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The G-protein coupled receptors (GPCRs) are the largest family of
membrane receptors having major contributions in the transduction and
regulation of signaling pathways in cardiovascular, respiratory, gastrointestinal,
immune and central nervous systems. GPCRs are targets for almost half of
the marketed drugs, and the increasing number of experimentally solved
structures for diverse GPCRs opens new paths for the structure-based drug
design in this family. However, for orphan GPCRs relevant structural data is
almost impossible to be determined experimentally in the absence of a fully
characterized biological profile of the receptor and therefore the comparative
modeling techniques represent the only alternative to generate a three
dimensional structure. Here we present an inventory of the most appropriate
template structures for orphan GPCRs, resulted from a systematic
investigation of a set of 128 GPCR sequences by using a combination of

bioinformatics and molecular modeling approaches.

INTRODUCTION

Comparative modeling or homology modeling is
one the most frequent computational method used to
build a three dimensional (3D) structure of a protein
when no experimental data is available. The method
relies on the observation that between homologue
proteins 3D structure is more conserved than the
sequence. Therefore the structure’s generation is
done based on a sequence alignment between the
protein of interest (target) and the template structure
which represents the three-dimensional model for
the target protein and which is determined by X-ray
crystallography or nuclear magnetic resonance
(NMR). As well, for accuracy and reliability of the
final model, a certain sequence similarity
(preferable over 40%) must exist between the target
and template protein. A homology model is very
helpful for the structure-based drug design process,
since it can guide the future experiments (e.g.
mutagenesis analysis) or it can provide valuable
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information to help the elucidation of an activation
mechanism or the understanding of structure-
function relationships.

G-protein coupled receptors (GPCRs) are the
largest family of membrane receptors with
relevance in the transduction and regulation of
signaling pathways in cardiovascular, respiratory,
gastrointestinal, immune and central nervous
systems. The structural information of GPCRs was
unknown until 2000' when crystal structure of
bovine rhodopsin was experimentally elucidated.
Despite the atypical profile for drug design process
(the ligand is bound covalently and the receptor
activation is triggered under the action of the light
photons'), rhodopsin was intensively used for
modeling of other GPCR members with relevance
for the drug design process. In 2007, thanks to the
innovative procedures accomplished in the protein
expression and purification area’ and also to the
new developments brought in the X-ray
crystallography, the crystal structure of a first
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GPCR with pharmacological relevance became
available.’ Since then, the number of solved GPCR
structures has been continuously growing, and in
the present structures for twenty three GPCRs" >
were deposited in the Protein Data Bank,** from
which two belong to class B and one to class F
GPCR. Even though the number of solved GPCR
structures is expected to grow continuously in the
next years, there are around 100 GPCRs, so-called
orphans, for which the knowledge of structural
information is still unknown since these receptors
do not have a known natural ligand or biological
function. However, the availability of a 3D
structure for an orphan — even though it is a
theoretical model — will help the discovery of
active compounds and the full characterization of
their pharmacological importance and relevance.
Consequently, homology modeling of orphan
GPCRs is the only technique (at least for the
moment) which would allow conducting the
structure-based experiments, and to analyze and
study ligand-receptor interactions and mutant
proposals.

In the present work we carried out a strategy to
create an inventory of the most appropriate
template structures for orphan GPCRs, developed
based on systematic investigation and analysis of a
set of 105 human orphan GPCRs and 23 sequences
of GPCRs with known 3D structure.”**

METHODS
Sequence alignment

The 128 GPCR sequences were first
downloaded from Uniprot database” and then
automatically aligned following a multistep
alignment procedure using the T-Coffee package.
First the GPCR sequences having a known 3D
structure were aligned according to their class
affiliation (A or B) and the resulted alignment were
further refined manually in order to preserve the
highly conserved residues specific for each class.”’
Next, based on the structural information available,
the alignments of class A and B GPCR were
merged together with the sequence of human
smoothen homologue (class F) to create a
intermediate alignment (IA) which was further
used to guide the combination of the final
alignments of each class containing also orphan
GPCRs. Orphans were aligned separately with the
final alignment of the class they belong. Class C
GPCR for which no crystal structure is available
yet has been aligned with all the high-resolution

protein structures in order to estimate the most
appropriate template structure. In the final step the
alignments specific for each class were merged
together according to the [A alignment.

Criteria for selecting the best template structure

The criteria used to select the most suitable
template structure refer to the sequence similarity
and the smallest distance from the sequences space
between each pair of orphan and GPCR with
available 3D data. For class A orphans, the binding
site similarity was considered and was weighted to
represent a quarter from the final sequence
similarity. Binding site similarity was estimated by
calculating the sequence similarity of fragments
containing the amino acids found at 5A around
each crystallized ligand.

Distance calculations

The minimum distances from the sequences
space between each pair of orphan and GPCR with
available 3D structure were identified by
calculating a distance matrix (M) using the
Neighborhood Joining algorithm.*®

Phylogenetic trees were generated using iTOL
software.”*

RESULTS AND DISCUSSIONS

The sequencing of human genome has
identified around 400 GPCRs with relevance in
pharmacology but out of these more than 100
receptors do not have a known natural ligand or
function. These receptors are so-called orphans and
finding their closest homologues it is the first step
to gain new insights about their biological
significance and to impart new directions for the
drug discovery research. Template selection for
each GPCR orphan has been done based on the
degree of relatedness between orphans and
characterized GPCR with known 3D structure:
sequence and binding similarity and the minimum
distance between each pair of orphan and
characterized GPCR.

A number of 89 structures of 23 GPCR
receptors have been elucidated so far and deposited
in the Protein Data Bank (Table 1). Each one of
these structures constitutes a potential GPCR
template structure for the comparative modeling of
the other GPCR.
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Table 1

GPCRs with known three-dimensional structures, deposited in PDB

CLASS A GPCR
GPCR receptor® Receptor state” Cll'iygs;zl(:}ff d X-Ray Res R-factor lf:cf;f:
Ground state Retinal (10) 2.2-4.1 0.175-0.384 | 0.212-0.418
Ligand free 2.90 0.231 0.266
Retinal, B-ionone 2.60 0.224 0.262
Active Retinal 4.15 0.378 0.382
Ligand free 3.2 0.215 0.248
Bovine rhodopsin Intermediate' 2.95 0.243 0.289
Bathorhodopsin 2.6 0.178 0.181
Lumirhodopsin retinal 2.80 0.218 0.238
. 2.85-3.3 0.217-0.218 | 0.245-0.262
Metarhodopsin II (3+1) NMR
Isorhodopsin 34 0.29 0.330
Dark-adapted NMR
Carazol (3) 24-34 0.198-0.226 0.232-0.28
Timolol 2.80 0.230 0.273
. ICT118551 2.84 0.229 0.291
Beta 2 adrenergic Inactive ACILIXHF 2.84 0.222 0.278
receptor Alprenolol 3.16 0.235 0.290
ERC’ 3.50 0.241 0.283
Ligand free 34 0.242 0.28
Active (2) P0G 3.2-35 0.228-0.243 0.277-0.308
Ground state (2) 2.5-3.7 0.188-0.302 | 0.206-0.330
Squid rhodopsin Bathorhodopsin retinal 2.8 0.295 0.345
Isorhodopsin 2.7 0.18 0.2
cyanopindolol (3) 2.7-3.25 0.215-0.274 | 0.268-0.325
I-cyanopindolol 3.65 0.25 0.27
Carazolol 3.00 0.25 0.295
3WC 2.7 0.226 0.266
XF5 2.80 0.223 0.274
. . Dobutamine (2) 2.50-2.6 0.228 0.266
Turkey betal adrenergic Inactive Sulbutamol 305 0225 0.255
Carmoterol 2.60 0.231 0.268
Isoprenaline 2.85 0.222 0.254
Bucindolol® 3.2 2.44 0.279
Carvedilol® 2.30 0.204 0.240
Ligand free 3.5 0.312 0.355
ZM241385 (5) 1.8-33 0.176-0.278 | 0.213-0.316
XAC 3.31 0.3 0.319
Inactive Caffeine 3.60 0.298 0311
Adenosine A2A T4G 3.27 0.295 0.335
T4E 3.34 0.282 0.29
Adenosine 3.00 0.246 0.269
NECA 2.60 0.234 0.258
Active UK432097 271 0.220 0.273
Dopamine D3R Inactive Eticlopride 2.89 0.245 0.272
. . IT1t (4) 2.5-3.2 0.240 0.282
Chemokine CXCR4 Inactive VXI5 290 0217 0267
Histamine HIR Inactive Doxepin 3.1 0.217 0.249
SIPIR Inactive (2) ML5 2.8-3.35 0.228-0.231 0.272-0.281
Muscarinic M2R Inactive QNB 3.00 0.227 0.276
Rat muscarinic M3 Inactive OHK 34 0.254 0.303
K-type opioid Inactive JDTic 2.90 0.228 0.265
Mu-type opioid Inactive Morphinan 2.8 0.235 0.275
Delta-type opioid Inactive Naltrindole 34 0.255 0.282
N/OFQ opioid Inactive C-24 3.01 0.25 0.288
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Table 1 (continued)

PARI Inactive Vorapaxar 2.2 | 0219 [ 0235
Chemokine CXCR1 Inactive RMN

Rat Neurotensin NTS1 Inactive Neurotensin 2.8 0.228 0.282

SHTIB Inactive dihydroergotamine 2.8 0.237 0.257

Inactive Ergotamine 2.7 0.225 0.261

SHT2B Inactive Ergotamine 2.7 0.227 0.266
CLASS F GPCR

Human smoothened | Inactive | L.Y2940680 | 245 | 0.201 | 0.231
CLASS B GPCR

Glucagon receptor Inactive No ligand 33 0.286 0.338

CRF1 Inactive CP-376395 2.98 0.243 0.265

# all receptors are human, otherwise is specified

® When multiple structures are possible, the number is give between brackets

“Ligand type is presented as follows: bold letters-antagonist, italic letters partial agonist, underlined letters-inverse agonist, normal
letters — agonist

4jrreversible agonist

¢ biased agonist

Table 2

Selected template structures for building comparative models of class A orphan GPCRs

te(r;:pclzl}te All sequences Class A orphans_consensus
SHTI1B GPR62; GP161; GP149 GPR45; GPR63; GP151; GP161; GP149; GP160
SHT2B - GP173; ETBR2
A2A GP162 GP119; MRGRF
ACM2 - LGRS
betal AR GPR4S; GPR63; GPRSS; ggllassls; GP101; GP119; GP135; GPRS4; GPRSS: GPRES: GPL01
Beta2 AR GP160 -
brho GPR84; GP153; OPN3 GP153; OPN3
GPRI15; GPR25; GPR27; GPR31; GPR35; GPR61; GPR75;  GPR15; GPR25; GPR27; GPR31; GPR35; GPR61;
CXCRI1 GPR7S8; GP146; GP152; GP173; MASIL; GPR75; GPR7S8; GP146; GP152; GP176; GP182; MASI1L;
MRGRD;MRGRE; MRGRF; MRGX1; MRGX2; MRGX3,; MRGRD; MRGRE; MRGX1; MRGX2; MRGX3;
MRGX4; O3FA1; PSYR; SUCR1; LGR4 MRGX4; O3FA1; PSYR; LGR4
CXCR4 GPR4; GPR18; GPR33; g)P(léSlzi GP171; CCRL2; OGR1; GPR33: CCRL2; OGRI: SUCRI
D3 GPR19; GP148; MTR1L; LGR6 GPR19; GPR26; GPR62; GP148; MTRI1L; LGR6
delta GPR32; GPR82; CML1 GPR32; GPR82; CML1
H1 GPR22; MAS; LGRS GPR22; GP135
kappa GPR37; GP182; ETBR2; P2Y 10 -
mu - GPR1; GPR18; GPR37; GPR87
nociceptin GPR1; GPRS83; GP141; GP176; MRGRG GPR83; GP141
NT1 GPR39; GP139; GP142; GP150 GPR39; GP139; GP142; GP150
PARI GPR17; GPR20; GPR42; GPR55; GP132; GP174; GP183; GPR4; GPR17; GPR20; GPR34; GPR42; GPR55; GP132;
P2RYS GP171; GP174; GP183; MAS; OXGR1; P2Y10; P2RYS
™3 GPR21; GPR26; GPR52 GPR21; GPRS52; GP162
S1P1 GPR3; GPR6; GPR12 GPR3; GPR6; GPR12; MRGRG
stho OPNS5 OPNS
As expected, the first choice for orphans from (Table 2). In the same manner, the recommended
every GPCR class is a crystal structure of a template for class B orphans is always one of the
receptor with the same class affiliation. For two class B receptor structures: glucagons receptor
example, the class B or F templates are not in any or corticotrophin releasing factor receptor.

case the closest relatives for class A orphans
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The results for the class A orphans are
presented in Table 2. Given the high number of 3D
structures available for class A GPCRs crystallized
with active agonists or antagonists (Table 1),
binding site similarity was considered in the
definition of the closest homologue for orphans
and characterized GPCR. Thus, the amino acids
found at SA around crystallized ligands have been
labeled in the final alignment containing the
potential templates and the fragments were used
together with the overall sequence similarity to
approximate the degree of relatedness between
each orphan and characterized GPCRs. As results
from Table 2, the binding site similarity has
influenced the minimum distance between 27 pairs
of orphans and characterized GPCR.

Except for five cases (hCELSR2, hCELSR3,
hEMR1, GP124 and GP133), the corticotrophin-
releasing factor 1 receptor (CRF1) is the general
template structure for class B orphans. However,

youdoH

hLPHN2

hLPHN1

hGPR112

£ds13M

given the high sequence similarity (more than
50%) between CRF1 and glucagon receptor, the
distances in the protein space between the two
templates and each class B orphan are insignificant
(Fig. 1) therefore the best template selection is
recommended to be performed based on crystal
structures quality parameters (Table 1) or based on
particular needs for each study. For class B GPCR,
binding site similarity was not considered for the
calculation of the smallest distance between
orphans and characterized GPCRs, because there is
only one crystal structure with a bound ligand
compared to the big number of orphans (12). In
class A GPCR the ratio between the number of
crystal structures with a bound ligand and the
number of class A ratio is 1:1.03.

We have conducted a similar study for class C
orphans, and the closest relatives from the
available crystal structure were estimated. The
results are presented in Table 3.

nhGPR113

hGPR116

Fig. 1 — Phylogenetic tree of the orphan and the two characterized class B GPCRs (gray background).

Table 3
Selected template structures for building comparative models of class C orphan GPCRs
Class C orphans Selected template

GPRC5A SIP1

GPRC5B A2A

GPRC5C SIP1

GPRC5D SIP1

GPR156 bRHO

GPR158 CXCR1

GPR179 glucagon
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Fig. 2 — Phylogenetic trees of class C orphans and characterized GPCRs with known crystal structure.

However, a class A structure is not the best
choice for building of a class C homology model
due to the lower sequence similarity between
classes, as results also from Fig. 2, where the
separation of receptors according to their class
affiliation can be noticed. For the special cases
when a 3D structure is needed, supplementary
corrections and refinements of the model should be
performed with the purpose of adjusting the model
according to available experimental data like
mutagenesis analysis, or ligand binding.

CONCLUSIONS

Latest progresses recorded in the structural
information field of GPCR offer new opportunities
for the structure-based drug design for this family
in general, and for orphan receptors in special. The
most appropriate template structure for each
orphan GPCR was identified by exploring the
sequence and binding similarity. Except for class C
GPCR, the selected templates have the same class
affiliation with the given orphan receptor.
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