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Information Processing by the Body



Receptors



G protein-coupled receptors
Largest superfamily of receptors -~ 800 in the human genome



Earl Sutherland

• Work done in the 1950-1960s
• Primary messenger: Epinephrine
• Bound to cell surface that led to 

activation of adenylyl cyclase
• Second messenger: cyclic AMP
• Activation of glycogen 

phosphorylase

https://www.nobelprize.org/



Martin Rodbell and Al Gilman

• Rodbell 1971 – Transduction 
required the first messenger, a 
transducer that required GTP, 
amplifier that generates second 
messenger

• Gilman 1980 – Isolated 
heterotrimeric G protein, which 
requires GTP for activity

https://www.nobelprize.org/



Bob Lefkowitz

• Developed radioligand binding 
assays for GPCRs

• 1971: Labeled β-adrenergic 
receptors and demonstrated 
their GTP regulation

• 1970-80s: Isolated and 
determined their biochemistry

• 1980s: Cloned β2AR – receptor 
superfamily

• 1990s: Arrestins



Richard Axel and Linda Buck

• 1991 – described the family of 
odorant receptors (type of 
GPCR)

• Found that every single olfactory 
receptor expresses one and only 
one odorant receptor



Brian Kobilka

• 1980s: Worked in Lefkowitz lab, 
cloning the β2AR

• 2006: First structure of a non-
rhodopsin GPCR, the b2AR

• Followed this by structures of 
other receptors, including those 
complexed to heterotrimeric G 
proteins



GPCRs are the most common receptors in the genome

• ~ 800 human GPCRs in 5 families
• Glutamate (Family C)
• Rhodopsin (Family A)

• α, β, γ, δ groups
• Adhesion
• Frizzled/Taste2
• Secretin (Family B)

• 2004 Nobel Prize in 
Physiology/Medicine: Axel and Buck

• 2012 Nobel Prize in Chemistry: 
Lefkowitz and Kobilka

https://gpcr.usc.edu/



Architecture conserved from bacteria

Biol Direct. 2015 Oct 15;10:63

https://www.ncbi.nlm.nih.gov/pubmed/26472483


Diversity of Rhodopsin family ligand binding

β2AR A2AR M2 S1P1 μOR
Nature Chemical Biology 8, 670–673 (2012)



Outline

• Introduction to GPCRs
• Basics of GPCR Signaling
• GPCRs in disease
• Drugs targeting GPCRs



β-arrestin

G protein

G protein-coupled receptor kinases (GRKs)

GPCR Effectors
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cAMP kinetics

https://www.moleculardevices.com/en/assets/app-note/dd/flipr/live-cell-gi-and-gs-coupled-gpcr-second-messenger-signaling-on-flipr-tetra#gref



Rhodopsin

doi: https://doi.org/10.1371/journal.pcbi.1001031.g004



Arrestin recruitment

Stolen from Researchgate



Heterotrimeric G proteins

• 1950-60s: Hormone-stimulated 
production of cAMP (Nobel Prize 
for Sutherland)

• 1980s: Isolation of 
heterotrimeric G proteins (Nobel 
Prize for Gilman and Rodbell)

• Composed of
• Gα (16 different subunits)
• Gβ (5 different subunits)
• Gγ (12 different subunits)

Christopher A. Johnston, and David P. Siderovski Mol
Pharmacol 2007;72:219-230



Heterotrimeric G‐proteins: a short history, Volume: 147, Issue: S1, Pages: S46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405) 

Activation of heterotrimeric G proteins



Heterotrimeric G‐proteins: a short history, Volume: 147, Issue: S1, Pages: S46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405) 

Gα subfamilies

• Gs
• Stimulates adenylyl cyclase 

(stimulates formation of cAMP)

• Gi/o
• Inhibits adenylyl cyclase 

(decreases cAMP levels)

• Gq/11
• Activates phospholipase C

• G12/13
• Activates Rho GTPases





Heterotrimeric G‐proteins: a short history, Volume: 147, Issue: S1, Pages: S46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405) 

The Gα and Gβγ interaction motifs

• N-terminus of Gα interacts 
with the βγ subunits

• N-terminus is also 
palmitoylated or myristoylated

• C-terminal helix interacts with 
the receptor



Selectivity in GPCR–G-protein signaling

• Many GPCRs couple to multiple 
classes of G proteins

• Many G proteins  couple to 
multiple GPCRs

• Bioinformatics approach to 
identify structural motifs 
responsible for the GPCR:G 
protein interaction

T Flock et al. Nature 1–6 (2017) doi:10.1038/nature22070



Subtype-specific residues and Gα selectivity barcode

• Interface positions are 
primarily in helix 5 of Gα

• While some residues are 
highly conserved, others 
are responsible for the 
specificity for GPCR:Gα
coupling

T Flock et al. Nature 1–6 (2017) doi:10.1038/nature22070



Model for interaction between GPCR and Gα

T Flock et al. Nature 1–6 (2017) doi:10.1038/nature22070



Structural evidence for importance of α5CT

Nat Chem Biol (2021). https://doi.org/10.1038/s41589-021-00841-3



Assessing all 60 Gβγ combinations with GαoA

Cell Syst. 2021 Apr 21;12(4):324-337.e5.



Gβγ: Translocation to different compartments

Cell Syst. 2021 Apr 21;12(4):324-337.e5.



G protein-coupled receptor kinases (GRKs)

• 3 subfamilies
• GRK2

• Contain a PH domain for interaction 
with PIP2

• Require recruitment by Gβγ to the 
receptor

• GRK4
• Palmitoylated

• Visual
• Only expressed in the visual system
• Prenylated

Pharmacological Research Volume 111, September 2016, Pages 1-16



Activation Mechanism of GRKs
Sangivamycin (Sgv): adenosine analogue
with a 180 nM inhibition constant (Ki)
against GRK1

Nature 595, 600–605 (2021)



GRK1 αN interacts with same cleft as Gα in Rho

Nature 595, 600–605 (2021)



Modeling the Rhodopsin C-terminus in GRK1

Nature 595, 600–605 (2021)



Kelly N. Nobles et al., Sci. Signal. 2011;4:ra51
©2011 by American Association for the Advancement of Science

• At the β2AR, different serines
are phosphorylated by GRK2 and 
GRK6

• In addition, there are 
phosphorylation sites for other 
kinases (PKA, ATM, etc.)

• These different sites are 
responsible for homologous and 
heterologous desensitization 
and specific interactions with β -
arrestins

Different phosphorylation sites at the β2AR



Non-kinase activities of GRKs

Watari et al. Journal of Molecular Signaling 2014, 9:1 



The β-arrestins

• Finger loop interacts with the GPCR transmembrane core
• Polar core between two globular domains binds to the 

phosphorylated GPCR C terminus
• Acts as a scaffold for a number of signaling proteins

Robert J. Lefkowitz, and Sudha K. Shenoy Science 
2005;308:512-517



Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev 
2017;69:256-297 Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics

The Arrestin Fold



Phosphorylation barcode for arrestin 
interaction

Cell Volume 170, Issue 3, 27 July 2017, Pages 457-469.e13



β-arrestins interact with a wide array of proteins

• Mass-spectrometry-based 
interactome demonstrates a 
wide array of proteins 
interact with the β-arrestins

• Kinases, Phosphatases
• Trafficking proteins
• Small GTPases
• Metabolic enzymes
• Cytoskeletal proteins

Kunhong Xiao et al. PNAS 2007;104:29:12011-12016



Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev 
2017;69:256-297 Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics

Functionally discrete arrestin pools



Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev 
2017;69:256-297 Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics

Diverse cellular functions of arrestin scaffolds



RGS proteins – G protein deactivation

https://doi.org/10.3389/fnmol.2020.00005

https://doi.org/10.3389/fnmol.2020.00005


Figure S1 

Cell DOI: (10.1016/j.cell.2020.08.052) 
Copyright © 2020 Elsevier Inc. Terms and Conditions

RGS proteins bind to specific sites in Gα

http://www.elsevier.com/termsandconditions


Figure 2 

Cell DOI: (10.1016/j.cell.2020.08.052) 
Copyright © 2020 Elsevier Inc. Terms and Conditions

Specificity of RGS proteins

http://www.elsevier.com/termsandconditions


Figure 6 

Cell DOI: (10.1016/j.cell.2020.08.052) 
Copyright © 2020 Elsevier Inc. Terms and Conditions

Specificity of RGS proteins can be modified

http://www.elsevier.com/termsandconditions


Outline

• Introduction to GPCRs
• Basics of GPCR Signaling
• GPCRs in disease
• Drugs targeting GPCRs



GPCRs in action: Regulation of thyroid hormones

https://antranik.org/thyroid-stimulating-hormone-thyrotropin/



GoF mutations in disease

Pharmacol Ther. 2004 Dec;104(3):173-206.



LoF mutations in disease

Pharmacol Ther. 2004 Dec;104(3):173-206.



Multiple mechanisms underlie LoF mutations

Pharmacol Ther. 2004 Dec;104(3):173-206.



V2 Vasopressin receptor mutations

Pharmacol Ther. 2004 Dec;104(3):173-206.



Expression and adenylyl cyclase stimulation 
of V2R and V2R(R137H) in HEK-293 cells

Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences



V2R(R137H) is not expressed at the PM

Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences



βarrestin2-GFP and V2R or V2R(R137H)

Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences



Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences

βarrestin2 association with and 
phosphorylation of V2R and V2R(R137H)



Expression of V2R, V2R(R137H,Ala6), 
and V2R(R137H,T362)

Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences



Rescue of the R137H mutation

Larry S. Barak et al. PNAS 2001;98:1:93-98
©2001 by National Academy of Sciences



From: Functional Rescue of the Constitutively Internalized V2 Vasopressin Receptor Mutant R137H by the 
Pharmacological Chaperone Action of SR49059
Mol Endocrinol. 2004;18(8):2074-2084. doi:10.1210/me.2004-0080
Mol Endocrinol | Copyright © 2004 by The Endocrine Society

A pharmacological chaperone to rescue 
R137H V2R expression



Rescue of receptor expression increases 
cAMP response

From: Functional Rescue of the Constitutively Internalized V2 Vasopressin Receptor Mutant R137H by the 
Pharmacological Chaperone Action of SR49059
Mol Endocrinol. 2004;18(8):2074-2084. doi:10.1210/me.2004-0080
Mol Endocrinol | Copyright © 2004 by The Endocrine Society
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Nat Rev Drug Discov. 2017 Jan;16(1):19-34

GPCRs are a common drug target in the genome



Nat Rev Drug Discov. 2017 Jan;16(1):19-34

GPCRs are still an active area for drug discovery

• GPCRs are still an active area for 
drug discovery

• Still a number of orphan GPCRs 
for which no endogenous ligand 
have been identified



Nat Rev Drug Discov. 2017 Dec;16(12):829-842

GPCR drug targets



Nat Rev Drug Discov. 2017 Dec;16(12):829-842



Nat Rev Drug Discov. 2017 Dec;16(12):829-842



Nat Rev Drug Discov. 2017 Dec;16(12):829-842



Nat Rev Drug Discov. 2017 Dec;16(12):829-842
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