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Abstract: G-protein Coupled Receptors (GPCRs) form the largest membrane protein superfamily in
vertebrates. Advances in crystallization techniques so far resulted in the resolution of 44 unique
receptors available for the GPCRs researcher’s community, 37 of which belong to rhodopsin-like
GPCRs class. We performed here the first systematic analysis of GPCRs binding cavities based on
the available pool of rhodopsin-like solved structures. We pinpointed ten positions shared between
all the solved receptors, namely 3.32, 3.33, 3,36, 6.48, 6.51, 6.52, 6.55, 7.35, 7.39 and 7.43, as
interacting with ligands. We analyzed the conservation of amino acids present in these positions and
clustered GPCRs accordingly to the physicochemical properties of binding cavities’ residues.
Clustering supplied new interesting insights into the common binding mode of these receptors. In
particular, the 3.32 position turned out to have an important role in ligand charge detection. Finally,
we demonstrated that residues in these ten positions have co-evolved together, sharing a common
evolutionary history.
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1. Introduction

The intricate process of cell’s signal transduction begins with a transmembrane receptor, which
interacts with signaling molecules in the extracellular part and transmits the signal towards the
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internal part of the cell. The major contribution to cell signal transmission cascades (80%) is given
by a class of transmembrane receptors, i.e. G-protein-coupled receptors (GPCRs) [1]. Indeed, the
GPCRs superfamily is the largest group of eukaryotic membrane receptors, with about 850 members
in the human proteome [2,3]. Upon extracellular agonists binding, GPCRs are fully-activated by
interacting with heterotrimeric G-proteins (Figure 1), regulating in this way downstream second
messengers or protein kinase cascades [1].

Figure 1. Class A GPCR structure and activation. (A) Schematic representation of a
GPCR, the (2-adrenergic receptor in complex with Gs-protein. (B) Activation-induced
conformational changes in the backbone of class A GPCRs exemplified here by the
[2-adrenergic receptor: its inactive structure (PDB ID: 2RH1) is in blue and its active
structure (PDB ID: 3SNG6) is in yellow. The receptor has the same orientation in (A)
and (B).

The activation of GPCRs is reflected in specific conformational changes of the seven
transmembrane helixes (TM1-7). Indeed, upon activation, a huge rearrangement of the so-called
highly conserved “intramolecular switches” takes place, that includes helixes 2, 3, 6 and 7 [4,5].
These switches connect the ligand binding site with the cytoplasmic part of GPCRs, transmitting the
signal through the transmembrane helixes as pieces of a connected puzzle. More specifically, TM6
moves away from the helical core of ~10A, while TM7 moves toward the core [6,7]. Together with
TM2, 3 and 6, the movement of TM7 disrupts the “hydrophobic barrier” formed between these
helixes. This disruption causes the collapse of the allosteric sodium binding site, positioned in the
half down part of the receptor. As the “allosteric” sodium ion stabilizes the inactive conformation of
the GPCR, the collapse of its binding site thus leads to the activation state of the receptor [8].

According to the GRAFS system, human GPCRs can be grouped into five main
subfamilies [2,9] named: glutamate, rhodopsin, adhesion, frizzled/taste2 and secretin. Glutamate
receptors respond to the neurotransmitter glutamate [10]; adhesion receptors are characterized by
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extremely large N-terminus, containing various adhesion domains responsible for mediating cell-cell
and cell-matrix interactions [11]; frizzled receptors serve as receptors in the Wnt (the acronym Wnt
is a fusion of a Drosophila’s gene name, wingless, and the correspondent vertebrate homolog,
integrated or int) signaling pathway [12] and secretin receptors bind secretin, a hormone that
regulates water homeostasis [13]. The rhodopsin-like GPCRs class (rho-GPCRs hereafter), is a
widespread protein family that adopts the common structural framework of rhodopsin, the first
structurally solved GPCR [14,15]. The rho-GPCRs class is the most heterogeneous one. Indeed,
receptors belonging to this class are activated by a broad range of endogenous agonists such as small
organic molecules, peptides, proteins, ions, and even light as in the case of rhodopsin.

The first successful GPCR crystallized structure, in 2000 [15], was the bovine rhodopsin
receptor and so far, 44 unique receptor structures have been determined by X-ray protein
crystallization and nuclear magnetic resonance (NMR) techniques, 37 of which belong to the
rho-GPCRs class [16]. Very recently, the activated glucagon (GLP-1) receptor structure, in complex
with a G-protein was solved, using, for the first time on a GPCR, the cryo-electron
microscopy (cryo-EM) strategy [17].

At a pharmaceutical level, GPCRs are crucial targets since they bind ~40% of all the
commercial drugs [18,19]. Thus, solving the structure of GPCRs and characterizing the molecular
mechanism of activation could have a great importance for human health. On this purpose, a massive
number of studies have been proposed since the first GPCR structure was solved. These studies
regard principally the characterization of rho-GPCRs structural features [3, 20,21,22] or analysis of
the interactions with their cognate ligands [23,24]. Regarding the first point, the analysis of solved
rho-GPCRs has revealed some common structural features, such as the presence of a highly
conserved residue in each of the transmembrane helices. Indeed, this is the origin of the Ballesteros-
Weinstein numbering (or generic GPCRdb numbering) of GPCRs, in which the first number
indicates the helix and the second number indicates the residue position with respect to the most
conserved residue in that helix (x.50). For example, position 3.52 refers to a residue in helix 3, two
positions after the most conserved residue, the 3.50. Members of the rho-GPCRs class share a set of
highly conserved motifs, such as for example, D[E]JR*®®Y in helix Ill [25]. This common motif
forms the so-called “ionic lock™, that is formed only during the inactivation of GPCRs. Another
crucial motif, the NP"*xxY in helix VII, is considered to play an important role in GPCRS
rearrangement upon activation [26,27]. Finally, a highly conserved disulfide bridge between Cys*®
located in helix 111 and a cysteine residue in ECL2 was observed in most of the GPCR structures [28].

Concerning the general ligand-binding modes of the GPCRs, size and shape of the binding
cavities change dramatically between classes. The binding cavity of glutamate receptors is located
much deeper compared to those of the other classes [29]. Contrarily, in the (smoothened) SMO
structure, a frizzled class receptor, the ligand lies in a long and narrow binding pocket, interacting
mostly with extracellular loops [29]. Similar differences can be observed also within the same
classes. In rho-GPCRs class, the ligands that bind to chemokine receptors are positioned in cavities
that are mostly located in the extracellular part, showing a wider extracellular opening compared to
the ligand binding cavities of the receptors that bind small ligands like aminergic receptors [30].

What is missing so far, to get deeper insights into the function of the GPCRs superfamily and in
particular rho-GPCRs class, is a global characterization of the binding cavities of these receptors
with the perspective of uncovering common binding characteristics, preserved in this class along
millions of years of evolution. Gaining knowledge on common features for ligand recognition shared
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among all the five classes may become crucial to deeply understand the mechanism used by these
receptors to transmit the signal into the cell.

The aim of this work is to analyze the rho-GPCRs solved structures [16,31] in order to assess if
and how shared binding features, can give insights into the evolutionary history of these receptors.
We analyzed 85 unique receptor-ligand crystallographic structures and for each complex we
extracted all the positions involved in ligand (hereafter in the definition of ligand we include small
non-peptide compounds and peptides) interactions. Following the reasoning that ligand binding
could be part of the general GPCRs architecture, we expect to find, on one hand, well-conserved
positions required for ligand interactions and on the other hand, highly variable residues located in
these positions, responsible for the selective differences within each GPCRs subfamily. These
differences should result in a recognition of a wide and different range of ligands, as described
before. Indeed, by restricting our analysis to the binding sites of GPCRs and clustering the receptors
accordingly to their shared features, we identified and validated ten functionally relevant co-evolved
positions. As a cross-check, we showed that these positions are enough to cluster all rho-GPCRs
accordingly to their evolutionary history.

2. Materials and Method

We retrieved all the solved rho-GPCRs structures from the PDB database [32]. We eliminated
all the apo structures and receptor-ligand complexes that were not unique. We performed our
analysis on 85 GPCRs complexes (see Supplementary Table 1). Receptors’ residues that were distant
not more than 6 A from the ligand or peptide were extracted using an in-house Python script. We
defined a contact between an atom of the ligand and one from the receptor as formed, if their
distance is smaller than their van der Waals radii plus a cutoff of 0.8 A as in [33,34]. The latter takes
into account the difference between the different X-Ray resolutions [33,34]. Extracted interactions
were then visually checked. We generalized the numbering of the residues involved in ligand or
peptide interaction using the GPCRdb numbering [16]. The presence of each position in ligand
binding was calculated using in-house Python scripts. For the conservation analysis, we downloaded
the rho-GPCRs curated eukaryotic alignment from the GPCRdb database (1618 sequences). We used
Python scripts to extract the conservation percentage of residues for each position and build a LOGO
of the alignment using the WebLogo server [35]. Coevolution and mutual information (MI) were
calculated using the MISTIC server [36]. The mutual information theory is often used to estimate the
coevolutionary relationship between two positions in a multiple sequence alignment. For example,
crucial mutations that change the protein function can take place only if a compensatory mutation
occur elsewhere in the protein to preserve its function [37,38].

Regarding the clustering step, we used an agglomerative hierarchical cluster method from
Python Scipy library, generating 10 steps for the bottom up (agglomerative) approach as the number
of the shared positions in the binding cavities [39]. Each step results in a defined number of clusters,
accordingly to the number of receptors that share similar residues in the same positions of the
binding cavity. For example, for step number one of the agglomerative clustering, we have N number
of clusters with receptors sharing similar residues in all the ten positions clustered together.

In order to cross-check our results, we downloaded the endogenous ligand structures from the
ZINC database [40] and the non-endogenous ligands from the GLASS database [41] (see Figure 2).
The latter are ligands previously proven with experimental data to bind a specific GPCR. We then
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calculated their charges by wusing the MarvinSketch tool v.17.2 of the Chemaxon
package (http://www.chemaxon.com). All the scripts used in this manuscript are available upon
request.
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Figure 2. Flowchart of the pipeline used in this work. The pool of the analyzed PDB
structures is indicated with a red cylinder, the clustering steps with two orange cloud
symbols and the validations of the results steps with a cyan rectangle.

3.  Results

We used a pool of 85 complexes with known structure (Supplementary Table 1), belonging to
the rho-GPCRs class to perform our analysis. First, we manually checked and deleted all the
apo-complexes and redundant receptor-ligand complexes. Then we calculated, for each receptor, all
the residues involved in ligand binding. Finally, we manually checked the type of interactions
established between the ligand and the receptor, i.e. hydrogen bonds, salt bridges, n-stacking or
covalent interactions. In order to refer to a unique system of coordinates, we used the generic
numbering from the GPCRdb database [16]. We extracted the binding positions by selecting only
those shared in ligand binding between all the solved receptors. By using this approach, we were able
to distinguish ten positions, namely 3.32, 3.33, 3.36, 6.48, 6.51, 6.52, 6.55, 7.35, 7.39, 7.43, that
turned out to be functionally (positions involved in binding in all the solved GPCRs structures)
conserved in 100% of the complexes, meaning that they are key positions for binding and function in
all the structurally analyzed GPCRs (see Supplementary Material section “Agonist-antagonist
differential bioinformatic analysis” for a detailed analysis regarding agonists and antagonists
interactions with the solved receptors). These positions include residues present in only three helixes,
i.e. TM3, TM6, and TM7, in agreement also with a previous study [42]. Afterwards, we used the
GPCRdb mutant browser tool to check for the existence of experimental data involving residues in
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these ten positions. Indeed, significant site directed mutagenesis data, involving all the ten positions,
were shown to reduce ligand binding/potency of about >5-fold further confirming the functional
importance of these positions (Figure 3) [16].

Figure 3. Schematic representation of GPCRs experimental mutagenesis data, obtained
by using the GPCRdb server [16]. Red, green, and yellow positions that reduce the ligand
binding/potency by >5-fold, increase the ligand binding/potency by >5-fold and have no
or low effect in the binding affinity (<5-fold), respectively. Helixes are numbered from
one to seven.

The observation that these ten positions are present in all the rho-GPCRs binding cavities, without
distinction of the sub-family, prompted us to suggest a role in the evolutionary history of the receptors.
We thus performed a coevolution and a mutual information study on a rho-GPCRs curated alignment
of 1618 eukaryotic sequences. We observed high values of cumulative mutual information (cMl) for
the ten previously calculated positions, meaning that these positions could have played an important
evolutionary role (Figure 4 and Supplementary Figure 1) [43].

We then calculated the amino acid conservation of the ten shared positions. From this analysis
emerged a high value of conservation, of about 77%, for a tryptophan in position 6.48 (see Table 1
and Supplementary Figure 2). This position is well known in literature since it is a hub involved
either in ligand detection and receptor activation [22,44]. The other positions, except for 3.32, have
hydrophobic amino acids, i.e. valine, methionine, leucine (Table 1) as the most conserved amino
acids. Position 3.32 drawn our attention because it presents an aspartic acid in 22% of the
rho-GPCRs (Table 1 and Supplementary Figure 2). This aspartic acid is known in the literature to be
responsible for interacting with amines, small positively charged molecules [45]. We thus
investigated if, using residues present in the 3.32 position as features for the clustering, could lead to
a discrimination between receptors with similar physicochemical properties. Indeed, this first
clustering-step showed three principal groups: (i) receptors with a negatively charged
residue (amine cluster), (ii) receptors with a hydrophobic residue (hydrophobic cluster) and (iii)
receptors with an aromatic residue (aromatic cluster) (see Figure 5). Then, in order to verify if these
results could be correlated with the different type of ligands that activate these receptors, we cross-
checked the clustering-step by grouping the endogenous ligands accordingly to their charges. We
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calculated the charges of 35 endogenous agonists (see Supplementary Table 2). The ligands were
clustered into three main groups as well: (i) positively charged ligands that bind amine receptors as
acetylcholine, histamine, adrenaline etc., that correspond to the receptors’ amine cluster, (ii) neutral
molecules as the case of retinol, that binds opsin receptors or adenosine that binds adenosine
receptors, as well as melatonin that bind melatonin receptors and anandamide that binds cannabinoid
receptors, all grouped in the hydrophobic cluster and (iii) negatively charged molecules as those that
activate lipid or nucleotide receptors, present in the aromatic cluster. This cross-check confirmed that
physicochemical characteristics of the residues in position 3.32 were enough to discriminate
receptors based on the charge of their endogenous agonists. The same behavior was observed also in
the case of peptide receptors that have a negatively charged residue in position 3.32 (Supplementary
Figure 3). Indeed, melanin-concentrating hormone, opioids, neuropeptide W/B, somatostatin and
urotensin receptors came out to be activated mostly by positively non-endogenous
ligands (Supplementary Table 3). Taken together these results indicate a huge importance of 3.32
position in ligand charge detection during evolution and an indirect involvement of this position in
receptor activation.

Figure 4. Mutual information circle calculated using the MISTIC server [36], mapped on
the 2 adrenoceptor. Labels in the first (outer) circle indicate the alignment position and
the amino acid code of the reference sequence, the p2-adrenergic receptor. The colored-
square boxes of the second circle indicate the MSA position conservation (highly
conserved positions are in red, while less conserved ones are in blue). The third and
fourth circles show the Proximity Ml (pMI) and Cumulative Ml (cMI) as histograms,
facing inwards and outwards respectively. In the center of the circle, red lines connect
pairs of positions with high values of Ml [43].
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Table 1. Conservation of the residues for each shared position in the GPCRs binding
cavities. Positions (green) correspond to each column and amino acids (blue) correspond

to each row. The most conserved residue in shown in red.
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Figure 5. Clustering results using the physicochemical properties of residues
corresponding to position 3.32. Amine cluster is shown in red, hydrophobic cluster is
shown in green and aromatic cluster in shown in orange.

Prompted by the encouraging result of the clustering method, we then considered all the ten
previously identified positions, namely 3.32, 3.33, 3.36, 6.48, 6.51, 6.52, 6.55, 7.35, 7.39, 7.43, for a
second clustering-step. As the shared positions are ten, we used ten different thresholds in our
approach (see Methods section for more details). At threshold equal to ten (first level of the
agglomerative clustering) shared positions, receptors that have residues with similar physicochemical
properties in all the positions are clustered together. On the other hand, at threshold equal to one (last
level of the agglomerative clustering), receptors sharing only one similar residue are clustered
together. We obtained 394 clusters for the first level and 10 clusters for the tenth
level (Supplementary Figure 4). Concerning the first level, we noticed that clustering was strongly
species-dependent with mammalians sequences mostly clustered together, and other more distant
species, like fishes, forming separate clusters. We focused instead our attention on the seventh level
of the agglomerative cluster, with a threshold of at least three shared positions. We chose this level
because it showed an optimal ratio between number of members and biological relevance of the
clusters (Figure 6). Thus, at this point, we were interested in investigating if, sharing only three
residues in the binding cavity, could be enough to explain the evolutionary history of rho-GPCRs.
We compared our clusters (Figure 6) against the GPCR network phylogenetic tree’s sub-branches [47]
and against data in literature containing experimental information on the GPCRs.

First, all the amine receptors (Figure 6, cluster o) were clustered within the same cluster,
similarly as in the classical GPCR phylogenetic tree [47]. Indeed, all the amine receptors shared five
positions out of ten in the binding site (see Figure 6). In other four clusters (clusters A, k, p and v,
Figure 6), we can distinguish, Adenosine, Rhodopsin, P2Y and Chemokine receptors. While these
receptors are very similar within their local branches (subfamilies), they differ throughout the
rho-GPCRs class. In our clusters analysis, we observed the same trend as in the GPCRs phylogenetic
tree [47]. In Cluster B we find Motilin, Neuromedin U and Ghrelin receptors that share six out of ten
positions in the binding cavity (Figure 6). From a biological point of view, Motilin and Ghrelin
receptors are both used as drug targets for gastrointestinal disorders [48]. Considering only their
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binding cavities, our clustering method was able to give informative results regarding the common
pathway of these receptors.

Cannabinoid receptors and Melanocortin receptors are included in the same cluster (cluster 9,
Figure 6). These two receptors were discovered to be expressed as a chimeric protein in an isolated
fragment of a leech CNS, an invertebrate species [49]. Surprisingly, in the eukaryotic species, they
share only three out of ten positions in the binding site. These positions, that could have played a key
role during the evolution of these two receptors, were captured with our method.

Cluster n grouped together Lipid, Prostanoid, Cholecystokinin and Relaxin receptors (Figure 6).
Cholecystokinin is expressed in the gastrointestinal system and is responsible for stimulating the
digestion of lipids, and thus belongs to the same biological pathway of lipid receptors. In fact,
Harikumar KG and collaborators [50] have shown a high correlation between a microenvironment
rich of lipids and the inactive, uncoupled state of the Cholecystokinin receptor.

On the last cluster (cluster 6, Figure 6) we can find Opioid, Endothelin and Oxytocin receptors
together. Opioid and Endothelin receptors share a common antagonist, that inhibits both receptors [51].
Regarding the Oxytocin receptor, it seems that both Opioid and Oxytocin receptors play important
roles in pain modulation. Indeed, the opioid system is involved in the oxytocin-induced
antinociception in the brain of rats [52]. Thus, our clustering method was able to capture important
biological features, that are difficult to be captured using classical phylogenetic approaches.

Apelin
5-Hydroxytryptamine Motilin Comp?;geb:tspl)r:eptide
Adrenoceptors Neuromedin U Galanin
Acetylcholine (muscarinic) Gherelin Peptide P518 Endothelin
Dcl)pamlme Tachykinin Opioid
Histamine B Chemerin receptor Proteinase-activated
Trace amine

Oxytocin
Gprl2

Leukotriene

Adenosine 3.32 |3.33 [3.36 |6.48 |6.51 |6.52 |6.55 |7.35 |7.39 |7.43

GPR3 o
onadotrophin-releasing hormon 7 Neurcpeptide W
GPR6 Bradykinin
GPR12 9 n G Somatotastin
Neuropeptide S LPAR1-3
Melanocortin S1PR2 Neuropeptide FF
Prostanoid Neuropeptide Y
Cholecystokinin Orexin
Relaxin Relaxin

Figure 6. Clustering-step using, as features, residues corresponding to the ten shared
binding cavity positions. Each cluster is shown with a differently colored circle and
labeled using Greek letters. The shared positions within a cluster are also illustrated with
the same colored lines.
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4, Conclusions

Here we present the first global analysis on the rho-GPCRs binding cavities, based on all the
solved structures of these receptors. In total, we analyzed 85 complexes and from our structural-
based GPCRs analysis, we found previously uncovered properties of the binding cavities. First, we
found that ten positions of the GPCRs binding cavities, namely 3.32, 3.33, 3.36, 6.48, 6.51, 6.52,
6.55, 7.35, 7.39, 7.43, are shared between all the rho-GPCRs solved structures. They are located in
three helices, i.e. TM3, TM6, and TM7. These helices together with TM2 have been previously
shown to play a fundamental role in GPCRs activation [5,26,53]. This leads us to believe that our
findings could be strictly connected with the activation of these receptors. In fact, the transmission of
the signal in GPCRs starts with agonist binding and continue, through hinge residues interactions,
towards the G-protein binding cavity. Our findings could be used as the starting point of further
studies aiming at a deep learning of GPCRs activation.

Using similar physicochemical properties of residues in these ten positions as features, we then
were able to cluster together receptors that are very distant between each other at a sequence level,
but very close in ligand recognition and binding cavities similarities. We showed that on one hand,
some receptors were clustered together in a very similar way to branches of the GPCR network
phylogenetic tree. On the other hand, we found clustered together receptors completely different at a
sequence level but belonging to the same biological pathway. An example is the case of Opioid and
Bradykinin receptors that interact with the same/very similar ligands. The method of the
agglomerative clustering used here was able to capture important features of receptors binding
cavities that are very difficult to be recognized using classical phylogenetic approaches. Moreover,
position 3.32 that seems to have played an important role in agonists’ charge detection during
GPCRs evolution.

To the best of our knowledge, this is the first time that a similar analysis is performed on all the
rho-GPCRs solved structures. We believe that our results can help in the deorphanization of GPCRs
whose ligands are still unknown, as well as in suggesting novel specific drug targets.
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