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GPCRs make up the largest family of humanmembrane proteins and of drug targets. Recent advances in GPCR pharmacology and
crystallography have shed new light on signal transduction, allosteric modulation and biased signalling, translating into new
mechanisms and principles for drug design. The GPCR database, GPCRdb, has served the community for over 20 years and has
recently been extended to include a more multidisciplinary audience. This review is intended to introduce new users to the
services in GPCRdb, which meets three overall purposes: firstly, to provide reference data in an integrated, annotated and
structured fashion, with a focus on sequences, structures, single-point mutations and ligand interactions. Secondly, to equip the
community with a suite of web tools for swift analysis of structures, sequence similarities, receptor relationships, and ligand target
profiles. Thirdly, to facilitate dissemination through interactive diagrams of, for example, receptor residue topologies, phyloge-
netic relationships and crystal structure statistics. Herein, these services are described for the first time; visitors and guides are
provided with good practices for their utilization. Finally, we describe complementary databases cross-referenced by GPCRdb and
web servers with corresponding functionality.
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Introduction

GPCRs
The GPCR family comprises about 800 members in humans
making it the largest membrane protein family (Venter
et al., 2001). A bit more than half of the GPCRs sense
exogenous signals: odours, tastes, light or pheromones
(Mombaerts, 2004); whereas ~350 receptors regulate a
plethora of physiological processes spanning nervous and en-
docrine systems. Their abundance, regulation of pathophysi-
ology in diverse disease areas, accessibility at the cell surface
and druggable binding sites have made GPCRs the largest
drug target family. GPCRs make up ~19% of targets for drugs
on the market and are one of the largest families in clinical
trials; however, the majority are still unexploited in therapies
or trials (Rask-Andersen et al., 2014).

The human GPCRs can be classified into six classes, and as
many unique (other) receptors (Table 1). Two overlapping clas-
sification systems denote the classes A–F (Kolakowski, 1994) or
by their prototypical members, glutamate, rhodopsin, adhe-
sion, frizzled and secretin, and are based on sequence homology
and phylogenetic analysis (Fredriksson et al., 2003) respectively.
The taste type 2 receptors were recently placed as a separate
sixth class having evolved from class A (Nordstrom et al.,
2011). The classes are further grouped into receptor families by
pharmacological classification of their endogenous ligands that
span ions, neurotransmitters, lipids, carbohydrates, nucleotides,
amino acids, peptides and proteins (Southan et al., 2016). The
pharmacological receptor families mirror the evolutionary
subfamilies, with a few exceptions.

Structurally, all GPCRs share a common core of seven
transmembrane (7TM) helices that form the machinery for
signal transduction across the cell membrane. Classes A and
B1 bind their endogenous ligands in the 7TM, which serves
as a site for allosteric modulation of class B2, C and F GPCRs
that instead have their orthosteric site in the extracellular do-
main (Lagerstrom and Schioth, 2008). Crystal structures are
now available for the 7TM of all classes but B2/adhesions
Table 1
The human GPCRs can be classified into six classes, and as many unique (ot

Class GRAFS Family Note

A Rhodopsin Incl. 390 olfactory and 5 v

B Secretin Also referred to as B1

Adhesion Also referred to as B2

C Glutamate Incl. 3 Taste 1 receptors

D — Fungal mating pheromon

E — cAMP receptors

F Frizzled —

T Taste 2 Previously grouped with C
a separate class evolved fr

O Other 7TM receptors not belong

Two overlapping classification systems denote the classes A–F (Kolakowski, 1
frizzled and secretin (GRAFS) and are based on sequence homology and phylo
receptors were recently placed as a separate sixth class having evolved from c
both classifications.
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and T/taste2 and have revealed common conformational
changes during receptor activation, allosteric modulation by
ions, lipids, cholesterol, and water; as well as G protein bind-
ing (Katritch et al., 2013; Venkatakrishnan et al., 2013; Tehan
et al., 2014). This wealth of information has sparked great ac-
tivity in the GPCR field to understand the structural mecha-
nisms for signal transduction, allosteric modulation and
biased signalling; and to exploit these new templates and
principles for drug design.

Furthermore, as much as one third of the non-sensory
GPCRs are still orphan receptors with unknown endogenous li-
gands and/or function (IUPHAR/BPS Guide to PHARMACOL-
OGY). Most of these were identified only relatively recently
after themapping of the human genome. Thus, significantwork
remains to be done in the elucidation of their basic pharmacol-
ogy and physiology, and in the longer term, disease validation
and exploitation as novel clinical targets.
The GPCR database, GPCRdb
The GPCR database, GPCRdb, is well-established in the GPCR
community withmore than 20 years of service and over a thou-
sand citations (Horn et al., 1998; Horn et al., 2003; Vroling et al.,
2011; Isberg et al., 2014, 2016). GPCRdb was started in 1993 by
Gert Vriend, Ad IJzerman, Bob Bywater and Friedrich
Rippmann. At this time a growing number of receptor
sequences were identified through gene cloning. As web
browsers had not yet been introduced, the GPCRdb was origi-
nally an automated email answering system that could send
sequences, alignments and homology models to its users. Over
two decades, the GPCRdb has evolved to be a comprehensive
information system storing and analysing data.

In 2013, the stewardship of the GPCRdb was transferred
to the David Gloriam group at the University of Copenhagen,
backed up by an international team of contributors and de-
velopers from the European COST Action ‘GLISTEN’. It has
since been extended to increase its utility for a greater number
of GPCR researches and studies. The manually annotated and
derived data focus on crystal structures, sequence alignments,
her) receptors

# Human members

omeronasal 1 receptors 689

15

33

22

e receptors 0

0

11

lass F but later redefined as
om class A

25

ing to any of the above classes 6

994) or by their prototypical members glutamate, rhodopsin, adhesion,
genetic analysis (Fredriksson et al., 2003) respectively. The taste type 2
lass A (Nordstrom et al., 2011) abbreviated with T. The GPCRdb provides
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and receptor mutations; can be visualized in interactive
diagrams; and form the basis of a suite of online analysis tools.
Below, we introduce new users to the key GPCRdb data and
analysis and visualization tools, complemented by good
practice guidelines for their application.
Receptor mutations and residue
diagrams
GPCRdb holds a large collection of manually annotated
mutations from published studies that have served to pin-
point ligand binding sites, specific ligand-receptor interac-
tions or the residues responsible for subtype selectivity
(Beukers et al., 1999; Isberg et al., 2016). In the past, only
minimal information was stored: the receptor, residue
number, wild type and mutation amino acids and a refer-
ence. In the last year, this has been expanded to also in-
clude the effect (qualitative or quantitative) on ligand
affinity or potency, as well as influence on receptor surface
expression or basal activity. Thus, this resource has shifted
from a source of publications to direct access to generated
results and meta-comparison of multiple studies or recep-
tors. Pharmacologists and other researchers can submit
their data to generate diagrams for publication (below)
and to increase dissemination. The major considerations
for user-based data deposition are that to receive sufficient
data the submission has to be fast, while its utility requires
all critical data to be captured in a uniform representation.
In the GPCRdb, mutation data are submitted in an excel file
with one mutation per row, described using standardized
controlled vocabulary terms.

The mutation data are described in three ways. (i) The
mutation browsermirrors the Excel file submitted but combines
data from multiple sources and allows for sorting and filtering.
(ii) The helix-box and snake-plot diagrams (Figure 1A, B) are
2D receptor topology plots thatmap the position of binding site
residues as seen from the extracellular and membrane sides
respectively. (iii) The residue table (Figure 1C) is a side-by-side
comparison ofmutations to their equivalent sequence/structure
positions (see generic residue numbering below) acrossmultiple
receptor subtypes or species. Together, the three representations
allow users to map common hotspots for ligand binding or
receptor subtype selectivity, as well as to delineate specific
receptor interactions for a selected ligand. All representations
apply a uniform color-coding of mutants according to their
fold effect on ligand binding/activity (the specific type can be
seen in the browser or table download) and can be
downloaded for further analysis or publication.

Good practices for the interpretation and design
of mutagenesis experiments
Alanine scanning, mutation of a series of non-glycine resi-
dues to alanine, is often used to replace larger sidechains with
the minimal methyl group in the identification of function-
ally important residues (Morrison and Weiss, 2001). How-
ever, alanine scanning has drawbacks: drastic mutations,
such as from large or charged residues, are more likely to per-
turb the surface expression of a receptor or its basal activity.
Furthermore, it does not give sufficient information to
distinguish between the different molecular interactions that
could be mediated by a single residue, for example Tyr can
exhibit aromatic stacking, hydrophobic van der Waals
contacts, (π)–cation interactions or serve as a hydrogen bond
acceptor or donor. Hence, a more ideal strategy is to make the
most conservative mutation, while removing one molecular
functionality at a time.

When locating an unknown site, it is desirable to cover
many parts of the receptor pocket; optionally, this could be
achieved with fewer mutants by mutation to larger sidechains
that block ligand binding. Prioritization is typically towards
the residue mutations that are expected to have the strongest
direct effect. Ligand affinity is expected to decrease more upon
removal of stronger interactions, that is, in the order of charged,
polar, aromatic and van der Waals contacts. Furthermore, the
charged and polar interactions provide higher resolution as they
aremore spatially defined (distances and angles), and the hydro-
phobic interactions, especially aromatic stacking, more often
give rise to indirect effects.

In delineation of a specific receptor–ligand interaction, it
is typically desired to generate complementary mutants for
a residue. For example, Tyr to Phe mutation removes only
the hydrogen bonding hydroxyl functionality, while a Tyr
to Leu mutant also removes the aromaticity. However, there
are special cases that warrant broader strategies: less conser-
vative mutants are used in selectivity studies wherein
subtype-specific residues are exchanged, and when several prox-
imal residues can interchangeably mediate the same ligand
interaction, double or even triple mutants may be required.

For convenience a quick reference guide has been collated in
the GPCRdb documentation that tabulates ‘good practice’
mutations for all of the 20 amino acids and their primary
interaction types. Furthermore, a beta-version is available as an
online tool to design new mutagenesis experiments based on
previously annotated mutations, ligand interactions extracted
from crystal structures and, optionally, a user-uploaded
receptor–ligand complex in Protein Data Bank (PDB) format.
Structure statistics, browsing and
processing
In recent years, technological breakthroughs (Salon et al.,
2011) have led to an exponential increase in the number
of GPCR crystal structures. The first structure of a ligand-
activated receptor, the β2-adrenoceptor, was presented in
2007 by the Nobel laureate Brian Kobilka and today, more
than 142 structures have been reported for 73 unique
GPCRs. These have revealed the molecular sites and mecha-
nisms for ligands, lipids, G proteins, water networks as well
as conformational changes upon receptor activation
(Katritch et al., 2013; Venkatakrishnan et al., 2013; Tehan
et al., 2014). Thus, GPCR researchers are presented with a
range of receptors and complexes, and alternative templates
may be selected in studies of, for example, ligand binding,
allosteric modulation, signal transmission, signal protein
activation and biased signalling. As indicated by the three
community-wide ‘GPCR Dock’ assessments, the increasing
number of structural templates has led to higher precision
in homology modelling (Michino et al., 2009; Kufareva
et al., 2011; Kufareva et al., 2014).
British Journal of Pharmacology (2016) 173 2195–2207 2197



Figure 1
(A) Snake and (B) helix box diagrams depict the receptor topology as seen from the side and above respectively. (C) Residue Tables give a side-by-side
comparison of receptor subtype residues lined up by their common generic residue number. Figure A covers the overall and B–C the 7TM sequence,
respectively; the first two are a consensus representation and the latter all metabotropic glutamate 1 (mGlu1) receptor species orthologues in the
GPCRdb. The colour scheme indicates the fold effect of mutation on ligand binding, as described in the label. The same residue diagrams and tables
can also be used to highlight ligand interactions from crystal structure complexes and residue physico-chemical properties.
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An overview is provided as structure statistics for all GPCR
entries within the PDB (Rose et al., 2015). Bar diagrams can
show either the increase in structures over the years or a break
down according to endogenous ligand types, for example,
amine, lipid and peptide receptors (Figure 2). A tree shows
the structural coverage of all human receptors, except for
the Class A orphan receptors. Crystallized members are
flagged, highlighted with a red circle (Figure 3).

Structure retrieval is facilitated by a structure browser
allowing for sorting and filtering based on receptor class,
2198 British Journal of Pharmacology (2016) 173 2195–2207
crystallized and endogenous ligands, signalling protein,
resolution and completeness. Users that wish to identify
the most suitable template for a certain target may use
the template selection tool. This is identical to the
browser, but has a preceding step to select a reference
target of interest and adds its sequence similarity to
crystallized receptors.

Processing of multiple structures can be performed by
superposition on any substructure, that is, thewhole, a segment
(e.g. one or more transmembrane helices), or a set of residues



Figure 2
Bar diagrams on the structure statistics page plot the number of unique or total crystallized GPCRs in the PDB by year, and the colours indicate
their type of endogenous ligand, such as amine, lipid and peptide receptors.
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defined by generic numbers (below). The latter gives the unique
option to focus the comparison on a functional domain, such
as binding sites of ligands, signalling proteins and dimers, or
microswitches for receptor activation. Users may download a
batch of receptor structures or substructures to continue the
analysis on a local computer.
Good practices for selection of a structural
template
When the primary interest is in the receptor itself, the
standard procedure is typically to sort receptor templates by
their sequence identity/similarity and resolution. Crystal
structures are now available for at least one receptor in the
British Journal of Pharmacology (2016) 173 2195–2207 2199



Figure 3
Tree from the structure statistics page depicting crystallized receptors with a red circle. The tree can be navigated from its centre on the levels of
class, (endogenous) ligand type, receptor family and receptor. The receptor families are listed as defined by the nomenclature committee of the
International Union of Pharmacology (Southan et al., 2016), whereas gene names are used in order to fit all receptors.
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major classes A–C and F of humanGPCRs, although represen-
tative structures are still missing for the adhesion and taste 2
receptors, which although related to classes A and B, respec-
tively, in the GRAFS are considered to have evolved into
separate families (Nordstrom et al., 2011). A template from
the same overall family provides sufficient conservation of
the structure, that is, conformation of the 7TM bundle, and
sequence, that is, the minimum similarity and conserved
2200 British Journal of Pharmacology (2016) 173 2195–2207
motifs, needed to make a correct template–target alignment.
The 7TM backbone displays very modest movement upon
only agonist-binding, but significant changes upon full acti-
vation through simultaneous binding of a signalling protein.
However, structures of fully activated receptors are so far limited
to complexes of β2-adrenoceptor to Gs (Rasmussen et al., 2011),
opsin (activated rhodopsin) to β-arrestin (Kang et al., 2015), or a
Gt α-subunit C-terminus (Scheerer et al., 2008), and the μ
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opioid receptor in complex with a nanobody G protein-mimic
(Huang et al., 2015).

In drug design, special consideration is given to the ligand
structure and activity, as these have a large influence on the
rotamers of contact residues and may give some precedence
over receptor template–target sequence similarity. An agonist
study may also apply an antagonist-bound template if the
structural similarity of the two ligands is higher than to the
closest agonist complex. Antagonist-bound receptors typi-
cally also have a slightly larger binding cavity, which eases
ligand docking when sidechain rotamers are not conserved
and thus modelled with lower precision. Users may filter the
available structures based on the above parameters in the
GPCRdb structure browser. When multiple structures are
available for the same receptor, it is possible to retrieve a
representative, which is selected based on resolution,
completeness (number of intact segments) and integrity
(soundness of the obtained coordinates).
Sequence alignments and similarities
The GPCRdb contains a manually curated 7TM sequence
alignment of all human non-olfactory receptors extended
by automatic alignment of all species orthologues in
Swiss-Prot and TrEMBL (>18.000). Custom alignment re-
trieval allows for selective extraction of any subset of recep-
tors and sequence segments: TM helices, termini, loops or
individual residues (defined by generic residue numbers).
Predefined sets are available for crystallized receptors and
for ligand-accessible residues in Class A GPCRs (Gloriam
et al., 2009). When assessing sequence similarities, it is
often interesting to look at the local conservation of a
particular amino acid or property. To this end, each aligned
position has a consensus sequence, followed by the percent-
age conservation of the 20 amino acids, as well as residue
properties, such as aromaticity, charge and hydrogen bond-
ing ability (Figure 4).

To facilitate optimal receptor comparisons, the GPCRdb
alignments are structure-based. This means that residues are
aligned in sequence only if they are positioned in the equiva-
lent position in the receptor structures – as defined by super-
position of the two most homologous crystal structures. The
structures are used to manually annotate the start and stop
of each helix, helix 8, as well as some conserved loop
segments; and their relative alignment between receptors,
especially where there is a lack of conserved sequence motifs.
Furthermore, the alignments are assigned a single-residue gap
where a helix bulge or constriction has caused a gap in the
structure, as described under generic residue numbers below
(Isberg et al., 2015).

Sequence similarity is often used to deduct protein
homology and functions. The GPCRdb can be queried using
BLAST (Johnson et al., 2008), and a specialized similarity
search that utilizes custom segment selections (above) of
the reference structure-based alignments. The sequences of
a receptor selection, such as receptor family subtypes, can
be plotted in a similarity matrix that lists all pairwise
sequence identities and similarities. Receptor relationships
may be visualized in phylogenetic trees that are generated
on the fly for custom receptor and segment selections
(Felsenstein, 1989). The trees can be shown in circular and
ladder representations, or downloaded for visualization in
other software. Annotation of GPCR class, ligand type and
receptor family can be added next to the receptor labels,
making it easy to correlate them to the sequence-based
groups. The names of crystallized receptors are highlighted
with a blue background, and any background colour can be
assigned to indicate custom labelling schemes.

Good practices for receptor similarity and
relationship analyses
Alignments constitute the core of all sequence-based compar-
isons (e.g. receptor evolution, ligand selectivity, activation
microswitches/domains), inferences (e.g. prediction of
orphan receptor agonists and function); and interpretation
of experimental data (e.g. mutagenesis experiments). Purely
sequence-based alignments might be better suited in evolution-
ary analyses where one-codon insertion or deletion should not
be gapped, whereas structure-based alignments are made to
ensure that residue positions are structurally equivalent making
them more ideal for sequence/structure–function studies.

Likewise, phylogenetic analyses based on complete
alignments are suitable for evolutionary and general recep-
tor studies, whereas a specific receptor (sub-)function may
be separated by grouping in trees based on only the under-
lying sequence/structure site. For example, a tree based on
a particular ligand binding site may be more applicable to
rationalize selectivity, off-targets, polypharmacology or to
predict the endogenous ligands of orphan receptors. When
a particular receptor is the sole interest of the study, it is
preferable to run a similarity search instead of a phyloge-
netic analysis, as this will yield numeric similarity measure-
ments and reveal similarity to receptors from multiple
groups/branches.
Generic residue numbers for equivalent
receptor residues
To facilitate receptor residue comparisons, schemes have
been developed that assign a generic residue number to a
given sequence/structure position (Isberg et al., 2015). A
generic GPCR residue number is composed of two numbers:
firstly the transmembrane helix, 1–7, and secondly the resi-
due position relative to a reference, number 50, which is the
most conserved position (within the given class A–F). For
example, 5.42 is the position in TM5 that is located eight
residues before the most-conserved residue, Pro5.50. GPCRdb
also provides generic numbers for structurally ordered
segments within the first two intracellular and extracellular
loops respectively. Generic numbers are often combined with
receptor-specific numbers by placing one of them in super-
script, for example, S3485.47 or S5.47348.

In 2015, the GPCRdb, NC-IUPHAR, Heptares and
Raymond Stevens lab published the first structure-based
generic numbering scheme for GPCRs (Isberg et al., 2015).
The GPCRdb numbers are an evolution of the most advanced
scheme, that of Ballesteros and Weinstein (Ballesteros and
Weinstein, 1995), but also provides a solution for a limitation
British Journal of Pharmacology (2016) 173 2195–2207 2201



Figure 4
Structure-based sequence alignment of the transmembrane helix 2 in representative (the first in each receptor family) crystallized class A GPCRs,
followed by the consensus sequence, and statistics on residue and property conservation. Of note, the GPCRdb numbers are structure-based and
take into account the bulge in position 2.56x551. This avoids the offset seen in the sequence-based (here Ballesteros and Weinstein) numbers of
gapped versus un-gapped receptors and is in agreement with two highly conserved flanking Asp (D) and Pro (P) residues.

BJP C Munk et al.
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of the sequence-based schemes that only became evident in
the structural era. Specifically, GPCR structures contain
frequent helix bulges and constrictions that offset the align-
ment and numbering. The GPCRdb scheme solves this by
placing gaps in 7TM helix alignments (according to
structure superposition). The single bulge residue that pro-
trudes the furthest is assigned the same number as the
preceding residue followed by a 1, for example, a bulge after
residue 46 is given the number 461. The position lacking in
a constriction is simply skipped in the residue numbering.
To distinguish the GPCRdb scheme, it uses a unique separa-
tor, x (e.g. 5x46), to denote that it is based predominantly
on X-ray structures.

With the recent structural templates, it also became possi-
ble to make correct alignments between the GPCR classes.
Such comparisons across classes use the class A numbers as
the common key and optionally append that of the other
class, for example Y7.53a.57b. Reference cross-class align-
ments, based on the crystal structures available, are present
in the GPCRdb.

Most researchers are expected to use generic numbers
without having to think about their generation by simply
retrieving them from the GPCRdb. The reference sequence
alignments (Figure 4) contain the structure-based GPCRdb
numbers, as well as the sequence-based number for the given
classes. Residue look-up tables (Figure 1C) list receptor-
specific and generic residue numbers side-by-side facilitating
swift translation. Generic residue numbers can also be
assigned to GPCR structures selected from the structure
browser or uploaded as PDB files. The numbers are stored in
the backbone B-factors, and scripts are provided for visualiza-
tion in the most popular software.
Binding sites – ligand interactions,
site-based target profiling and
pharmacophores
Users may select any of the GPCR-ligand structure complexes
from the PDB or upload a receptor model containing a docked
Figure 5
Users may select any of the GPCR–ligand structure complexes from the PDB o
molecular interactions in (A) interactive 3D and (B) schematic 2D diagrams
ligand to retrieve information about its ligand interaction
residues and types. The predefined binding sites from PDB
receptor–ligand structure complexes currently cover 828
ligand interactions from 32 receptors with 80 ligands. The
ligand, receptor residues and interaction types can be
browsed and visualized in schematic 2D and interactive 3D
diagrams (Figure 5). As with the mutations, the topologies
of binding residues are illustrated in helix box and snake
diagrams (Figure 1A, B), and compared in residue tables
(Figure 1C) across receptor families and subtypes.

A binding site or sub-site may be shared bymore than one
receptor; proteins that share a given site are also expected to
share its associated function. For this reason, target profiling
is key to the investigation of selectivity issues, desired
polypharmacology, and ligand inference. By uploading a
receptor–ligand complex in PDB format, researchers can con-
duct a site search against the GPCRdb reference alignments to
retrieve the matching receptors. Each contact residue posi-
tion is also allowed to match other amino acids that are able
to mediate the same molecular interaction, for example, hy-
drogen bond donor or aromatic stacking (this is different
from standard evolutionary amino acid substitution matri-
ces). The definition of residue positions and their allowed
amino acids can bemanually fine-tuned, for example to focus
the search on a ligand fragment. Of note, the site can be man-
ually defined and then applied to any (aligned) receptor site,
for example, the binding sites of G proteins or dimers, or
structural microdomains stabilizing an (in)active receptor
conformation (Congreve et al., 2011).

Pharmacophores have a widespread use in drug design for
ligand identification through virtual screening, and in the later
optimization of leads (Leach et al., 2009). A pharmacophore
represents the 3D map of shared chemical functionalities
(charge, aromatic, hydrogen bonding, etc.) across different
ligand chemotypes that interact with complementary residues
within the biological target. TheGPCRdb allows users to upload
a receptor PDB file to automatically retrieve ligand fragments,
which are placed by superposition of their (conserved)
interacting receptor residue (Fidom et al., 2015). The fragments,
each consisting of one such moiety and receptor residue, have
been previously extracted from all GPCR ligand-receptor
r upload a receptor model containing a docked ligand to visualize the
.

British Journal of Pharmacology (2016) 173 2195–2207 2203
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complexes in the PDB. The download provides the option to
select between all ligand fragments, which are used for a
complete sampling, or one representative (from the most
homologous receptor), which can be used to place
pharmacophore elements directly in an external software
(Figure 6).
Good practices for definition of ligand
interactions, site-based target profiling and
pharmacophore construction
The definition of receptor–ligand interactions often contains
borderline cases, and the GPCRdb has prioritized incorpora-
tion of the reliable overall data points. The definitions of
molecular interaction distances and angles are provided in
the GPCRdb documentation. Some ambiguity is also intro-
duced in the fit of the molecular structure to the electron
density, especially at lower resolutions. Thus, structure-based
ligand design that relies heavily upon a specific structure
often involves expert assessment of its electron density to
explore alternative configurations of binding site residues.

The site search is a relatively new method but is the
preferred target-profiling technique for well-defined sites. It
offers higher precision by focusing on only the interacting
residue positions and matches the amino acids that can
mediate the same molecular interaction. Search on a large
and selective ligand should yield few off-targets, unless it
exhibits polypharmacology, whereas the querying of
fragments and leads results in broader receptor profiles. Extra
care needs to be taken in cases where more than one proximal
residue can mediate the same molecular interaction to the
ligand. These residues could be identified from the
receptor–ligand complex and appended to the interaction
group in the site definition.

The GPCRdb pharmacophore method is also new, in that
it builds on fragments inferred from other receptor
structures. A unique advantage is that it can be applied for
targets lacking a good structure template or known ligands.
The pharmacophores have experimental support from
previous interactions but are not as complete as an overall
Figure 6
Histamine H3 receptor pharmacophore constructed based on ligand
fragments inferred from GPCR–ligand complex crystal structures.
Ligand fragments can be automatically matched and superimposed
in the GPCRdb. Pharmacophore elements: orange, aromatic; green,
hydrophobic; blue, cationic; and light blue, hydrogen bond donor,
were here assigned with Phase (Dixon et al., 2006).
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model of the receptor binding cavity. The placement of
pharmacophore elements can be done on either the single
representative fragments, from the most homologous recep-
tor, or in the centre of the density of all available fragments.
As a rule-of-thumb the first should offer a fast and relevant
placement, whereas the second can be checked to correct
for outliers or provide complementary versions of the
pharmacophore.
GPCRdb development focus and
integration with GPCR communities

Annotation and development focus
The GPCRdb team develops data browsers, analysis tools and
visualization diagrams of use for their own research, while
making them easily accessible to all researchers. The main
challenge of database maintenance is to continuously offer
data that is up-to-date, while of sufficient quality and quan-
tity. The GPCRdb focuses the manual annotation on the core
data: crystal structures, sequence alignments and receptor
mutations, whereas the derived data are automatically
updated. To be accepted by users, the representation and
visualization of the data have to be intuitive and in agree-
ment with community traditions and guidelines. The
diagrams that are available in the GPCRdb, displaying recep-
tor residue topologies, phylogenetic relationships and crystal
structure statistics, are frequently used in GPCR publications.
Many of the analysis tools in the GPCRdb are intended to
make routinely conducted analyses swifter and more accessi-
ble by non-experts, such as the generation of phylogenetic
trees without the need to supply own sequence alignments
or install software. Other tools offer more advanced functions
not available elsewhere, such as the efficient browsing of
structures and site search to predict the target profile of a
ligand.

For external databases and server developers, the GPCRdb
offers programmatic access (REST web services) of sequence
alignments, mutations, structures and residue diagrams
(http://www.gpcrdb.org/services). The database can also be
retrieved as a virtual machine, which facilitates development
and private in-house deployment. The back-end and user inter-
face uses a common programming language, Python, making it
easier for new programmers to get started. The complete source
code is freely available at https://bitbucket.org/gpcr/protwis.

Finally, specialized web servers exist for GPCR homology
modelling; GPCRM (Latek et al., 2013), GoMoDo (Sandal
et al., 2013) and SSFE (Worth et al., 2011); and molecular
dynamics: GPCR Mod-Sim (Rodríguez et al., 2012). The
GPCRdb is working together with these servers towards
exchange of resources and competences.

Good practices for developing a sustainable
specialized database
Specialized databases have the advantages that they can go
more in-depth, and often cross-analyse more heterogeneous
data types, than the general databases. Many specialized data-
bases have appeared within the biosciences community, but
time has shown that few are sustainable long-term (Attwood
et al., 2015). In contrast to major databases, hosted by large

http://www.gpcrdb.org/services
https://bitbucket.org/gpcr/protwis
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infrastructure centres like NCBI and EMBL-EBI, they typically
do not have long-term stable funding and depend on just one
or a few developers. The GPCRdb has survived for over two
decades, and has seen four different lead developers in this
time. The GPCRdb was recently invited to a meeting where
the heads of specialized databases came together to share ideas
and discuss how their systems can serve the communities
better and longer (Babbitt et al., 2015). Herein, the former head
of the GPCRdb Gerrit Vriend presented ‘10 rules for good
database practices’:

(i) Longevity: Only start a database if you know you can
maintain it for at least 10 years. (ii) Users: To gain and keep
users, the services should be prioritized based on their
relevance and ease of use and have a system for answering
questions. (iii) Publish: Target publications to the readership,
with a particular focus to introduce new users. (iv) Collaborate
and be open: Apart from extending the services and the user
population, this may be what gives longevity. (v) Give credit:
Be generous with credits. (vi) Automate: Everything that
can be automatic should be, while strictly prioritizing the
manual work to where it is needed to achieve sufficient
quality of prioritized core data. (vii) Follow community stan-
dards: Use the recognized nomenclature, classifications and
procedures. (viii) Keep it simple: Prioritize function and
avoid too many distractions. (ix) Visibility: Build a network
within the community, present at the relevant conferences
and use the same logo throughout the years. (x) Exit
strategy: Make a retirement plan in time to ensure a smooth
transition.
Integration with GPCR communities
and resources
GLISTEN (short for GPCR–ligand interactions, structures and
transmembrane signalling: a European Research Network) is
a network of researchers funded through the European
Union’s COST scheme. The network was created in May
2013 and has since attracted researchers at all levels of experi-
ence from 30 countries in Europe. Currently, the network has
about 190 member labs and approximately 100 researchers
meet biannually to discuss new developments and collabora-
tions in the field of GPCRs –with a dedicated satellite meeting
for the GPCRdb development team.

GLISTEN is organized into four working groups: (i)
structures and dynamics; (ii) biased signalling; (iii) interac-
tions with membrane lipids and other membrane-bound
proteins; and (iv) identification of novel modulators with
potential for drug design or chemical biology. In addition,
one of the strongest networking tools within GLISTEN is
Short-Term Scientific Missions, which allow researchers to
join a different lab for up to 3 months. GPCRdb develop-
ment has been greatly facilitated by such exchanges. While
GLISTEN funding will cease to flow after 4 years (fall
2017), the connections that have been built during that
time will continue to exist, maybe most obviously mani-
fested in the existence and continuous development of
the GPCRdb.

The IUPHAR/BPS GuideToPharmacology database
(GoToPdb) holds very comprehensive information on the
pharmacology of GPCRs, as well as all other major human
drug target families. GoToPdb is expert-curated with target-
focused committees involving more than 600 experts. The
GPCRdb uses the official NC-IUPHAR receptor nomenclature
and has made available its receptor residue diagrams (snake-
plot and helix box) andmutation data for direct visualization
in the GoToPdb. The receptor pages of the two databases are
mutually cross-linked to facilitate easy browsing between
the resources (for info on linking to GPCRdb, visit http://
www.gpcrdb.org/pages/linking).

The GPCRdb has initiated collaboration with a GPCR
Consortium initiated by the Professor Raymond Stevens lab,
which has produced the largest number of GPCR structures,
and involves nine pharmaceutical companies. The GPCR
Consortium aims to publish the structures of an unprece-
dented number of validated GPCR drug targets (Parmley,
2014). The GPCRdb team, which already has ongoing joint
international development of new structure database
services, will contribute to the GPCR Consortium by
producing tailored tools for GPCR structural biology.
Conclusions and future directions

In conclusion, the GPCRdb provides experimental and
derived data, visualization diagrams and analysis tools for
the wider GPCR community. The GPCRdb places focus on
structures, receptor mutations, ligand interactions and offers
the first structure-based sequence alignments. Complemen-
tary data types can be assigned to receptor residue positions
using generic numbering and visualized within uniform
residue diagrams and tables. This can help to provide a struc-
tural explanation of pharmacological effects observed, and
users may submit newmutation data to facilitate comparison
to the data already included. It is expected that many more
structure complexes will continue to be solved, and these will
provide further insights into the molecular mechanisms of
GPCR activation, allosteric modulation, signal transduction,
signalling protein binding and receptor dimerization. The
GPCRdb is ready to aid the GPCR research community in
the dissemination of these data and it will continue to be
improved for the development of future services.
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