
 
Beta 2 adrenergic receptor: A Nobel protein helping you breathe more easily.

 
Every time you smell a flower, taste an apple, get an adrenaline rush from 
bungee jumping, or even read the words here, you are using G-protein-
coupled receptors (GPCRs). These proteins are involved in many essential 
functions ranging from sight and smell to altering heart rate and modulating 
your mood. GPCRs enable the inside of a cell to respond to signals from the 
outside. Sitting in the cell membrane, they transmit signals from outside the 
cell, such as the presence of hormones, messengers, odorants (smelly 

molecules) or photons, to biochemical pathways inside the cell which then respond to these 
stimuli. GPCRs form the largest class of membrane proteins in the human genome with close to 
1000 members. They are of particular interest to pharmaceutical companies as a third to a half 
of all drugs target them, in an industry worth $40 billion a year.
 
A Nobel family
 
There are several families of GPCRs, and they are classified by their sequence. One of these 
families, the adrenergic receptor family is activated by adrenaline (epinephrine), leading 
to dilation of blood vessels, increased contraction speed in cardiac or skeletal muscle and 
relaxation in smooth muscle. Research into this family of GPCRs, including resolving the three-
dimensional structure of the beta-2 adrenergic receptor (β2AR), earned Kobilka and Lefkowitz 
the 2012 Nobel prize in chemistry. β2AR is mostly found in smooth muscle, where stimulation 
causes muscle relaxation. β2AR is the target for several asthma drugs such as salbutamol and 
was previously targeted in the prevention of premature birth with drugs such as ritodrine.
 
Seven spans of the membrane
 
The structure of β2AR was first published in 2007 (PDB entry 2rh1). Like all GPCRs, β2AR 
contains seven transmembrane helices; for this reason, GPCRs are also known as 7TM 
receptors. Five of the helices have a kink in the middle of the membrane span caused by a 
proline residue (view-1). This produces a structure which is pinched in at the waist with a cavity 
at either side of the membrane, akin to an hourglass. The adrenaline-binding site is in the cavity 
formed near the extracellular face of the molecule (view-1).
 
Antagonising the receptor
 
GPCRs are associated with G (guanine-nucleotide-binding) proteins, hence their name. G-
proteins reside in the cytoplasm of the cell. When an agonist binds to a GPCR it causes 
activation of the G-protein. In the absence of GPCR activation some basal activity of the G-
proteins occurs, but ligand binding to the GPCR leads to greatly elevated G-protein activity 
and enhanced downstream signalling, such as cyclic-AMP production. Drugs that are GPCR 
agonists fully activate the downstream signalling and promote the binding of G-proteins to 
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the GPCR. Inverse agonists, on the other hand, block all activity including the basal activity. 
Antagonists block the ligand-binding site, but have no effect on the basal signalling activity.
Structures of β2AR bound to agonists and inverse agonists have been determined. The beta-
blockers carazolol and timolol are inverse agonists, and the structures of β2AR bound to these 
ligands represents the inactive state of the receptor (PDB entry 2rh1 with carazolol bound and 
3d4s with timolol bound). The active form of β2AR has also been crystallized, bound to the 
agonist BI-167107 (PDB entries 3p0g and 3sn6).
Whilst the structures of the active and inactive forms of β2AR are very similar (RMSD 1.0 Å 
for residues 29-265 and 299-365), activation of β2AR induces a conformational change in 
transmembrane helix 6 (TM6), as a result of which leucine 266 at its N-terminal end moves by 
as much as 11 Å. This alters the shape of the intracellular face of the molecule (view-2) and 
results in a splaying of the helices at the cytoplasmic end of the receptor. This change increases 
the affinity of β2AR for its cognate G-protein.
 
Gee! What a protein!
 
G-proteins are heterotrimeric complexes consisting of subunits that are called Gα, Gβ and Gγ. 
Gα comprises two domains: a Ras domain and an alpha-helical domain. Ras (Rat sarcoma) 
domains are GTPases that are involved in cell growth, differentiation or survival pathways. 
When a G-protein complex binds to the active form of the GPCR, GDP bound in the Gα subunit 
is exchanged for GTP. This in turn causes the complex to dissociate, freeing Gα and Gβγ 
from the receptor and beginning a cascade of reactions within the cell. β2AR can interact with 
two different G-proteins, Gs and Gi. In what the Nobel Prize citation described as a “crowning 
achievement”, the structure of the ternary complex of β2AR, Gs G-protein and agonist was 
published in 2011 (PDB entry 3sn6). This structure revealed how all the parts of the complex 
interact. The Ras domain of Gα contacts helices TM5 and TM6 of β2AR via its C-terminal helix 
(α5) such that the G-protein complex sits against the cytoplasmic face of β2AR (view-3). While 
there are no interactions between β2AR and the Gβ or Gγ subunits, Gα alone is unable to 
bind to β2AR. The binding site in β2AR into which Gα inserts is only present when TM6 is in 
its active conformation (view-2). This explains how an agonist binding to β2AR outside the cell 
facilitates activation of a G-protein inside the cell.
In the complex Gα helix α5 protrudes into β2AR (view-4) and a number of salt bridges and 
hydrogen bonds are formed between the two proteins. However, it is not clear what determines 
the specificity of the interaction. Only five of the residues that interact with β2AR are conserved 
between Gs and Gi and all are located on Gα helix α5. Of particular note is Phe139 on β2AR 
(between TM3 and TM4), which sits in a hydrophobic pocket formed by residues on Gα (view-
4). Mutation of Phe139 to an alanine significantly reduces the binding of Gα to β2AR. Most 
receptors that bind Gs have either a Phe or a Leu here, demonstrating the need for a large 
hydrophobic residue at this position.
 
Activation of the G-protein 
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The structure of a Gα subunit bound to the non-hydrolysable GTP analogue, GTP-γ-S, was 
published in 1997 (PDB entry 1azt) and it revealed that the nucleotide-binding site lies between 
the Ras and alpha-helical domain. Compared to the structure of β2AR bound to Gs αβγ (PDB 
entry 3sn6; view-5), the alpha-helical domain is rotated relative to the Ras domain by 127˚ about 
helix 1, moving it up to 60 Å. The Ras domains in the two structures also show differences. 
Upon binding to β2AR, Gα α5 is displaced by 6 Å towards the receptor. The loop between Gα 
β6 and α5 forms part of the nucleotide-binding site, where it interacts with the guanidine ring of 
the nucleotide. Movement of this loop upon binding to β2AR could explain the change in affinity 
of the Gs α protein towards its bound nucleotide.
 
Overall mechanism
 
 
 

 
Figure 1. Agonist (yellow star) binding to β2AR (green cylinder) promotes Gα (salmon) β (blue) 
γ (orange) binding to the receptor. Gα exchanges GDP for GTP and Gα and Gβγ subsequently 
dissociate from the receptor and each other. Both Gα and Gβγ regulate downstream processes, 
Gα regulating adenylate cyclase (red box) and Gβγ regulating calcium channels (cyan cylinder). 
GTP hydrolysis in Gα allows re-binding of Gβγ and completes the cycle.
 
 
The structural work on β2AR has made it possible to postulate an interaction pathway 
(Figure 1). When an agonist binds to β2AR, it transmits a signal to the cytoplasmic side of 
the GPCR through conformational changes of the receptor. These promote its interaction 
with the GDP-bound form of the G-protein αβγ trimer. The GDP bound to Gα is exchanged 
for GTP as the interaction with the GPCR causes a change in nucleotide affinity. Following 
this, the G-protein complex dissociates and leaves the receptor. Both Gα and Gβγ regulate 
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downstream processes. The structure of Gs α with its downstream partner, adenylate cyclase, 
was determined in 1998 (PDB entry 1azs). Gα subsequently hydrolyses its bound GTP, thus 
increasing the affinity for Gβγ and stopping the downstream signalling. The trimer is then able to 
bind to an activated GPCR once more, completing the cycle.
 
 
Views 
 

View 1: The overall structure of β2AR. β2AR is shown as a cartoon, with the extracellular face pointing 
up. Proline residues responsible for kinks in the helices are shown as green space-filling atoms. The 
agonist BI-167107, bound at the extracellular face, is shown as space-filling representation with carbons 
coloured yellow.
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View 2: Activation of β2AR. Activation of β2AR causes a shift in the position of TM6 (active: cyan, 
inactive red). The bound ligands are shown as space-filling models with yellow (active: BI-167107) and 
orange (inactive: carazolol) carbons, respectively.
 

View 3: The β2AR G-protein complex. β2AR (green) binds to the G-protein trimer via Gα (salmon). Gβ 
(blue) and Gγ (orange) do not directly interact with β2AR. TM6 needs to be in the active position to allow 
β2AR to bind the G-protein (active:cyan, inactive: red).
 

View 4: Interactions between Gα and β2AR. β2AR (green) interacts with Gα (salmon) helix α5 
(coloured yellow for clarity). Interacting residues are shown as sticks and hydrogen bonds and salt links 
displayed as dashed lines.
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View 5: Structural changes in the Gα protein upon binding its receptor. Receptor bound and free Gα 
are superimposed on the Ras domain (salmon). The alpha helical domains (bound: red, free: purple) 
under substantial changes upon binding to β2AR. Gα α5 (bound: salmon, free: darkblue) shifts by ~6 Å 
towards β2AR, disrupting the nucleotide binding site. GTP-γ-S in the free structure is shown in spacefill 
representation with purple carbon atoms.
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