cAMP 0.53 0.97 +GppNhp condition 8 

ADRB2 
(hamster) Deletion N16-N29   agonist 1.82 cAMP 0.28 1.97 +GppNhp condition 8 

ADRB2 
(hamster) Deletion N21-C6   agonist 1.82 cAMP  0.31 +GppNhp condition 8 

ADRB2 
(hamster) Deletion N28-C19   agonist 1.00 cAMP -0.25 0.94 +GppNhp condition 8 

ADRB2 
(hamster) Deletion C20-C8   agonist -0.30 cAMP  0.41 +GppNhp condition 8 

ADRB2 
(hamster) Deletion N8-C12   agonist -0.40 cAMP -1.60 0.50 +GppNhp condition 76 

AGTR1 Directed 
Mutation N4,N7,N8,N10 Q,Q,Q,F  agonist -0.37 IP3  1.13  77 

AGTR1 Directed 
Mutation 

C13,C11,C9,C
7,C6 Q,Q,Q,G,G  agonist 0.00 IP3  0.77  77 

AGTR1 ICL3 
replacement N2-C7 AGTR2 N2-C7 agonist -0.06 

gene 
expressi

on 
 0.05  78 

AGTR1 ICL3 
replacement N10-C7 AGTR2 N10-C7 agonist 0.12 

gene 
expressi

on 
 0.47  78 

AGTR1 ICL3 
replacement N3-N9 AGTR2 N3-N9 agonist 0.16 

gene 
expressi

on 
 0.30  78 

AGTR1 ICL3 
replacement N3-N10 AGTR2 N3-N10 agonist -0.07 

gene 
expressi

on 
 0.06  78 
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AGTR1 ICL3 
replacement N3-C10 AGTR2 N3-C10 agonist 0.11 

gene 
expressi

on 
 0.24  78 

AGTR1 ICL3 
replacement C13-C7 AGTR2 C13-C7 agonist 0.09 

gene 
expressi

on 
 0.54  78 

AGTR1 ICL3 
replacement N10-C10 AGTR2 N10-C10 agonist 0.02 

gene 
expressi

on 
 0.92  78 

C5AR1 Directed 
Mutation N7     

gene 
expressi

on 
 0.55  79 

C5AR1 Directed 
Mutation N12     

gene 
expressi

on 
 0.40  79 

C5AR1 Directed 
Mutation C9     

gene 
expressi

on 
 0.25  79 

C5AR1 Directed 
Mutation C8     

gene 
expressi

on 
 0.20  79 

C5AR1 Directed 
Mutation C6     

gene 
expressi

on 
 0.10  79 

CCR2 ICL3 
replacement N(-1)-C1 CXCR1 N(-1)-C1   IP3  0.08  80 

CXCR4 Insertion N9-N10 T4L  antagonist -0.31     81 

CXCR4 Insertion N9-N10 GS-T4L-GS  antagonist -0.33     81 

DRD2 Directed 
Mutation N23 G  agonist 0.04 cAMP 

inhibition -0.12 0.94  82 

DRD2 Directed 
Mutation N24 T  agonist -0.06 cAMP 

inhibition -0.12 1.09  82 

DRD2 Deletion N32-N60   antagonist -0.13 cAMP 
inhibition 0.25 1.00  83 

DRD2 Directed 
Mutation N41 V  antagonist 0.11 cAMP 

inhibition -0.13 1.02  83 

DRD2 Directed 
Mutation N48,N57-N59 V,V,V,V  antagonist 0.13 cAMP 

inhibition -0.45 1.03  83 

DRD2 Directed 
Mutation 

N48,N57-
N59,N64,N65 V,V,V,V,V,V  antagonist 0.19 cAMP 

inhibition -0.40 0.81  83 

DRD2 Directed 
Mutation N54 G  antagonist -0.05 cAMP 

inhibition -0.21 1.02  83 

DRD2 Directed 
Mutation N49,N52 A,A  antagonist 0.03 cAMP 

inhibition 0.43 0.96  83 

DRD2 Directed 
Mutation N39 V  antagonist -0.10 cAMP 

inhibition 0.72 0.93  83 

DRD2 Directed 
Mutation N61 V  antagonist 0.04 cAMP 

inhibition -0.02 0.96  83 

DRD2 Deletion N32-N60   agonist 0.05 cAMP 
inhibition 

 1.17  84 

DRD3 Insertion N13-C14 T4L  agonist -0.47     85 

FFAR1 Insertion N9-N10 T4L  agonist -0.03    additional mutations 86 

FFAR1 Insertion N9-N10 GS-T4L-GS  agonist 0.10    additional mutations 86 

GASR (rat) Directed 
Mutation C8 M  agonist 0.09 IP3  0.71  87 

GASR (rat) Directed 
Mutation C7 T  agonist -0.04 IP3  0.24  87 

GASR (rat) Directed 
Mutation C7 L  agonist -0.10 IP3  0.07  87 

GLP1R Deletion N12-N14   agonist 0.08 cAMP  0.80 

Also performed point 
mutations in this 

region 

88 

GLP1R Deletion N9-N11   agonist 0.07 cAMP  0.10 88 

GLP1R Deletion N6-N8   agonist 0.33 cAMP  0.05 88 

GLP1R Deletion N4-N5   agonist 0.22 cAMP  0.20 88 

GLP1R Deletion N2-N3   agonist 0.13 cAMP  0.05 88 

HRH1 Insertion N11-C14 T4L  agonist 0.07     89 

NMBR ICL3 
replacement N3-C4 ACM3 N1-C2 agonist 0.08 IP3  0.08  90 

NTS1 Insertion N11-C12 T4L  agonist -0.06    additional mutations 91 
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NTS1 Deletion N19-C16 T4L  agonist 0.09 GTP𝛾S 
turnover 

 0.40 additional mutations 92 

NTS1 Insertion N11-C6 T4L  agonist -0.06    additional mutations 93 

OPN2 ICL3 
replacement N8-C12 ADRB2 N8-C12   

Gt 
activatio

n 
 0.08  94 

OPN2 ICL3 
replacement N9-C12 ADRB2 N8-C12   

Gt 
activatio

n 
 0.1   

OPRK Insertion C16-C14 T4L  agonist 0.14    I135L mutation 95 

OPRM Insertion N11-C15 T4L  antagonist 0.04     96 

OPSD 
(bovine) Deletion N12-C6     GtPase 

Activity 
 0.00  97  

OPSD_bov
ine 

ICL3 
replacement N6-C3 PTGER3 

(mouse) N7-C3   
Gt 

activatio
n 

 0.1  98 

OXTR ICL3 
replacement N4-C3 V2R N4-C3 agonist -1.03     99 

OXTR Directed 
Mutation C10 A  agonist -0.18 IP3 -0.08 2622.00  99 

OXTR Directed 
Mutation C8 V  agonist -0.69     99 

OXTR Directed 
Mutation C10,C8 A,V  agonist -0.80     99 

P2Y12 Insertion N13 BRIL  agonist -0.09     100 

PACR Insertion N7 

TNLRLRVPK
KTREDPLPV
PSDQHSPP

FL 

 agonist -0.30 IP3 -0.10   101 

PACR Insertion N7 

SCVQKCYC
KPQRAQQH
SCKMSELS

TITL 

 agonist 0.00 IP3 -0.10   101 

PTH1R Directed 
Mutation N4-N7 AAAA  agonist 2.86 cAMP -0.66 0.63  102 

PTH1R Directed 
Mutation N8-N11 AAAA  agonist 3.23 cAMP -0.64 0.40  102 

PTH1R Directed 
Mutation N12-C17 AAAA  agonist 3.01 cAMP -0.08 0.85  102 

PTH1R Directed 
Mutation C16-C13 AAAA  agonist 3.02 cAMP 0.33 1.02  102 

STE3 Deletion N12-N14     
gene 

expressi
on 

 0.56  103 

STE3 Deletion N15-C20     
gene 

expressi
on 

 2.08  103 

STE3 Deletion N19-C17     
gene 

expressi
on 

 2.22  103 

STE3 Deletion C20-C15     
gene 

expressi
on 

 1.94  103 

STE3 Deletion C16-C11     
gene 

expressi
on 

 1.94  103 

STE3 Deletion C12-C7     
gene 

expressi
on 

 0.56  103 

TSHR Directed 
Mutation C10-C6,C3,C2 NQNAG,Q,G  agonist -0.93 cAMP  0.84  104 

TSHR Directed 
Mutation 

N1,N3,N5,N7,
C14 G,A,A,G,A  agonist 0.25 cAMP 0.39 0.21  104 

TSHR (rat) ICL3 
replacement C4 K  agonist 0.92 cAMP -0.04 0.73 

E mutation at same 
position had similar 

effects 
105 

TSHR ICL3 
replacement N5-N7 ADA1A N5-N7 agonist 0.04 cAMP -0.22 0.69  106 

TSHR ICL3 
replacement N3-N7 ADRB2 N3-N7 agonist 0.09 cAMP -0.48 0.74  106 

TSHR ICL3 
replacement N8-N11 ADA1A N8-N11 agonist 0.07 cAMP 0.04 0.97  106 

TSHR ICL3 
replacement C10-C7 ADA1A C11-C8 agonist 0.85 cAMP -0.67 0.86  106 

TSHR ICL3 
replacement C5-C2 ADA1A C6-C3 agonist -0.02 cAMP -0.63 0.60  106 

TSHR ICL3 
replacement C6-C2 ADRB2 C7-C3 agonist 0.54 cAMP -0.80 0.57  106 
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Table 22. Effect of ICL3 mutagenesis on receptor pharmacology. Column 1, 

Receptor gene name (Uniprot ID). Column 2, Type of mutation: Insertion refers to 

insertion of a protein domain, deletion refers to truncation of amino acids, ICL3 

replacement refers to switching ICL3 domain from one receptor to another, 

directed mutation refers to mutagenesis of individual amino acid(s). Column 3, 

Location of mutation: Nx refers to sequence position relative to TM5.56, read N-

C. Cx refers to sequence position relative to TM6.37, read C-N. Column 4, new 

sequence. Entries in bold reflect new domains or new ICL3 sequences. T4L 

refers to T4-Lysozyme, BRIL refers to apocytochrome b562RIL. Column 6, 

Positions of new ICL3 sequences (for ICL3 replacement mutations), using the 

same numbering scheme as column 3. Column 4, ligand class used for binding 

assays (agonist vs antagonist). Column 5, comparison of ligand binding for the 

wild-type receptor versus the mutant. Column 6, Assay: refers to the 

measurement technique for assessing signaling potency (EC50) and/or efficacy 

(Emax).  Measurements curated are for canonical signaling for the wild-type 

receptor. Column 7, comparison of signaling potency for the wild-type receptor 

 
2 Table 2 and Figure 8 were constructed in collaboration with Yatharth Sharma. 

TSHR ICL3 
replacement N8-N11 ADRB2 N8-N11 agonist 0.32 cAMP -0.03 0.91  106 

TSHR ICL3 
replacement C10-C7 ADRB2 C11-C8 agonist 0.85 cAMP -0.55 1.03  106 

V1AR (rat) ICL3 
replacement N(-1)-C(-1) V2R N(-1)-C(-1) agonist 0.30 cAMP -0.29 0.76  107 

V1AR (rat) ICL3 
replacement N(-1)-C22 V2R N(-1)-C22 agonist -0.16 cAMP -0.33 0.71  107 

V1AR (rat) ICL3 
replacement N13-C(-1) V2R N13-C(-1) agonist 0.32 cAMP  0.11  107 

V1AR (rat) ICL3 
replacement N(-1)-N10 V2R N(-1)-N10 agonist -0.27 cAMP -0.86 0.29  107 

V1AR (rat) ICL3 
replacement N(-1),N1 V2R N(-1),N1   cAMP  0.10  107 

V1AR (rat) ICL3 
replacement N4-N6 V2R N4-N6   cAMP  0.05  107 

V1AR (rat) ICL3 
replacement N8-N10 V2R N8-N10   cAMP  0.04  107 

V1AR (rat) ICL3 
replacement 

N(-1),N1,N13-
C(-1) V2R 

N(-
1),N1,N13-

C(-1) 
  cAMP  0.20  107 

V1AR (rat) ICL3 
replacement 

N4-N6,N3-C(-
1) V2R N4-N6,N3-

C(-1) agonist -0.01 cAMP -0.86 0.44  107 

V1AR (rat) ICL3 
replacement 

N8-N10,N13-
C(-1) V2R N8-N10,N13-

C(-1)   cAMP  0.09  107 

V2R ICL3 
replacement N4-C3 OXTR N4-C3 agonist -0.06     99 

V2R ICL3 
replacement N4-N16 OXTR N4-N16 agonist -0.75 cAMP  0.44  99 

V2R ICL3 
replacement N19-C3 OXTR N19-C3 agonist -0.21 cAMP -0.30 0.85  99 
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versus the mutant. Column 8, comparison of signaling efficacy for the wild-type 

receptor versus the mutant. Column 9, notes on which values are curated and/or 

additional mutations noted for the receptor which may affect changes in receptor 

function. Column 10, reference from which data are derived. 

 

Within this dataset, there are many individual examples of how ICL3 

impacts these properties. The N-terminal and central segments of ICL3 have 

variable effects on agonist binding, but appear to be important for G protein 

coupling in different adrenergic receptor isoforms8,64. Additionally, C-terminal 

segments of ICL3 appear to be important for signal transduction in different 

muscarinic receptor isoforms57,61,108. When viewed holistically, however, how 

ICL3 mutagenesis impacts the functional properties of the receptor varies 

immensely based on which receptor is mutated, and where in the ICL3 the 

mutation has occurred (Figure 8).  
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Figure 8. Meta-analysis of effects of ICL3 mutagenesis on receptor function. 
Comparisons shown are for wild-type receptors (WT) and ICL3 mutant receptors 

(Mut) a. Influence of mutagenized ICL3 position and b. size of ICL3 mutation 

(fraction of mutated residues) on agonist binding affinity (pKd) (N=228 mutations, 

32 receptors, 62 studies). (c-d) compare the same effects on signaling, potency 

(pEC50) (N=146 mutations, 18 receptors, 30 studies), (e-f) on maximum signaling 

output (Emax) (N=258 mutations, 27 receptors, 58 studies), and (g-h) on signaling 

efficacy (log(Emax/EC50) (N=145 mutations,17 receptors, 29 studies). Large points 

reflect mean ± standard deviation of mutagenizing each site in ICL3. Small, 

translucent points reflect individual experimental data points, shaded by receptor 

identity. Individual data are found in Table 2.  

 

 Given this lack of consensus, the mechanisms by which ICL3 remain 

poorly understood. This has consequences for drug discovery. To elaborate, the 

mechanisms of action of pepducins are largely uncharacterized. While certain 

pepducins work well for certain receptors, and mechanisms for certain pepducins 

a receptor with a very short and structured ICL3s has been elucidated109, there is 

a short list of receptors for which pepducins have been successfully designed. 

Without better delineating how pepducins modulate receptor signaling, it is 

difficult to further their therapeutic potential.  

 The breadth of GPCR literature demands development of a mechanistic 

understanding for ICL3. Structural and pharmacological approaches present a 

gap in knowledge specifically concerning how ICL3 influences signaling. 

Understanding how ICL3 influences signaling would lead to better understanding 

of the dynamics of receptor activation, how the receptor responds to different 

contextual cues in cells, and ultimately how to develop receptor-targeted 

therapeutics. Given that ICL3 evades a structure-to-function paradigm for 

research, there is no roadmap for developing such a mechanistic understanding. 

This motivated the course of study of my dissertation. 
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Chapter 2 – Observations of ICL3’s conformation 
 
I. A FRET-based approach to probe ICL3 conformation. 

Mechanistic insights into how ICL3 influences signaling due to a lack of 

methodology amenable for studying this region of the receptor. Structural 

methods are unable to resolve disordered regions like ICL3. Furthermore, ICL3 

movements prove too to either be too flexible or fragile to determine using 

temporally resolved methods for studying protein dynamics like hydrogen-

deuterium exchange mass spectroscopy21. As such, we sought to develop 

methodology to observe ICL3. We focused our technology development on the 

ICL3 of β2AR. β2AR is a prototype for structural and pharmacological study of 

GPCRs, which provides a foundation to build hypotheses and techniques upon 

for other receptors16.  

Previous studies specifically note the importance of β2AR’s ICL3 for 

receptor activation. Molecular modeling of β2AR suggests that its ICL3 can pack 

into the receptor’s intracellular cavity, potentially regulating activation of signaling 

effectors downstream of the receptor6. This packed conformation of ICL3 was 

proposed to allosterically communicate with the receptor’s extracellular domain, 

leading to tight coordination between the receptor’s activation state and ICL3 

conformation110. In parallel, mutagenesis of ICL3 alters receptor conformational 

dynamics as measured using 19F-NMR spectroscopy7. With this starting point, we 

wanted to build a mechanistic model for ICL3 function in β2AR activation and 

signaling by determining its conformational ensemble. 

To track the conformational dynamics of β2AR’s ICL3, we drew inspiration 

from previous efforts using organic fluorophores conjugated to different residues 

of the receptor111,112. These techniques provided seminal insights into 

conformational changes in the transmembrane helices that have subsequently 

been verified in high-resolution crystal structures17. Furthermore, the smaller 

footprint of these fluorophores (~ 2-3 amino acids in molecular weight), in 

comparison to fluorescent protein variants, is desirable from the perspective of 
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discerning conformational changes within protein regions113,114. In translating this 

technique to ICL3, we made several methodological advancements to preserve 

the integrity of the receptor in a native cell membrane environment. 

Our technique uses a single amino acid substitution in residue L258 in 

ICL3 of the receptor. We mutagenized L258 to the unnatural amino acid 4-azido-

L-phenylalanine (Azi) using stop codon suppression115. The L258Azi receptor 

mutant had preserved membrane localization (Figure 9) and receptor signaling 

properties (Figure 10) in cells in comparison to the wild-type receptor. 




