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Abstract

The selective coupling of G protein-coupled receptors (GPCRs) to specific G proteins is critical to 
trigger the appropriate physiological response. However, the determinants of selective binding 
have remained elusive. Here, we reveal the existence of a selectivity barcode (i.e. patterns of 
amino acids) on each of the 16 human G proteins that is recognised by distinct regions on the ~800 
human receptors. Although universally conserved positions in the barcode allow the receptors to 
bind G proteins in a similar orientation, different receptors recognise the unique positions of the G 
protein barcode through distinct residues, similar to multiple keys (receptors) opening the same 
lock (G protein) using non-identical cuts. Considering the evolutionary history of GPCRs permits 
the identification of these selectivity-determining residues. These findings lay the foundation for 
understanding the molecular basis of coupling selectivity within individual receptors and G 
proteins.

Membrane protein receptors trigger the appropriate cellular response to extracellular stimuli 
by selective interaction with cytosolic adaptor proteins. In humans, GPCRs form the largest 
family of receptors with over 800 members1–3. Although GPCRs bind a staggering number 
of natural ligands (~1,000), they primarily couple to only four major Gα families encoded 
by 16 human genes3,4. Members of each of the four families regulate key effectors (e.g. 
adenylate cyclase, phospholipase C, etc.) and the generation of secondary messengers (e.g. 
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cAMP, Ca2+, IP3, etc.) that in-turn trigger distinct signalling cascades5,6. Thus, the selective 
binding of ligand-activated GPCRs to appropriate Gα proteins is critical for signal 
transduction5.

Typically, ligand binding to a receptor leads to the recruitment of a heterotrimeric G protein 
(Gαβγ), nucleotide exchange in Gα, and dissociation of the G protein subunits7 (Fig. 1a). 
However, several distinct receptors can couple to the same Gα protein (Fig. 1b; β1-
adrenergic receptor8 and 5-HT6 receptor9 can both activate Gαs, resulting in heart muscle 
contraction and excitatory neurotransmission, respectively3). Receptors can also couple to 
more than one Gα protein (Fig. 1b; β2-adrenergic receptor primarily couples to Gαs, 
resulting in smooth muscle relaxation but can also couple to Gαi to inhibit this response10). 
An analysis of reported G protein coupling data highlights the complexity of coupling 
selectivity in the receptor-G protein signalling system (Fig. 1c,d, Extended Data Fig. 1a,b, 
and Supplementary Data).

Although coupling selectivity could be achieved by regulating gene expression in a cell-type 
specific manner and altering relative expression levels, many different receptors and Gα 
proteins are expressed simultaneously in several cell-types (Extended Data Fig. 2). This 
suggests that residues at the GPCR-G protein interface play a role in determining selectivity. 
Despite considerable progress studying individual receptor-G protein complexes11–16 
(Supplementary Table 1), elucidating the molecular basis of selective binding has been 
challenging. Here, we infer selectivity determinants, i.e. positions and patterns of amino 
acids, at the interaction interface for the entire GPCR-G protein signalling system and 
present a resource (http://www.gpcrdb.org/ tab ‘Signal Proteins’) for each of the ~800 
human receptors and 16 Gα proteins.

GPCR and Gα protein repertoires

Understanding how GPCRs and Gα proteins evolve could provide insights into the 
constraints underlying selective coupling. The genomes of unicellular sister groups of 
metazoans (~900 million years ago) encode a small number of genes for the GPCR-G 
protein system2,17,18 (Extended Data Fig. 3a). Nevertheless, they have representatives of all 
four human Gα protein families, Class B and Class C GPCRs (Extended Data Fig. 3b). 
Although Class A receptors were not detectable in this group, some unicellular fungi contain 
members of this class19. The genome of Trichoplax adhaerens, one of the earliest-branching 
multicellular animals, has representatives of all four human Gα families, as well as class A 
GPCRs that have undergone widespread gene duplication (Extended Data Fig. 3b). Whereas 
most human Gα proteins have orthologs across organisms, only few human GPCRs have 
orthologs that can be traced back to early-branching organisms (Fig. 2a and Extended Data 
Fig. 4a). Nevertheless, GPCRs (especially Class A) have undergone lineage-specific increase 
in gene number compared to Gα proteins (Extended Data Fig. 3a). Thus, each organism has 
a large GPCR repertoire that is unique (i.e. not orthologous to the human receptors; Fig. 2a). 
In contrast, the Gα repertoire remained comparable across organisms. A comparative 
analysis (Jaccard Similarity, J; Fig. 2b; Extended Data Fig. 4b; Methods) revealed that the 
Gα repertoire is more static (average J = 0.98; σ = 0.03) compared to the more dynamic 
GPCR repertoire (average J = 0.65; σ = 0.36). These results suggest that Gα protein 

Flock et al. Page 2

Nature. Author manuscript; available in PMC 2018 March 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.gpcrdb.org/


sequences are likely to be under higher evolutionary constraint as they need to couple to 
diverse receptors that have evolved independently on multiple occasions in different 
organisms.

Subtype-specific residues in Gα proteins

Selectivity determining positions can be inferred by comparing the conservation of every 
residue in a protein with its paralogs and their corresponding orthologs (Fig. 3a)20. We 
applied this principle to each of the 16 human Gα protein subtypes by comparing them to 
their respective one-to-one orthologs from 66 genomes and identified the highly conserved, 
subtype-specifically conserved and neutrally evolving positions (Fig. 3a; Extend Data Fig. 
5a; Supplementary Data). For instance, in Gαs, 107 positions are highly conserved in all Gα 
orthologs and human paralogs. Mapping this information onto the GDP bound form of the 
Gαs structure showed that they typically map to the protein core, and hence are likely to be 
important for common functions for the entire Gα family such as protein fold maintenance 
and stability (Fig. 3b; Extend Data Fig. 5b). Many are also on the protein surface, and map 
to the nucleotide-binding pocket, and to the core of the βγ−, effector- and receptor-binding 
interface (magenta residues; Fig. 3b-c). 150 positions evolve neutrally and are primarily 
present on the protein surface (beige residues). 164 positions in Gαs are variable among the 
Gα paralogs, but the specific residue is conserved among all the Gαs orthologs (Fig. 3b; 
cyan residues). Several of these positions map primarily to the protein surface (Extend Data 
Fig. 5b), suggesting that they could determine the selective binding of Gα to distinct βγ 
subunits, effectors and GPCRs.

Selectivity barcode in Gα proteins

By analysing the structures of β2 adrenergic receptor-Gαs, rhodopsin-Gαt peptide and A2A 

adenosine receptor-engineered Gαs complexes using the Common Gα Numbering (CGN) 
system21, we identified a total of 25 CGN positions that contact the receptor (Methods). 
Several of these positions in Gαi mediate an interaction with Rhodopsin as shown through 
alanine scanning experiments22 (Supplementary Data). We find that the conserved CGN 
positions form clusters at the receptor-Gα interface (Fig. 3c; Extended Data Fig. 5c; mainly 
H5 of Gα; also reported in Flock et al.21). In contrast, the subtype-specific positions 
surround the conserved positions at the interface (Extended Data Fig. 5c) and reside in HN, 
H4, S1/3 and H5 of Gα in the β2AR-Gαs structure (Extended Data Fig. 6). While the 
conserved positions at the interface indicate that the binding orientation of the receptor with 
Gα is similar among different receptor-Gα complexes21, the subtype-specific residues 
around the conserved core constitutes a “selectivity barcode” to ensure selective binding by 
the different receptors. In this manner, each of the 16 Gα paralogs presents a unique 
combination of residues around a conserved interface that might determine selectivity at the 
receptor-G protein interface (Fig. 3d). We note that different Gα subtypes may undergo 
rotation and translation of H5 to different extent at the receptor-G protein interface. This 
may expose additional residues that might contribute to the selectivity barcode.

The Gα selectivity determining positions at the interface show variation in the fraction of 
charged and hydrophobic residues suggesting that electrostatic contribution and chemical 

Flock et al. Page 3

Nature. Author manuscript; available in PMC 2018 March 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



composition of the interface vary between different G proteins. To infer positions near the 
interface that can influence binding selectivity (i.e. possible pre-coupling sites), we 
identified surface accessible, selectivity-determining positions that are not part of either the 
receptor- nucleotide- or effector-binding positions. For this, we analysed all available 
structures of Gα proteins bound to the nucleotide, βγ or different effectors (Supplementary 
Data). By integrating evolutionary information, we identified positions in each of the 16 G 
proteins that might possibly play a role in pre-coupling (Supplementary Data).

Biochemical studies on individual G proteins support the identified positions as 
determinants of selectivity (Supplementary Table 1). For instance, replacement of the five C-
terminal amino acids in H5 (which contain three selectivity-determining positions) of 
Gαq23 or Gαs24,25 with corresponding residues from Gαi changed the receptor selectivity 
profile to that of Gαi. Overall, our approach makes use of all available sequence, structural, 
and comprehensive biochemical data to infer selectivity determinants (“selectivity barcode”) 
on each of the 16 G protein (Fig. 3d). Using the CGN numbering system, we map this 
information onto a snake-like diagram for each of the 16 different Gα proteins. We present 
an interactive web resource that highlights these selectivity determining positions through a 
user-determined cut-off value. In this manner, researchers can be liberal or conservative in 
inferring such positions in any human Gα protein of interest.

Recognition of Gα barcode by GPCRs

Selectivity in protein interactions is achieved by non-covalent contacts between residues of 
interacting proteins26. To understand how the receptor might recognise the Gα selectivity 
barcode, we analysed21,27,28 the inter- and intra-protein non-covalent contact networks of 
the β2AR-Gαs structure15. We identified spatially distinct clusters of residues on the 
receptor and G protein that extensively contact each other at the interface (Fig. 4a,b). The 
Gαs selectivity barcode is primarily contacted by positions in the TM5 extension and ICL3 
of the β2AR, with contributions from TM6 and ICL2 (Extended Data Fig. 6a,b). 
Investigation of the A2A adenosine receptor-engineered mini Gαs structure using the 
GPCRdb numbering scheme4 (structure-based generic residue numbers) revealed that the 
binding mode is highly similar to the β2AR-Gs complex (RMSD of equivalent Cα atoms = 
1.7 Å) and that equivalent receptor secondary structure elements contact similar regions on 
Gαs (Extended Data Fig. 7a). Despite this overall similarity in the positions that make the 
contact, there are significant differences in terms of the exact contacts that these positions 
make at the interface (Fig. 4c). Thus, while the same positions of the G protein and GPCRs 
may be involved in the recognition, distinct residues (both positions and the amino acid 
residue) on the two different receptors contact them (Extended Data Fig. 7b). In other words, 
the same selectivity barcode presented by Gαs is read differently by receptors belonging to 
different subtypes. Why do evolutionarily related receptors use different residues to 
selectively couple to the same Gαs protein?

GPCR history and selectivity determinants

Since GPCRs expanded by gene duplication, we elucidated the scenarios for the evolution of 
coupling selectivity (Fig. 5a,b). Upon duplication, both GPCR copies are identical and hence 
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will inherit the ancestral receptor properties. During divergence, each duplicate may 
accumulate mutations such that they: (1) maintain G protein selectivity but alter ligand-
binding property (e.g. olfactory receptors), or (2) alter G protein selectivity but maintain 
ligand-binding property (e.g. adrenergic receptors). In subsequent duplication and 
divergence events, they may accumulate mutations that might allow binding to a different or 
additional G protein and/or ligand. Thus, although two extant receptors couple to the same G 
protein, their evolutionary history can be different. If they inherited their selectivity from a 
common ancestor, they will share the same or similar set of interface residues that determine 
G protein selectivity. However, if one of the receptors altered its selectivity from a common 
ancestor, it is more likely that a different set of interface residues might determine the 
coupling preference (Fig. 5a,b). Therefore, the evolutionary history of receptors that couple 
to the same G protein is indicative of whether the selectivity determining positions on the 
receptors are likely to be similar or different.

By mapping the G protein coupling data (primary and secondary coupling) onto the 
phylogenetic tree of human GPCRs, we observed that members of the GPCR subfamily have 
rewired Gα coupling selectivity from their respective common ancestors on numerous 
occasions (Fig. 5c; Extended Data Fig. 8; Supplementary Data). Through reconstruction of 
ancestral coupling selectivity, we conservatively estimate that ~85% of the receptors altered 
their Gα selectivity at least once during their evolutionary history (Supplementary Data). 
Consistent with the evolutionary scenario, we did not observe a common sequence pattern in 
receptors from different families that couple to the same Gα proteins, which is in line with 
previous studies13. Thus, the receptor selectivity determinants are more complex and 
dynamic, which is in contrast to the evolutionarily static Gα selectivity barcode. This could 
also explain why prior studies could only find selectivity patterns for certain related 
members of a receptor subfamily12,29 (see Supplementary Table 1 for a collection of 
previous studies), but never a universal sequence pattern for the different receptors.

Revealing receptor selectivity signatures

Using GPCRdb numbering, we identified 33 receptor positions that contact Gα by analysing 
the β2AR-Gs, A2A receptor-mini Gs and rhodopsin-Gt peptide structures. To consider 
variations due to receptor conformational dynamics, varying degree of rotation and 
translation of H5 of Gα between different G protein subtypes upon receptor binding, side-
chain differences, and basal activity, we identified 6 additional positions that are proximal 
and face the G protein and thereby could participate in mediating a contact. The importance 
of these positions is independently supported by several biochemical studies aimed at 
understanding selectivity in a few receptors and G proteins (Supplementary Table 1). 
Consistent with the structural data, the second and third intracellular loop regions of 
receptors are most frequently associated with the effect of altering coupling selectivity.

Restricting the analysis to these positions did not reveal any common pattern in terms of the 
sequence or amino acid properties that is conserved in all GPCRs known to couple to the 
same G protein (Extended Data Fig. 9a). However, we did observe signatures of amino acid 
properties at interface positions between evolutionarily related receptors that couple to the 
same G protein (Methods; Extended Data Fig. 9b). For each of the aminergic, V2R related, 
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S1P related, purinergic, and chemokine receptor groups, we observed distinct signatures in 
the interface positions among the subset of closely related receptors that can bind a given 
Gα family compared to those in the same group that cannot (Extended Data Fig. 9b). The 
selectivity signatures are largely different for the receptor groups, highlighting that receptors 
from different groups arrived at independent solutions to bind the same G protein. Notably, 
strong signals appear in ICL2, TM3, TM5-7 and H8, although they are most frequent in 
ICL2 and rare in TM3. This suggests that by comparing interface positions among groups of 
related receptors with different coupling properties, it might be possible to pinpoint 
individual positions at the receptor interface that are not only conserved, but also likely 
involved in recognizing the Gα protein. For instance, Vasopressin 2 receptor (V2R) and β2–
AR (which belong to different subfamilies) both couple to Gαs and have complex 
evolutionary histories (Extended Data Fig. 8). An analysis of the equivalent interface 
positions on the receptor that contact the Gα protein shows that V2R independently 
accumulated a different set of mutations in the same region to selectively couple to Gαs and 
hence arrived at a different sequence pattern to read the same Gαs selectivity barcode (Fig. 
5d; see Extended Data Fig. 9c for examples involving V2R and Adenosine receptors).

Thus, to understand the receptor binding determinants, it is critical to reconstruct the 
evolutionary history and investigate the interface positions in the different receptor subtypes. 
To aid researchers to apply the principles described in this work on any G protein or receptor 
of interest, we have developed a comprehensive and interactive web resource in GPCRdb30 
(top menu item “Signal Proteins” at www.gpcrdb.org; Extended Data Fig. 10). The features 
provided in the resource, which will be continuously updated, should serve as a guide for 
biologists interested in uncovering the interface determinants of coupling selectivity for 
various applications (e.g. protein engineering and structural studies) and understanding the 
consequences of mutations (e.g. natural variation and disease mutations) in individual 
receptors.

Discussion

The mechanism of achieving selectivity has a striking analogy where GPCRs are keys, and 
the G proteins are locks that open different doors (denoting signalling pathways; Fig. 6). 
Master keys open many doors (i.e. promiscuous GPCRs such as GPR4, Lpar4), and specific 
keys open a single door (e.g., chemokine and odorant receptors). This information is 
encoded in the design of the cuts on the key (i.e. patterns of grooves and ridges; GPCR-G 
protein interface). There are different solutions for designing keys that open the same lock 
by leaving out or including ‘ridges’ in different combinations. This is seen in GPCRs from 
distinct subfamilies where different interface positions are subjected to positive and negative 
discrimination around a conserved core to couple to different G proteins. Where there are 
typically many more keys (receptors) than doors, the patterns on the lock (G protein) are 
under higher constraint than the individual keys themselves. This asymmetry in constraints 
is seen in the GPCR-G protein signalling system, which manifests in a stronger evolutionary 
signal for selectivity determining positions on Gα compared to the receptors.

Receptors with different phylogenetic history might use different sets of residues to read 
distinct parts of the same Gα selectivity barcode. This combinatorial possibility makes the 
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interface robust to mutations and might facilitate evolvability and fine-tuning of selectivity. 
While the interface chemistry provides a basis for coupling, the relative expression levels of 
the receptor or Gα, kinetic scaffolding, intrinsic nucleotide hydrolysis rates of Gα, pre-
coupling, post-translational modifications, alternative splicing, RNA editing, and 
phospholipid and membrane composition can all modulate, fine-tune, alter or even switch 
selectivity in different contexts. Furthermore, receptor oligomerisation, conformational 
dynamics, basal activity and ligand-induced changes (functional selectivity) can alter 
selectivity. Therefore, positions and residues that are not at the interface31, but which can 
influence any of these factors can also affect G protein selectivity.

From an evolutionary perspective, the asymmetry between the presentation of a rigid Gα 
barcode and its flexible interpretation by the receptor through a large number of possibilities 
could have aided the extensive expansion of receptors in different organisms. Such a design 
of interaction interface could have facilitated the rapid evolution of the GPCR signalling 
system and contributed to organismal complexity by allowing cells to respond to different 
stimuli and thereby permitting adaptation to diverse environments. Future studies aimed at 
providing quantitative understanding of the sequence-dependent binding of receptor-Gα 
interaction may unravel the extent of lineage specific differences in coupling selectivity and 
may point to fundamental differences in signalling between different organisms.

Online Content

Methods, along with any additional Extended Data display items and Source Data, are 
available in the online version of the paper; references unique to these sections appear only 
in the online paper.

Methods

No statistical methods were used to predetermine sample size. The experiments were not 
randomised. The investigators were not blinded to allocation during experiments and 
outcome assessment.

Phylogenetic analysis of GPCR and G protein repertoires

Determination of GPCR and G protein repertoires—The set of 394 annotated 
human non-olfactory GPCRs was obtained from the IUPHAR/BPS Guide to Pharmacology 
database (December 2014)32. The full repertoire of GPCRs and G proteins across 13 
different organisms that serve as model organisms for the major eukaryotic lineages was 
determined through identification of relevant 7-transmembrane helix domains families from 
Pfam33 (see Supplementary Data for the full list of Pfam families). The organisms were 
Homo sapiens, Mus musculus, Gallus gallus, Xenopus tropicalis, Danio rerio, 
Branchiostoma floridae, Strongylocentrotus purpuratus, Drosophila melanogaster, 
Caenorhabditis elegans, Nematostella vectensis, Trichoplax adhaerens, Capsaspora 
owczarzaki, Monosiga brevicollis. In order to obtain the number of unique GPCRs and G 
proteins in each organism, protein sequences were retrieved through the Pfam API and 
subsequently mapped to their unique gene identifiers using Uniprot34. Olfactory, taste and 
odorant receptors were identified through uniquely conserved sequence profiles that are used 
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in Pfam. We compared the patterns in the alignments of all known human olfactory receptors 
and other human Class A receptors using Spial35. The gene numbers provided here offer an 
update to previous estimates of the GPCR repertoire in some of these organisms2,17,36

Determination of sequence relationships of GPCR and G proteins across 

different organisms—Phylogenetic relationships and orthologous sequences were 
collected from the Orthologous MAtrix (OMA) database37 and EnsemblComparaGeneTrees 
(Compara)38 using R and Python scripts written in-house. Two independent approaches 
were used to identify phylogenetic relationships: (a) a stringent definition of orthology as 
used in OMA and (b) using a bi-directional best-hit method implemented using 
Jackhmmer39. For OMA orthologs, a Python script using the OMA SOAP API (12 July 
2015, database version Sep 2014)37 and Compara database38 was used to obtain 
phylogenetic relationships. OMA had ortholog data for 361 human GPCRs; a list of missing 
receptors is given as Supplementary Data. For the Jackhmmer orthologs, a Perl script was 
written to identify the best hits between sequences from the repertoires of the 13 different 
organisms. Using both measures allowed us to ensure that the general trend of diversification 
of the GPCR repertoire, compared to the G protein repertoire reported in the paper, is 
independent of the method used to detect phylogenetic relationships between sequences.

Calculation of a modified Jaccard similarity index—We computed the Jaccard 
similarity index (range: 0 to 1) defined as the number of conserved genes (overlapping) 
divided by the total number of genes that code for GPCRs or G proteins, respectively. To 
identify the overlap of the GPCR and G protein repertoires in different organisms, genes in 
different organisms were annotated as having a phylogenetic relationship if they had a hit in 
the human/organism repertoire with Jackhmmer (this includes many-to-one orthologs and 
hence multiple proteins being related to the same protein in the other organism, to account 
for gene expansion events). A high value (closer to 1) means that the two organisms largely 
share the GPCR/G protein repertoire. A lower value (closer to 0) means that the repertoires 
are more distinct. The observation that the modified Jaccard similarity index is higher for 
Nematostella vectensis and Trichoplax adhaerens compared to Drosophila melanogaster, 
Caenorhabditis elegans is reflective of the fact40,41 that the common ancestor had a 
complex repertoire of GPCRs and G proteins, which were independently lost in the 
nematode and insect lineages. Similarly, the large number of distinct sequences in the 
different organisms for which orthologs do not exist in human, suggests that each lineage 
has independently undergone expansion of the GPCR repertoire through gene duplication 
events.

Determination of an approximate phylogenetic age of human GPCRs and G 

proteins—In order to extend the repertoire analysis of 13 key organisms, GPCR and G 
protein homologs from 215 organisms were analysed using the OrthologMAtrix(OMA) 
API37. To estimate the ‘age’ of every human GPCR and G protein gene, the age of each of 
the 215 organisms was determined by extracting the branch length to human from the OMA 
species tree using the R package ‘ape’42. The ‘oldest’ (longest branch length to human) 
organism that has an ortholog to the human GPCR or G protein was used for the age 
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estimation of each gene. Both definitions of orthology (1:1 orthology and any type of 
orthology) were used (see Extended Data Fig. 4a).

Identification of G protein selectivity barcode

Construction of Gα protein paralog alignment—The human Gα protein paralog 
alignment and the 16 Gα protein ortholog alignments were constructed as described 
previously in Flock et al.21. Briefly, all relevant human Gα protein isoforms and variants 
were obtained from Ensembl38 using R. The ‘canonical’ protein sequences for each of the 
16 human Gα genes, as defined by Uniprot34, were used as representative sequences for 
each human Gα gene. The sequences were aligned using Muscle45 and were manually 
refined using the consensus secondary structure as a guide. The alignments of orthologs for 
each of the 16 trees, ordered by the species tree, are available as Supplementary Data. This 
can be visualised using standard sequence alignment software tools to infer when a 
particular position was fixed during organismal evolution.

Ortholog alignments of one-to-one Gα orthologs of 16 human Gα genes—

Phylogenetic relationships of Gα sequences were collected from TreeFam43, the 
Orthologous MAtrix (OMA) database37 and EnsemblComparaGeneTrees (Compara)38 
using R scripts. Compara had the highest fraction of complete Gα sequences for each human 
Gα gene, except for Gαs for which OMA had a better sequence coverage. In total, 973 
genes from 66 organisms were used, of which 773 were one-to-one orthologs. To build an 
accurate, low-gap alignment of such a large number of sequences, 16 independent 
orthologous alignments for each human Gα gene were first created by aligning one-to-one 
ortholog groups using the PCMA algorithm44 followed by manual refinement. 
Subsequently, each ortholog alignment was cross-referenced to the Common Gα Numbering 
system (CGN21) by referencing its respective human sequence to the human paralog 
alignment.

Inferring positions under different functional constraints in G proteins—For 
each of the 16 human G proteins, the ortholog alignment was obtained (see above) and the 
sequence identity for every position in the alignment (CGN numbering system) was 
computed. The sequence identity of each position in the 16 human Gα protein paralogs 
alignment was also computed. For each of the 16 Gα protein paralogs, the sequence identity 
of the ortholog alignment was plotted against the human paralogs alignment (Extended Data 
Fig. 5a). To infer positions that are under differential functional constraints (Fig. 3a; highly 
conserved residues, sub-type specifically conserved, neutrally evolving residues and 
paralogs-specifically conserved positions)20 for a G protein, the 16 Gα ortholog alignments 
were first cross-referenced to the paralog alignment using the CGN numbering system. Here, 
we used a conservative cut-off (Supplementary Data; The user has an option to change the 
cut-offs to identify such positions in any G protein through the GPCRdb resource; e.g. for 
GNAS2 http://www.gpcrdb.org/signprot/gnas2_human/). This led to the identification of 
residue positions in the alignment for each of the 16 G proteins that are (a) conserved in 
paralogs and orthologs of a subtype (universally conserved position; at least 80% 
conservation among the orthologs and the paralogs), (b) conserved among the orthologs of a 
Gα subtype but variable among the human paralogs (selectivity determining residue; 80% 
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conservation among the orthologs but less than 80% conservation among the paralogs), (c) 
variable among the orthologs and paralogs alignments (neutrally evolving positions; less 
than 80% among orthologs and less than 80% among paralogs), or conserved in the paralog 
alignment but not in the ortholog alignment (species-specific positions; more than 80% 
conservation among the human paralogs but less than 80% among the respective orthologs). 
For G15 in Fig. 3d, position G.H5.25 is shown as L since the conservation was close to the 
80% cut-off and was either V or I in the homologs. We also provide pre-computed barcodes 
using different cut-offs as Supplementary Data.

We also employed a multi-dimensional scaling approach (hierarchical clustering) to map the 
ortholog/paralog conservation scores for each of the 16 G proteins onto a single prototypical 
G protein. For every CGN position in the alignment, a 17-dimension vector was computed, 
where the value of the first 16 dimensions denotes the % conservation of that position 
among the orthologs for each G protein. The value of the last dimension denotes the % 
conservation of that position among the human G protein paralogs. Through hierarchical 
clustering (dissimilarity measure Pearson correlation with complete linkage), the above-
mentioned conservation types were determined without relying on conservation cut-offs. 
This cut-off free approach revealed the existence of CGN positions that (a) evolve in a 
neutral manner, (ii) evolve in a sub-type specific manner and (iii) are conserved 
(Supplementary Figure). However, the mapping of this information based on the CGN 
position (i.e. to a single prototypical G protein) means that all the 16 G protein members 
have the same number of positions that are selectivity determining, conserved or neutrally 
evolving. To account for variation in the number of such sites between the different G 
protein members, we present the barcode in Fig. 3d using conservative cut-offs described 
above. As it is not possible to identify a single cut-off to differentiate such positions, we 
provide the readers/users with the opportunity to choose their own cut-offs in the GPCRdb 
web resource for identifying such positions for each of the 16 Gα proteins (e.g. for GNAS2 
http://www.gpcrdb.org/signprot/gnas2_human/). In this manner, researchers can be liberal or 
conservative in inferring such positions in any human Gα protein of interest.

Identification of G protein positions and GPCR positions that mediate binding 

at the interface—The inter GPCR-G protein residue contact network (RCN) was 
computed for the β2AR-Gs (PDB: 3sn6), A2A- Gsmini (PDB: 5g53) and Rhodopsin-Gt-C-
peptide (PDB: 2x72, 3dqb, 3pqr, 4a4m) structures using van der Waals contacts between 
atoms, as described earlier in Venkatakrishnan et al27. By using the CGN system21 and the 
GPCRdb numbering scheme30, we identified 25 CGN positions and 34 GPCR positions that 
participate in non-covalent contacts at the interface. To identify positions near the interface 
that may influence binding (potential pre-coupling sites on G proteins and G protein 
accessible sites on receptors), we adopted the following strategy. For the pre-coupling sites, 
we first identified surface accessible CGN positions on the G domain of the Gα protein 
(inferred using the inactive, GDP bound Gα structure; PDB: 1gp2) that are subtype 
specifically conserved and that do not map to βγ–, nucleotide- or effector-binding positions, 
but are known to experimentally affect receptor binding. For this, we computed the RCNs 
for all available structures (over 50 structure) of Gα proteins bound to the nucleotide, βγ 
and different effectors and annotated every CGN position (i.e. whether they interact with 
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βγ–, nucleotide- or effector). For positions that are known to affect receptor binding, we 
made use of the quantitative experimental data on Gαi binding to rhodopsin upon mutating 
every residue to alanine22. This master table (Supplementary Data) resulted in the 
identification of further 4 sites that might constitute potential pre-coupling sites. To consider 
variations due to receptor conformational dynamics, side-chain differences and basal 
activity, we identified G protein accessible sites on the receptor. These were identified as 6 
additional positions that are proximal (5 Å distance) and face the G protein and thereby 
could participate in mediating the interaction.

Mapping of selectivity barcode onto G protein structure and alignment 

visualisation—The role of every position on Gαs was mapped onto the protein structure 
using customised R scripts and PyMol (colour code: magenta for highly conserved; cyan for 
selectively conserved in Gαs; beige for neutral evolving). The consensus sequence of each 
ortholog and the paralog alignment was determined and displayed in an ‘alignment of 
consensus sequences’ for the identified Gα interface positions for all the 16 protein families, 
which was used for visualisation of the barcode (Fig. 3d). The accessible surface area (ASA) 
of PDB: 1gp2 (Gαi) was obtained from the PDBe PISA (Proteins, Interfaces, Structures, and 
Assemblies)45 XML repository and normalised by the accessible surface area for each 
residue position46 to obtain the relative accessible surface area for each residue. The boxplot 
(Extended Data Fig. 5b) was created with ggplot2 and the significance level (given as p-
values) was determined using the non-parametric Mann–Whitney test.

Characterisation of GPCR-G protein interface

Non-covalent contact and network analysis—The inter GPCR-G protein residue 
contact network (RCN) for the β2AR-Gs (PDB: 3sn6) and A2A- Gsmini (PDB: 5g53) 
structures was computed using van der Waals contacts between atoms, as described earlier in 
Venkatakrishnan et al27. For 2D visualisation, the RCN of β2AR-Gs was exported to 
Cytoscape47 using the RCytoscape interface48. Based on prior approach28, we determined 
connected interface clusters from the inter GPCR-G protein RCN by applying the Glay 
community clustering algorithm49, which is implemented in the Cytoscape through the 
plugin Cluster Maker50 (parameters: undirected edges). To test the robustness of the 
clustering approach, clustering was repeated using different edge weights (side-chain 
contacts only and weighting side-chain contacts by factor of 2), which did not affect the 
overall organisation of the identified clusters. To generate the contact network between the 
different interface clusters, the sum of all residue contacts between each cluster was 
calculated in R and visualised in Cytoscape (Fig. 4a). For 3D visualisation of the clusters 
mapped onto the 3D network of the GPCR-G protein complex, customised R scripts were 
used to create a RCN in PyMol by creating pseudo PDBs that show residues as spheres from 
their C-alpha atoms and lines/edges between them via the CONECT entries (using PDB: 
3sn6; Fig. 4a). Customised R scripts were written to integrate the G protein barcode 
(sequence analysis; Fig. 3) with the structural interface clusters (β2AR-Gs structure 
analysis; Fig. 4a,b) based on¨the CGN numbering to generate Extended Data Fig. 6a. The 
node degree was determined with the NetworkAnalyzer Plugin51 in Cytoscape47. For the 
comparison of the β2AR-Gs and the A2A- Gsmini interface, the RCNs were compared using 
the GPCRdb numbering for the receptor and the CGN for the G protein. This allowed us to 
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identify positions and contacts that were shared and that were unique for the two complexes 
(Fig. 4c and Extended Data Fig. 7a,b).

Phylogenetic tree of GPCRs and mapping of G protein coupling data

Phylogenetic tree of GPCRs—GPCR sequence alignment was constructed for each 
GPCR Class (A, B and C; defined in the Guide to Pharmacology/IUPHAR database; 
sequences retrieved through IUPHAR API using a Python script). Initial alignment within 
each class of GPCRs was made using MSAProbs52 which was further manually adjusted 
using the GPCRdb numbering4 as a guide. Furthermore, alignments within classes were 
trimmed by removing N- and C- terminal overhanging residues and large insertion in ICL3 
beyond first ten to fifteen residues. As a cross-class alignment was not straightforward due 
to the low sequence similarity across GPCR classes, a structure alignment of the highest 
resolution structure of each GPCR class was used to cross-align the individual GPCR Class 
alignments. The structure alignment was constructed using Mustang53 with 4EIY 
(aa2ar_human) and 4BVN (adrb1_melga) representing Class A, 4K5Y (crfr1_human) 
representing Class B, and 4OO9 (grm5_human) representing Class C. First this structural 
alignment was integrated manually with the already generated Class A GPCRs alignment 
and then sequentially Class B and Class C alignments were also integrated manually to get a 
cross class “super alignment” (CCSA). The CCSA was validated against a recent cross-
GPCR-class structural alignment4. Using the CCSA GPCR alignment, we first built an 
approximate maximum-likelihood (ML) phylogenetic tree using FastTree54 and this was 
used as initial starting tree for the final ML tree generation using MEGA755.

Mapping of G protein coupling data—G protein-coupling data and GPCR 
classifications were retrieved from the IUPHAR/BPS Guide to Pharmacology (May 2016)56 
SQL database as described above. R was used to prepare the coupling data for visualisation 
as concentric circles in the phylogenetic tree (Fig. 5c; Extended Data Fig. 8) using the latest 
version of iTol (version 3)57. In order to investigate sequence composition, sequence 
conservation, and searching for physiochemical and sequence pattern, the GPCR and G 
protein alignments were analysed in R using the bio3d58 and ape packages42.

Phylogenetic reconstruction of G protein coupling selectivity of ancestral 

GPCRs and quantification of rewiring events—To reconstruct the most likely 
ancestral GPCR coupling profile across all the clades of the final ML tree of human GPCRs, 
the Gα–GPCR coupling data was mapped on to the CCSA as described above. We first 
created a “coupling profile” for each receptor using the coupling information (from 
IUPHAR database). The profile is a vector of 4 dimensions (Gs, Gi/o, Gq/11, G12/13) and 
takes the value 1 (couples) or 0 (does not couple) in each dimension. By considering this as 
the “trait” for each receptor, we integrated the data with the final ML tree to generate 
ancestral coupling probability values using BayesTraits V 2.059 (http://
www.evolution.rdg.ac.uk/BayesTraits.html). For each clade in the ML tree, we used the 
montecarlo simulation (mcmc) option with 100,000 trials in BayesTraits, to obtain 
probabilities of ancestral coupling tendency for each of the four Gα families. These 
ancestral coupling probability values were converted into a binary format i.e. “1” and “0”, 
where “1” indicates ancestral coupling to the given G protein and “0” indicates absence of 
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such coupling. We assigned the value “1” to the ancestral node if the coupling probability 
was greater than or equal to 0.7. Otherwise we assigned the value “0”. This information was 
then converted into a “coupling profile” for each ancestral node in the tree, similar to the 
above-mentioned individual GPCR coupling profiles. Then for each GPCR, and the clade to 
which a given receptor belonged to, we required that: (i) the clade should contain 30 or 
fewer GPCRs (so that we investigate an ancestral receptor that is not very recent nor ancient) 
and (ii) ancestral coupling probability of the ancestral node as well individual receptors 
within the clade had coupling information (i.e. should not have all 0s in their profile). 
Through a custom written Perl script, we traversed the ML tree. We considered that a given 
GPCR has an altered coupling tendency compared to one of its ancestral receptor’s coupling 
tendency if there was a mismatch in their coupling profiles. The number of such instances 
was recorded and used to infer the fraction of receptors that have altered their coupling 
selectivity during their evolution.

Receptor selectivity pattern identification—The aminergic, purinergic, chemokine, 
S1P-related and V2R-related receptors (Extended Data Fig. 9) were selected as 
representative evolutionarily related receptor groups. The receptors in the different groups 
include (i) Purinergic cluster: P2RY1, P2RY2, P2RY4, P2RY6, P2RY11; (ii) V2R-related 
cluster: V1Br, V1AR, V2R, OXYR, NPSR1, GNRHR, PKR1, PKR2; (iii) S1P-related 
cluster: CNR1, CNR2, LPAR1, LPAR2, LPAR3, S1PR1, S1PR2, S1PR3, S1PR4, S1PR5; 
(iv) Chemokine cluster: CCR9, CCR7, CCR10, CXCR4, CXCR6, CCR6, CXCR3, CXCR5, 
CXCR2, CCR3, CCR1, CCR5, CCR2, CCR4, CCR8, CX3C1, XCR1, CXCR1; (v) 
Aminergic cluster: 5HT1A, 5HT1B, 5HT1D, 5HT1E, 5HT1F, 5HT2A, 5HT2B, 5HT2C, 
5HT4R, 5HT5A, 5HT6R, 5HT7R, ACM1, ACM2, ACM3, ACM4, ACM5, ADA1A, 
ADA1B, ADA1D, ADA2A, ADA2B, ADA2C, ADRB1, ADRB2, ADRB3, DRD1, DRD2, 
DRD3, DRD4, DRD5, HRH1, HRH2, HRH3, HRH4, TAAR; (vi) Adrenergic cluster: 
ADRB1, ADRB2, ADRB3; (vii) Adenosine cluster: AA1R, AA2AR, AA2BR, GP119. 
Structure-based sequence alignments, conservation statistics and residue property features 
for every receptor position of these groups were collected through the GPCRdb API (http://
gpcrdb.org/services/reference/)4,30 using Python scripts. Residue property groups 
associated with a certain type of molecular interaction were defined as in GPCRdb4,30 
[small: A, C, D, G, N, P, S, T, V; aromatic: F, W, Y, H; aliphatic-hydrophobic: A, V, I, L, M, 
C, P; positive charge: H, K, R; negative charge: D, E; hydrogen-bonding: D, E, H, K, N, Q, 
R, S, T, W, Y). Interacting receptor positions were identified as described above. For each 
receptor group, we calculated the molecular property signatures (Extended Data Fig. 9) for 
their ability to couple to a particular G protein family by comparing the subsets of coupling 
and non-coupling receptors within the group, respectively (primary and secondary coupling 
data from the IUPHAR/BPS Guide To Pharmacology database). Each signature is composed 
of a unique combination of residue positions with distinct conservation (% in Gαx coupling 
- % in Gαx non-coupling receptors) of residue properties at each position. This calculation 
was performed using the pandas Python library (http://pandas.pydata.org/). Selectivity 
signatures of residue properties were visualised using matplotlib (http://matplotlib.org/). 
Investigations of sequence patterns, selectivity determinants and sequence conservation (Fig. 
5d and Extended Data Fig. 9c) were performed using the Spial (http://
www.mrclmb.cam.ac.uk/genomes/spial/) web server35 and visualised by WebLogo356. The 
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parameters used for generating Fig. 5d and Extended Data Fig. 9c in Spial are a conservation 
cut-off of 0.1, specificity cut-off for V2R-clade panel: 0.25 and Gs-binding panels: 0.50.

Webserver to investigate GPCR-G protein interface

Use of common residue numbering systems to compare GPCR and G protein 

positions—In order to make the findings presented here applicable to any G protein and 
GPCR (Extended Data Fig. 10), the CGN numbering system (CGN webserver: http://
www.mrc-lmb.cam.ac.uk/CGN)21 and the GPCRdb numbering system (http://
gpcrdb.org)4,30 were used throughout this manuscript.

G protein information and alignments—For each G protein, a page with sequence 
data, structural information and snake-like diagram visualisations is given (protein or sub-
family selection via http://www.gpcrdb.org/signprot/). Sequence information of all human G 
proteins and orthologs thereof has been incorporated into the GPCRdb to allow for segment 
specific alignments according to the CGN system. Additional conservation statistics for 
several amino acid properties and a consensus sequence are shown. Predefined-sets for e.g. 
the selectivity barcode or allosteric binding domains are provided for easy access. 
Furthermore, a site search tool has been added that allows user to manually define a site 
(positions and amino acid sets therein) and match it to the alignments to retrieve the receptor 
profile that shares the given site. Furthermore, the interface positions as well as neutral, 
conserved and selectivity determining positions can be mapped on each G protein snake-like 
diagram and adjusted by a user-defined identity conservation cut-off (e.g. as shown in 
Extended Data Fig. 10). This allows users to investigate and scrutinize each position in any 
human Gα protein of interest.

G protein-coupling properties of human GPCRs—The G protein-coupling data from 
the Guide to Pharmacology/IUPHAR database as described above, is presented in a Venn 
diagram (http://www.gpcrdb.org/signprot/statistics) and a phylogenetic tree – both 
displaying the sets of receptors that couple to the different (sets of) G proteins. Intersections 
and nodes, respectively, can be selected to retrieve specific receptor (sub)sets of the whole 
GPCRome or subclasses for further analyses, such as structure-based sequence alignment 
(e.g. Gαs interface residue alignment) or phylogenetic (sub)trees.

Gα interface mapping of selected receptors—To analyse and infer potential 
selectivity determining residues for any receptor, we provide a comprehensive analysis tool 
(http://www.gpcrdb.org/signprot/ginterface)4,30 that allows researchers to map a selected 
receptor, using NC-IUPHAR receptor nomenclature, onto the determined Gα interface. The 
generic residue positions from the Gα interface and G protein accessible residues are 
visualised by a snake–like diagram of the selected receptor residue topologies and an 
interaction browser, for which conserved and non-conserved interactions are depicted. G 
protein interacting receptor positions were defined as described above (see Receptor 
selectivity pattern identification). G protein accessible receptor positions were defined as 
those within 5 Å of and facing the G protein in the structure complexes of: β2-Gs, A2A-
Gmini, Opsin-β-arrestin and Opsin-Gt (complete G protein superposed to the peptide 
fragment), and therefore potentially able to form interactions in an alternative, more 
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proximal binding mode of the G protein. This led to the identification of 33 G protein 
contacting residues and 6 additional G protein accessible residues.

Extended Data

Extended Data Figure 1. G protein-coupling properties of human GPCRs.

a, Number of GPCRs with distinct primary signal transduction (G protein-coupling) for each 
GPCR family as annotated in the IUPHAR/BPS Guide to Pharmacology database (GtoPdb). 
Only ‘primary transduction’, as defined by the database, is shown here. Note that Fig. 1c and 
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Fig. 1d show both primary and secondary coupling. b, Number of GPCRs with distinct 
primary signal transduction properties grouped by GPCR class.

Extended Data Figure 2. Gene expression profile of human GPCRs and G proteins.

The gene expression level (transcriptome) of human G proteins (top) and GPCRs (bottom) 
across 84 healthy tissues or cell types is shown. The right insets show histograms of the 
number of G proteins (blue) or GPCRs (red) that are expressed in one or multiple tissues. 
This highlights that at least one member of each G protein subfamily (Gs, Gi/o, Gq/11, 
G12/13) is ubiquitously expressed in all tissues. Other subtypes such as the Gt proteins are 
more tissue-specific. GPCRs on the other hand appear much more tissue-specific and are 
only expressed in single or few tissues, except for some ubiquitously expressed GPCRs such 
as chemokine receptors. Normalized expression data was derived from BioGPS (http://
biogps.org).
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Extended Data Figure 3. Asymmetric evolution of GPCR and Gα protein repertoires.

a, The GPCR and Gα protein repertoires (unique genes) across 13 representative organisms 
determined using Pfam domain annotations (see Methods and Supplementary Table). The 
number of Class A receptors slightly differs from the IUPHAR/BPS Guide to Pharmacology 

database as Class A taste receptors are classified as a separate Pfam family. b, Illustration of 
the lineage-specific expansion and differentiation of the GPCR and G protein repertoires 
during evolution. The numbers of G proteins and GPCRs are shown for Capsaspora 
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owczarzaki (an early-branching unicellular sister group of metazoans), Trichoplax adhaerens 
(one of the oldest known multicellular organism), and humans.

Extended Data Figure 4. ‘Phylogenetic age’ of human GPCRs and Gα proteins.

a, Estimation of the ‘phylogenetic age’ of human GPCRs and G proteins by identifying the 
most distant one-to-one orthologs (dark grey) or any ortholog (light grey) from 215 
organisms in the OMA (Orthologous MAtrix) database. The ‘phylogenetic age’ was 
determined by the branching times of human and the oldest organisms that share either a 1-1 
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ortholog or any ortholog (one-many or many-one or many-many) with the human gene 

(Methods). The classification of GPCRs follows the IUPHAR receptor classification. b, 

Complete table of the GPCR and G protein repertoire and the phylogenetic ‘overlap’ of the 
protein repertoires. Jaccard Similarity Index (Methods) for the GPCR and G protein 
repertoires in the 12 completely sequenced genomes from the different eukaryotic lineages. 
The subscript U and S for organisms A and B refer to the number of unique and shared 
genes, respectively.
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Extended Data Figure 5. Conservation of residue positions among orthologs and paralogs in Gα 
proteins.

a, Jitterplots showing the degree of sequence conservation (sequence identity) of each CGN 
(common G protein numbering) position in Gα proteins. The plots show the degree of 
conservation in each one-to-one ortholog alignment for each Gα subtype versus the 
conservation of the human paralog alignment (alignments are provided as Supplementary 
Data and can be visualised to identify which amino acids were fixed at what time points 

during evolution). b, The boxplot shows the distribution of the relative accessible surface 

area of residue positions in each group for Gs (PDB: 1gp2). c, The conserved positions at 
the interface of the β2AR-Gs (PDB: 3sn6) form central clusters (magenta) and tend to be 
surrounded by selectivity determining positions (blue). The average distance among 
positions are: conserved-to-conserved: 9.84 Å; conserved-to-specific: 11.23 Å; specific-to-
specific: 12.20 Å.
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Extended Data Figure 6. Integration of sequence and structure-derived information to 
understand how GPCRs read the G protein selectivity barcode.

G protein selectivity barcode (Fig. 3d) mapped onto the GPCR-G protein interface clusters 
obtained using the β2AR-Gs complex structure (Fig. 4; Methods) highlights which regions 
of the GPCR contact selectivity-determining residues on the G protein. Nodes represent 
GPCR (rounded squares) and G protein (circles) positions. The edges and their width 
represent the number of atomic contacts between residues. The size of the nodes is relative 
to their node degree (number of contacts to other nodes; which is a measure of how central a 
node is). Residues within the cluster are grouped and coloured differently in the background 
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(red, blue, green, brown and yellow). b, Statistics highlighting the results from integrating 
the G protein barcode analysis (sequence-based analysis) with the structural clustering 
analysis (structure-based analysis). The number of residues in Gαs with a particular 
sequence conservation property in each cluster (i.e. universally conserved, neutrally 
evolving, selectivity determining position) is shown. The number of residues that map to the 
different GPCR and G protein secondary structure elements are shown for both GPCR and G 
protein based on the β2AR-Gs complex structure (PDB: 3sn6).
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Extended Data Figure 7. Comparison of the interface contacts and the contacting residues 
between β2AR-Gs and A2AR-mini Gs.

a, Comparison of the overall structure of both complex structures shows that the two 
receptors bind the G protein in a similar binding mode. RMSD values are provided in the 

figure. b, Detailed comparison of the residue contacts between equivalent positions of β2AR 
and A2AR receptor with equivalent positions of Gs and the mini-Gs construct used to obtain 
the complex structures. The exact residue and the GPCRdb numbering scheme for the 
receptor and the CGN system for the G protein are shown on the axes. Contacts (coloured 
cells in the matrix) and positions (horizontal and vertical coloured bars next to the axes) that 
are common or unique to the β2AR or A2AR Gs complex are shown in different colours. The 
G protein selectivity barcode as in Fig. 3 is shown in the bottom of the matrix. This analysis 
suggests that while the same positions of the G protein and GPCRs may be involved in the 
recognition, distinct residues (both positions and the amino acid residue) on the two different 
receptors contact them. In other words, the same selectivity barcode presented by Gαs is 
read differently by receptors belonging to different sub-types.
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Extended Data Figure 8. Phylogenetic tree of GPCRs and mapping of ancestral reconstruction of 
coupling selectivity.

A phylogenetic tree of human Class A, B and C GPCRs was derived from a full-length 
GPCR multiple sequence alignment that was created in-house (Methods). Concentric circles 
illustrate the G protein-coupling selectivity of each GPCR: the four dots depict both primary 
and secondary G protein coupling (from inside to outside: Gs, Gi/o, Gq/11, G12/13). The 
inset on the top left shows a magnification of one clade in the phylogenetic tree. G protein 
coupling of each ancestral node was reconstructed by considering only the primary coupling 
of the receptors (Methods).
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Extended Data Figure 9. Selectivity patterns at the GPCR-G protein interface.

a, Using the phylogenetic history to define receptor clades with a common ancestor 
uncovers distinct conserved properties of amino acids at specific interface positions on the 
receptor. The figure shows molecular property signatures (ability of residues at a given G 
protein interface position to mediate a distinct type of molecular interaction) on the 
intracellular interface of GPCRs. Each circle represents a property (coloured) and its 
distinctiveness (sizing) within the receptors that couple to the given G protein subtype (vs. 
those that do not). There is no conserved sequence pattern in all the receptors that couple to 
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the same Gα protein. b, Receptors that form a phylogenetic clade exhibit distinct molecular 
property signatures (Methods). The legend (bottom) shows the colour scheme used for 

amino acids with different properties. c, Sequence pattern determined by Spial (Methods) of 
the interface positions (left). (top) V2R-clade and βARs (which belong to different groups) 
both couple to Gαs. However, the common ancestor of the V2R related receptor coupled to 
Gαq (suggesting alteration of selectivity) whereas the common ancestor of aminergic 
receptors coupled to Gαs (suggesting inheritance of selectivity). An analysis of the 
equivalent interface positions on the receptor that contact the Gα protein shows that V2R 
independently accumulated a different set of mutations in the same region to selectively 
couple to Gαs and hence arrived at a different sequence pattern to read the selectivity 
barcode on Gαs. (bottom) Adenosine-clade and βARs (which belong to different groups) 
both couple to Gαs and have complex evolutionary histories (Extended Data Fig. 8). An 
analysis of the equivalent interface positions on the receptor that contact the Gα protein 
shows that A2AR independently accumulated a different set of mutations in the same region 
to couple to Gαs and hence arrived at a different sequence pattern to read the same 
selectivity barcode on Gαs (see also Extended Data Fig. 7b). Mutagenesis of the A2b 

receptor has shown that the positions 3x50, 3x54, 5x69, 6x36 and 6x37 affect the coupling 
of Gαs, Gαq, Gα12, Gα13, Gα14, Gαi1, Gαi2 and Gα152 (see also Supplementary Table 
1).
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Extended Data Figure 10. Webserver for analysis of GPCR-G protein selectivity analysis 
considering evolutionary factors.

Summary of the features in GPCRdb, describing the receptor-G protein binding interface. 
These features allow users to investigate various aspects of receptor-G protein binding 
selectivity and G protein specific information for all the human GPCRs and G proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selectivity in GPCR-G protein signalling.

a, GPCRs activate G proteins through a conserved mechanism. b, The same G protein can 
be activated by different receptors, and the same receptor can couple to different G proteins. 

c, Network representation of the currently available G protein coupling data. d, Numbers of 
receptors coupling to different (sets of) G proteins.
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Figure 2. Asymmetric evolution of the GPCR and Gα protein repertoire.

a, GPCR and G protein repertoires of human and five organisms from different lineages (see 
Extended Data Fig. 4b). Fraction of proteins in each organism that are related (dark grey) or 

unique (white) is shown. b, Evolutionary dynamics (Jaccard similarity index) of GPCRs 
(light grey) and G proteins (dark grey) between human and 12 organisms. The subscript U 
and S for organisms A and B refer to the number of unique and shared genes, respectively. 
The higher fraction of human receptors shared with Trichoplax adhaerens and Nematostella 
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vectensis highlights that these organisms shared a complex gene repertoire with human, 
which was lost in some other lineages (e.g. insects).
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Figure 3. Subtype-specific residues and Gα selectivity barcode.

a, Comparing the G protein paralogs alignment with the respective orthologs alignment can 
disentangle positions involved in shared function (magenta), sub-type specific function 

(cyan), organism-specific function (white) and under relaxed functional constraint (beige). b, 

Mapping the data onto the GDP bound conformation of a Gα protein (PDB: 1gp2). c, 

Mapping the data onto the Gαs –β2AR interface (PDB: 3sn6; βγ). The numbers of residues 

in each group (β2AR-Gαs interface positions) are shown in the pie chart. d, For the inferred 
G protein interface positions (CGN system21), the consensus sequence and the nature of the 
position (conserved, neutral, selective) are shown for each G protein (Gα selectivity 
barcode).

Flock et al. Page 34

Nature. Author manuscript; available in PMC 2018 March 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 4. Residue contacts at the GPCR–G protein interface.

a, (left) Residue contact network of all residues at the β2AR-Gαs interface (PDB: 3sn6). 
Residues in the different clusters (Methods) are shown in red, blue, green, brown and yellow. 
(right) Meta-network highlighting the connectivity between the clusters. Node size reflects 
number of amino acids in the cluster, and edge weight denotes number of residue contacts 

between clusters. b, Mapping the structure-derived interface clusters shows complementary 

“ridges” and “grooves” at the receptor-G protein interface. c, Comparison of residues and 
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residue contacts shared between the β2AR-Gs and A2A-Gsmini structures (Extended Data 
Fig. 7).
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Figure 5. Evolutionary history of GPCRs and selectivity determining positions on the receptor.

a, Gene duplication model for the evolution of ligand and G protein selectivity of GPCRs. b, 

Phylogenetic tree representation of the events in the gene duplication model. c, A 
phylogenetic tree of human Class A, B and C GPCRs showing the G protein-coupling 
selectivity of each GPCR (Extended Data Fig. 8). The four dots (filled or empty) depict both 
primary and secondary G protein coupling. G protein coupling of each ancestral node was 
reconstructed by considering the primary coupling of the receptors (V2R clade receptors 

shown as example). d, Sequence pattern (Methods) of the aminergic and V2R-clade 
interface positions suggests independent accumulation of mutations to couple to Gαs. 
Various single point mutations in the V2 receptor (no structure available) support that 
several of these positions are crucial for selectivity (Supplementary Table 1).

Flock et al. Page 37

Nature. Author manuscript; available in PMC 2018 March 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 6. Lock and key analogy for GPCR-G protein selectivity.

a, Receptors are analogous to keys and G proteins are analogous to locks on doors. b, 

Members of different GPCR families can find distinct solutions to bind the same G protein. 
The conserved core of the interface (magenta) allows for a common binding mode and 
activation mechanism, while specificity/selectivity is achieved through interaction with some 

parts of the family-specific G protein barcode residues (cyan). c, Some GPCRs can be 
promiscuous (master keys) and interact with multiple G proteins (i.e. open multiple locks). 

d, G protein interface is more static (fixed lock) whereas the GPCR interfaces are more 
dynamic during evolution. Positive and negative design of the receptor interface positions 
through mutations may give rise to specificity (i.e. adjusting the cuts of keys so that they 

only open certain locks but not others). e, Other factors can modify the GPCR interface and 
binding selectivity.
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