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Diverse activation pathways in class A GPCRs converge near the G protein-coupling region

Class A G protein coupled receptors (GPCRs) are a large family of membrane proteins that mediate a wide variety of physiological functions (e.g. vision, neurotransmission, and immune response)1-4. Not surprisingly, they are the targets of nearly one-third of all prescribed medicinal drugs5 (e.g. beta blockers, antipsychotics). GPCR activation is facilitated by extracellular ligands, and leads to the recruitment of intracellular G proteins3,6. Structural rearrangements of residue contacts in the transmembrane domain serve as 'activation pathways' that connect the ligandbinding pocket to the G protein-coupling region within the receptor. How similar are these activation pathways across different class A GPCRs? Here, we analysed 27 GPCRs from diverse subgroups for which structures of active and/or inactive states are available. We show that despite the diversity in activation pathways between receptors, the pathways converge near the G proteincoupling region. This convergence is mediated by a strikingly conserved structural rearrangement of residue contacts between transmembrane helices 3, 6, and 7 that releases G protein-contacting residues. The convergence of activation pathways may explain how the activation steps initiated by diverse ligands confer GPCRs the ability to bind a common repertoire of G proteins.

Although GPCRs have undergone extensive sequence diversification, they share a conserved structural architecture composed of seven transmembrane (TM) helices. Binding of a ligand to the receptor on the extracellular side results in rearrangement of residue contacts between the TM helices4,7. This leads to large conformational changes in the cytoplasmic side that support receptor activation8-13. The activated receptor binds to and allosterically activates G proteins14-17. In this manner, the TM region of GPCRs plays a pivotal role in transmitting signals across the cell membrane. At the time of performing this study, crystal structures have been determined for 27 class A GPCRs, belonging to seven of the eleven different subgroups (defined based on the endogenous ligand types they bind; www.gpcrdb.org). While most structures correspond to inactive states (generally bound to an antagonist or inverse-agonist), a few structures of receptors in active states (bound to an agonist and with structural rearrangements at the G protein-binding region) have also been solved. There are only five receptors for which the structures of both inactive and active (active or active-intermediate) states are available: the light-activatable rhodopsin8,13, amine-activatable β 2 adrenergic receptor (β 2 AR)7 and M2 muscarinic receptor (M2R)11, nucleoside-activatable A 2A receptor (A 2A R)12, and peptide-activatable µ-opioid receptor (µOR)10. The remaining structures have been determined only in either inactive or active states. The availability of structures of GPCRs from divergent subgroups (as low as ~20% sequence identity18) that are bound to chemically diverse ligands and known to couple to different G proteins, allowed us to investigate activation pathways across class A GPCRs.

Given that the GPCRs are structurally similar and activate a small set of G proteins, some structural aspects of receptor activation are broadly similar (e.g. contraction of ligand binding site, opening of the cytosolic side due to relocation of TM6). However, receptor activation is mediated by diverse ligands and hence some aspects of ligand-induced GPCR activation must necessarily be receptor-specific. How similar are the activation pathways across different receptors? We carried out a comprehensive comparison of residue contacts of inactive and active state structures. Structural equivalence for residues across the different GPCRs was assigned using the GPCRdb numbering scheme19 from GPCRdb20 (www.gpcrdb.org) (Methods). A contact between a pair of residues is defined to exist if the inter-atomic distance between any two atoms across the residue pair is shorter than the sum of their van der Waals radii plus a cutoff distance4,14 (Fig. 1a; Methods). Analysis of residue contacts in inactive and active state structures of rhodopsin, β 2 AR, M2R, A 2A R and µOR revealed that there are ~220-266 contacts between residues in the seven TM helices and helix 8 for each receptor (Fig. 1b). In every receptor, roughly a half of the residue contacts are reorganized upon activation, whereas the other half does not change upon activation.

How similar are the contacts that change upon activation among the different receptors? While pairwise structural comparisons of individual receptors reveal some contacts that are reorganized, the combinatorial possibilities of structural comparison of multiple receptors makes it non-trivial to address this question. Therefore, we employed an unbiased, multiway comparison approach wherein we analyzed the pattern of contacts between structurally equivalent residues across all inactive and active state structures ('contact fingerprint'; Fig. 2a). Of the 451 contact fingerprints, only 30 (~6.7%) represent contacts that are consistently maintained in all inactive and/or active state structures. The remaining 421 contact fingerprints (~93.3%) represent contacts that are not maintained consistently in the inactive/ active state structures across the five GPCRs. This suggests that there is significant diversity in the activation pathways of the different receptors (Fig. 2b).

Despite the diversity in the reorganization of residue contacts upon receptor activation, strikingly, four contacts involving seven residues are exclusively maintained in all inactive state structures whilst two contacts involving four residues are maintained exclusively in all active state structures (Fig. 3; Supplementary Table 1). When one considers the role of these contacts in the inactive and active state structures together, a common re-organization of contacts upon activation becomes apparent. This common rearrangement involves residues in TM3 (3x46), TM6 (6x37) and TM7 (7x53) in all the five receptors (Fig. 3). Importantly, the rearranged contacts are proximal to the G protein-coupling region, and distant from the ligand-binding pocket. This highlights that the diverse structural changes among the receptors, that is stabilized by different ligands converges on a common set of rearrangement near the G protein-coupling region.

Upon activation, the cytoplasmic side of TM6 moves away from the rest of the transmembrane bundle and several previously inaccessible G protein-coupling residues become accessible7. Many of these residues participate in triggering the conserved allosteric mechanism for GDP release in G proteins14. These include the position 6x37 in the cytoplasmic end of TM6 that upon activation contacts a universally conserved leucine (G.H5.25) of the G protein in the β 2 AR-Gs structure (Fig. 4a). In the inactive state, the residue at 6x37 is engaged in a contact with a conserved hydrophobic residue at position 3x46 (Fig. 4a). Upon activation, the residue at 3x46 breaks the contact with 6x37 and forms a new contact with Tyr7x53 within the highly conserved NPxxY motif of TM7. In the inactive state, 7x53 is not available to engage with 3x46 because TM helices 7 and 3 are far apart, and TM6 needs to move out for these residues to form a contact. The residues at position 8x50 and 1x53 contact 7x53 in the inactive state and both the contacts are broken upon receptor activation. This contact rearrangement is observed consistently in all the five different GPCRs from diverse subgroups that are activated by different ligands, and couple to diverse G proteins. Thus, despite the diversity in the reorganization of contacts upon activation (Fig. 2b), there exists a common rearrangement of residue contacts near the G protein-coupling site that underlies the activation of diverse class A GPCRs (Fig. 4a).

How consistent is the rewiring of contacts between 3x46, 6x37 and 7x53 in other class A GPCRs? We investigated all the other class A GPCR structures that were available only in either inactive or activate state (Methods). These include functionally diverse receptors belonging to seven of the 11 subgroups of class A GPCRs: light-activated opsins, aminergic receptors, peptide-binding receptors, protein-binding receptors, nucleoside-binding receptors, lipid-binding receptors, and other receptors (Fig. 4b). The contact between 3x46 and 6x37 is present consistently in all inactive state structures but in none of the active state structures (Fig. 4b). Similarly, the contact between 3x46 and 7x53 is present consistently in all active state structures but in none of the inactive state structures (Fig. 4b). To investigate the importance of these positions and contacts for class A GPCRs (including those which lack a solved structure), we performed a sequence analysis of all non-olfactory class A GPCRs in human. We find that equivalent positions of both residues that mediate a contact tend to be predominantly large hydrophobic or aromatic residues and hence are likely to fulfill the van der Waals criterion to form a contact (Extended Data Figure 1). These observations collectively suggest that the rearrangement of contacts involving positions 3x46, 6x37 and 7x53 is likely to be conserved, and important for receptor activation in all class A GPCRs.

In order to experimentally investigate the importance of the interactions between 3x46, 6x37, and 7x53 in a receptor for which there is no crystal structure available, we examined the signalling profile of the V2 vasopressin receptor using BRET assays21. We created single, double and triple alanine mutants at these positions and measured vasopressininduced Gs and Gq recruitment to infer receptor function. We observed that the mutations resulted in significantly reduced efficacy and potency of the receptor to activate Gs and Gq when compared to the wild type receptor (Extended Data Figure 2). Furthermore, previous observations from mutagenesis experiments in other GPCRs also highlight the importance of these positions for signaling (Supplementary Table 2). For instance, mutation of 6x37 in α 1b -AR results in the reduction of downstream signaling by >70%22. Similarly, mutation of Tyr7x53 in β 2 AR leads to a significant reduction in G protein activation23. While mutations in these positions affect receptor activation, and downstream signaling, the nature of the substitution is likely to influence how the receptor is affected24. Given their key role, mutation in these positions would likely disrupt functional integrity, which could lead to a pathological condition in a physiological context. Indeed, mutations at these positions in different GPCRs are associated with disease (e.g. hypogonadotropic hypogonadism25; Supplementary Table 3). Thus, given the importance of the positions 3x46, 6x37 and 7x53 in diverse GPCRs, we anticipate that the knowledge about the conserved rearrangement of contacts will guide GPCR modelling, facilitate engineering of GPCRs and help in prioritising disease mutations.

Several studies have provided important insights into distinct mechanisms of activation in individual receptors7-13, and have described networks of contacts that are present in various combinations in different receptors upon activation4,10,26,27. Here, we report the presence of a highly conserved rearrangement of specific residue contacts that mediate the convergence of activation pathways across class A GPCRs. Because the microenvironment (i.e. surrounding residues/second shell residues) in which such rearrangement takes place diverges between receptor families, the detailed mechanism by which this common step is facilitated by diverse ligands is likely to be distinct for different sets of GPCRs. Remarkably, despite such differences, we find that the activation pathways ultimately converge to a common and very specific set of contact rearrangements between topologically equivalent residues near the G protein-coupling region. Future studies aimed at investigating residues at and around these positions can help uncover the unique steps that lead to the triggering of the convergent reorganization in a receptor-specific and ligand-specific manner.

From an evolutionary perspective, uncoupling the structural changes near the ligand-binding pocket from the G protein-coupling region, but still ensuring that the activation pathway converges near the G protein coupling site permits the ligand-binding pocket to evolve independently of the intracellular region that couples to G proteins. In this manner, the convergence of ligand-mediated allosteric activation pathways may have contributed to the evolutionary success of GPCRs to bind and be activated by a plethora of ligands, but still signal via a small repertoire of intracellular signaling proteins inside the cell.

Methods

Dataset

The coordinates of the crystal structures of 27 GPCRs (as of Nov. 2015) were obtained from the Protein Data Bank28 (www.rcsb.org). The structures were classified into inactive and active (active/active-intermediate) states. An inactive state structure is bound to an antagonist or an inverse agonist. An active state structure is bound to an agonist and has undergone structural rearrangements in the G protein-coupling region in comparison to its inactive state structure.

There are inactive state structures for the following GPCRs: rhodopsin (1GZM), invertebrate rhodopsin (2Z73), β 1 adrenergic receptor (2VT4), β 2 adrenergic receptor (2RH1), D3 dopamine receptor (3PBL), H1 histamine receptor (3RZE), M2 muscarinic receptor (3UON), M3 muscarinic receptor (4DAJ), CXCR4 chemokine receptor (3ODU), CCR5 chemokine receptor (4MBS), κ-opioid receptor (4DJH), μ-opioid receptor (4DKL), nociceptin receptor (4EA3), δ-opioid receptor (4EJ4), orexin 2 receptor (4S0V), angiotensin II type 1 receptor (4YAY), protease activated receptor 1 (3VW7), sphingosine 1P receptor (3V2Y), lysophosphatidic acid receptor 1 (4Z36), adenosine A2A receptor (3EML), and P2Y1 receptor (4XNV).

There are active state structures for the following GPCRs: rhodopsin bound to a peptide resembling the C-terminus of transducin (3PQR) or bound to arrestin (4ZWJ), adenosine A2A receptor (2YDV), β 2 adrenergic receptor bound to the G protein Gs (3SN6), M2 muscarinic receptor bound to a G protein mimetic nanobody (4MQS), μ-opioid receptor bound to a G protein mimetic nanobody (5C1M), and viral US28 bound to a G protein mimetic nanobody (4XT1).

There are agonist-bound structures of four GPCRs: β 1 adrenergic receptor (2Y01), serotonin 1B receptor (4IAQ), serotonin 2B receptor (4IB4) and neurotensin 1 receptor (4GRV). The β 1 adrenergic receptor structure (2Y01) is nearly identical to its inactive state structure in the G protein-coupling region and is thus a case of an agonist-bound inactive conformation. Since there are no antagonist or inverse agonist bound structures of serotonin 1B receptor, serotonin 2B receptor and neurotensin 1 receptor, their agonist bound structures (4IAQ, 4IB4, and 4GRV) cannot be reliably classified as an inactive state or an active state. Hence these structures were excluded.

There are three structures of the P2Y12 receptor (PDBs: 4NTJ, 4PXZ and 4PY0). 4PXZ and 4PY0 are similar to each other, and have a distorted TM6 (in the cytoplasmic side) due to the fusion with BRIL (the helix 'ends' right after 6x36, becoming a short unstructured region that links to BRIL). The case of 4NTJ is also unusual. The fusion protein still distorts the cytoplasmic region near 6x36 but, in addition, the ligand binds in a peculiar pose that forces TM6 to 'move away' from the transmembrane bundle (at the extracellular side), which modifies the rest of the helix, including the cytoplasmic side. The impact of this peculiar binding pose is so large that most of the extracellular domain is not visible, including the cysteine bridge between TM3 and ECL2. Thus, due to the specific fusion splice points (in 4NTJ, 4PXZ and 4PY0) and the peculiar binding mode of the ligand (in 4NTJ), the cytoplasmic side of TM6 in the P2Y12 receptor crystal structures is distorted and, therefore, these structures were excluded. Similarly, in the case of FFAR1 (PDB: 4PHU), TM7 is shorter than in other class A GPCRs and appears to be truncated. Hence, the structure of FFAR1 was also excluded.

Calculation of residue contacts

We defined the presence of a residue contact between a pair of residues when the distance between any two atoms from the residue pair is less than the sum of their van der Waals radii plus a cut-off distance of 0.5 Å. Contacts involving the backbone atoms between residues that are less than four amino acids apart in the protein sequence were ignored to exclude local contacts4,14. We only considered contacts mediated by the residues of the transmembrane helices (TM1-7) or the amphipathic helix (H8) (based on GPCRdb numbers; www.gpcrdb.org), as (i) ligand binding primarily leads to reorganization in the transmembrane bundle, and (ii) the loops/termini are highly variable in length, structure and intrinsic disorder among the different GPCRs29. While rearrangements of water mediated contacts have been shown to be important for receptor activation10, they are not considered here because not all structures have water molecules resolved in their coordinates. In each structure, residues present in the transmembrane helices (TM1-7) or the amphipathic helix (H8) are treated as nodes and the presence of atomic contacts between pairs of residues are treated as edges connecting the nodes. We then evaluated the presence of residue contacts between topologically equivalent residues across GPCR structures. Structural equivalence was assigned using the GPCRdb numbering scheme19 from GPCRdb20 (www.gpcrdb.org/).

Contact fingerprinting

The functional importance of a given residue contact across a group of proteins can be estimated based on the extent to which topologically equivalent contacts are maintained consistently4,14. For every residue contact within the ensemble, the presence or absence of an equivalent residue contact between topologically equivalent positions across the rest of the GPCR structures was recorded. This information is stored as a bit string of ones (present) and zeros (absent), which are referred to here as 'contact fingerprints'. Identifying contact fingerprints that represent consistently maintained residues contacts across and between conformational states enabled us to identify conserved rearrangement of residue contacts in class A GPCRs. For the identification of residue contacts that are specific either to the inactive or the active states, we focused only on the GPCRs that had structures determined in both inactive as well as active state. For the analysis of contacts across GPCRs including the inactive and active state only structures (Fig. 4b), the contact distance threshold was computed based on the sum of the van der Waals radii of atoms plus multiple cut-off distance between 0.5 and 0.8 Å, in order to account for variation in the quality of structures.

Sequence analysis

The alignment of 311 non-olfactory, Class A human GPCRs were obtained from GPCRdb20 (www.gpcrdb.org/). 285 positions that spanned all the seven TM segments and H8 were aligned. The percentage of amino acids for residues at positions 3x46, 6x37 and 7x53 were calculated from this alignment. The set of large hydrophobic/aromatic residues was defined to include the following amino acids: V, L, I, M, F, Y, W. The odds of finding large hydrophobic/aromatic residues at both positions that form a contact across Class A GPCRs was calculated as p/(1-p); where p = probability (large hydrophobic/aromatic residues in both positions that mediate a contact).

Structure analysis and visualisation

Computer scripts used for identifying and comparing residue contacts in protein structures were written in Perl. Visualisation of protein structures and residue interaction networks was performed using PyMOL.

Signalling profile of Vasopressin V2 receptor mutants using BRET-based biosensors

Vasopressin V2 receptor construct used in the experiments-The human vasopressin V2 receptor construct included the N-terminal SNAP-tag for easy detection and quantification and Twin-Strep tag for optional purification in pcDNA4/TO vector (SNAP-TS-V2R). The mutations were introduced using a two-fragment PCR approach followed by Gibson assembly as described earlier30 and confirmed by sequencing.

Vasopressin V2 receptor ligands-[Arg8]-Vasopressin (Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH 2 ; disulphide bridge: Cys1-Cys6) was purchased from Genemed Synthesis Inc. (San Antonio, TX, USA). The ligand dilutions were prepared in PBS with 0.1% (w/v) BSA. Stock solutions were stored at -20° C and dilutions were freshly prepared for each experiment.

Biosensor constructs-For the plasmids encoding the RlucII-Gα constructs, Renilla luciferase (RlucII) was inserted into the coding sequence of human Gαs and Gαq constructs at positions 117 and 118, respectively. Gγ1 was N-terminally tagged with GFP10 as described31. Untagged Gβ1 was used for all experiments.

Cell culture and transfection-Human embryonic kidney (HEK) 293SL cells were transiently co-transfected with SNAP-TS-V2R, different RlucII-Gα variants, Gβ1 and GFP10-Gγ1 for G protein activation measurements. Linear 25 kDa polyethyleneimine (PEI) (Polysciences Inc.) was prepared in phosphate-buffered saline (PBS) (Multicell) (PEI:DNA ratio 3:1). The cells were seeded into white Cellstar® PS 96-well cell culture plates (Greiner Bio-One, Germany) at a density of 20,000 cells per well and grown for 48 h at 37° C with 5% CO 2 .

Biosensor measurements-48 h after transfection the 96-well plates were washed once with 200 µl PBS/well and 90 µl of Tyrode's buffer (NaCl 137 mM, KCl 0.9 mM, MgCl 2 1 mM, NaHCO 3 11.9 mM, NaH 2 PO 4 3.6 mM, Hepes 25 mM, glucose 5.5 mM, CaCl2 1 mM, pH 7.4) were added for measurements. The cells were stored at 37°C with 5% CO 2 for 2 h prior to the measurement. For the measurement the plates were incubated with 10 µl ligand or vehicle per well for 5 min, then the luciferase substrate, coelenterazine 400a (DeepBlueC), was added to a final concentration of 2.5 μM. After a further 5 min of incubation, luminescence and GFP10 fluorescence were measured at 410 ± 40 nm and 515 nm ± 15 nm respectively, in a Synergy Neo plate reader (Biotek) using 0.4 s integration time. BRET was expressed as a ratio of the emission at 515 nm over the emission at 410 nm.

Quantification of expression levels-SNAP-TS-V2R

wild-type and mutant expressing HEK293SL cells, respectively, were labelled with 50 μl 1 μM SNAP-Surface® Alexa Fluor® 647 dye (New England Biolabs Inc.) in complete medium (DMEM, 10% FBS, Penicillin-Streptomycin) for 30 min at 37° C, 5% CO 2 in 96-well plates. The wells were washed with 100 μl/well complete medium three times, and once with PBS. For measurements, 90 μl Tyrode's buffer were added to each well. Fluorescence was measured with 630 nm excitation and 670 nm emission.

Extended Data

Extended Data Figure 1. Sequence analysis of positions involved in the conserved rearrangement during receptor activation. Activation of Gs (a) and Gq (b) by Vasopressin V2 receptor wild type and mutants. The positions 3x46, 6x37 and 7x53 were mutated to alanine separately and in combination and their G protein response was measured using BRET-based biosensors. Gs is the primary and Gq is the secondary cognate G protein of the vasopressin V2 receptor. The G protein response was significantly reduced for all mutants, pointing towards a reduced receptor activity. The expression levels of the mutant receptors were quantified using a fluorescent dye bound to the SNAP tag of surface-expressed receptors. While the Y325A (Y7x53A), T273A (T6x37A) and T273A/Y325A (T6x37A/Y7x53A) proteins were expressed at wildtype levels, the expression of M133A (M3x46A) and its combinations showed reduced expression levels. As a comparison, the signalling of reduced levels of WT Vasopressin V2 receptor (% of DNA transfected) for Gs and Gq is shown in panels c and d, respectively. This indicates that the reduction in expression level alone cannot explain the reduced signalling of Y325A (Y7x53A), T273A (T6x37A) and the Y325A (Y7x53A)/T273A (T6x37A) combination. Thus, the reduced signalling activity of Y325A (Y7x53A), T273A (T6x37A) and T273A/Y325A (T6x37A/Y7x53A) is likely due to a change in receptor properties. In the case of receptor mutants (single, double and triple) involving M133A (M3x46A), both the G protein response as well as the expression level of the receptor is reduced. This maybe because the position 3x46 is involved in mediating contacts that are important for both the active and the inactive state, and mutating this position might simultaneously affect receptor biogenesis and downstream response. e. The increased EC50s are consistent with a reduced ability of the receptor to reach the G protein bound active conformation resulting in a reduced potency. This agrees well with a destabilisation of the active state of the mutants. 
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 1 Figure 1. Comparison of residue contacts in inactive and active state structures of class A GPCR. a. Residue contact in a GPCR. Residues are denoted as circles and the non-covalent contacts between residues (residue contacts) are denoted as lines connecting the circles. b. Similarity of residue contacts between inactive and active states of each GPCR. For five class A GPCRs, the comparison of the number of residue contacts between inactive and active states are shown using Venn diagrams.

Figure 2 .

 2 Figure 2. Patterns of residue contacts across inactive and active state structures of GPCRs.a. Contact fingerprinting. For every residue contact, the presence (or absence) of a contact between structurally equivalent residues for all structures is computed. The pattern of presence and absence (filled and empty cells respectively) across multiple structures is termed 'contact fingerprint'. b. Distribution of the contact fingerprints representing the presence of contacts in the five inactive and five active state structures.

Figure 3 .

 3 Figure 3. Conserved rearrangement of residue contacts between inactive and active state structures of GPCRs. Considering the conserved residue contacts in the inactive (left) and the active (right) states together reveals a conserved rearrangement of residue contacts in all the five receptors. The cartoons show a schematic representation of the contacts at the secondary structure level (inter-helical) and the residue level (inter-residue). TM helices and helix 8 are shown as circles and the presence of inactive and active state specific contacts between the helices are shown as lines. Residues are shown as circles and contacts between residues are shown as lines. Inactive and active state-specific contacts are shown in orange and green respectively. Dotted circles around 6x37 and 7x53 denote the movement of helices 6 and 7 upon activation.

Figure 4 .

 4 Figure 4. Conserved rearrangement of residue contacts between inactive and active state structures across diverse class A GPCRs. a. Illustration of the conserved rearrangement of residue contacts between inactive and active state structures in β 2 AR. Dotted circles around 6x37 and 7x53 denote the movement of helices 6 and 7 upon activation. b. Conservation pattern of residue contacts involved in the contact rearrangement upon receptor activation in the inactive (left) and active (right) state structures of class A GPCRs.
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