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The current study describes the development of a computer package (GPCRmod) aimed at the high-throughput
modeling of the therapeutically important family of human G-protein coupled receptors (GPCRs). GPCRmod
first proposes a reliable alignment of the seven transmembrane domains (7 TMs) of most druggable human
GPCRs based on pattern/motif recognition for each of the 7 TMs that are considered independently. It then
converts the alignment into knowledge-based three-dimensional (3-D) models starting from a set of 3-D
backbone templates and two separate rotamer libraries for side chain positioning. The 7 TMs of 277 human
GPCRs have been accurately aligned, unambiguously clustered in three different classes (rhodopsin-like,
secretin-like, metabotropic glutamate-like), and converted into high-quality 3-D models at a remarkable
throughput (ca. 3s/model). A 3-D GPCR target library of 277 receptors has consequently been setup. Its
utility for “in silico” inverse screening purpose has been demonstrated by recovering among top scorers the
receptor of a selective GPCR antagonist as well as the receptors of a promiscuous antagonist. The current
GPCR target library thus constitutes a 3-D database of choice to address as soon as possible the “virtual
selectivity” profile of any GPCR antagonist or inverse agonist in an early hit optimization process.

INTRODUCTION

G protein-coupled receptors (GPCRs) constitute a super-
family of membrane receptors of outmost importance in
pharmaceutical research.1 Hence, GPCRs are the macro-
molecular targets of ca. 30% of marketed drugs, with 26
out of the top 100 selling drugs targeting this protein family.2

The first draft of the human genome suggests that over 800
genes encode for a GPCR,3 out of which only 30 are
currently addressed by marketed drugs. If one excludes the
family of sensory receptors which significantly differ from
other GPCRs, about 400 receptors are potentially druggable
with ca. 120 proteins being still consider as orphan targets.2

Most interesting GPCRs can be classified into three families
or classes, depending on their amino acid sequence.4,5 Class
I GPCRs belong to the family of rhodopsin-like receptors5

recognized by biogenic amines (dopamine, serotonine, and
histamine, etc.) and small peptides (chemokines and neu-
ropeptides, etc.). They are characterized by a small extra-
cellular N-terminal domain, a canonical seven transmembrane
(7 TM) domain, and a long intracellular C-terminal domain.
In most of the cases, the ligand binding cavity is delimited
by the 7 TM domain, though peptide-specific receptors may
use two of the three extracellular loops to encompass the
peptide binding site. This class is believed to contain the
vast majority of GPCRs (about 240 nonolfactory receptors).5

Class II GPCRs belong to the family of secretin-like receptors
and recognize protein hormones (vasointestinal peptide and

glucagon, etc.). Although the heptahelical 3-D fold of class
II GPCRs is believed to be similar to that of class I receptors,
they significantly differ from the latter class by a much larger
N-terminal domain that delimits the hormone-binding site
and a large C-terminal domain. About 60-65 GPCRs have
been postulated to contribute to class II.2 A recent phylogenic
analysis of human GPCRs suggests that this class may
contain a family of adhesion receptors.5 Last, class III GPCRs
belong to the family of metabotropic-like receptors. They
recognize low molecular weight charged ligands (glutamate,
calcium, andγ-aminobutyric acid, etc.) through a very large
N-terminal domain composed of two symmetric lobes. Apart
from the conserved 7 TM domain, they are characterized by
rather short intracellular loops and a large C-terminal domain.
Current estimates suggest that only a few GPCRs (about 15)
may contribute to class III.5 Interestingly, although the ligand
binding site is located in the N-terminal domain, class III
GPCRs can be modulated by allosteric ligands (agonists,
antagonists) binding to the 7 TM cavity.6

Traditionally, the first stage in the design of GPCR ligands
has focused on the potency of the ligands for the selected
receptor target. Selectivity toward the host receptor is usually
considered once potency has already been reached. It would
however be highly desirable to consider selectivity as soon
as possible in the design process. Due to the high identity in
amino acid sequence between different subtypes of the same
receptor (e.g. muscarinic M1 and M2 amino acid sequences
present an identity of 83% over 189 residues of the 7 TM
domain), designing a selective ligand can be a quite
cumbersome task.7 Ideally, one would like to consider the
universe of GPCRs for designing a ligand with the desired
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selectivity profile. As addressing this issue by high-
throughput screening is currently impossible, “in silico”
screening8 could provide a reasonable start. Indeed the
recently described 2.8-Å resolution X-ray structure of bovine
rhodopsin9 provides a possible 3-D template for modeling
other GPCRs. It has been recently demonstrated that GPCR
homology models are indeed accurate enough to identify
known antagonists seeded in a randomly chosen “drug-like”
library10,11 and to exactly map antagonist-binding sites.12,13

In the present paper, we present a software package (GPCR-
mod) for the high-throughput modeling of GPCRs, which
provides high-quality ground-state models of the 7 TM
domain. The resulting GPCR target library can be screened
by an inverse docking tool to predict the most likely receptor-
(s) of any putative GPCR antagonist or inverse agonist.

METHODS

GPCRmod Architecture (Figure 1). GPCRmod is com-
posed of two modules. The first one (GPCRalign) is a Perl
module that performs the sequence alignment is a three-steps
procedure: row location of the TMs within the target
sequence, assignment of the target to one of the three GPCR

families and final refinement of the alignment of each TM.
Perl was chosen here for both its high portability and ability
to handle sequences in form of ASCII files. The second
module (GPCRgen) is a Java library that ensures the
structural part of the modeling procedure. The application
programming interface (API) proposed by the library defines
an object oriented description of the protein in either
Cartesian or internal coordinates. Different tools of the library
permit the user to manipulate the macromolecular models
in an intuitive way. They are used by GPCRgen to automati-
cally read from a SQL database the amino acid sequences
of the 7 TM domains (given by GPCRalign) as well as the
Cartesian coordinates of 9 GPCR templates. The 3-D
template structures are then converted in internal coordinates,
fragmented into rigid bodies and used by GPCRgen to set
the two different knowledge-based libraries: one for the
backbones, the other for the side chains. Other tools of the
library will then be used to reconstruct each GPCR 3-D
model by piecing together the different rigid bodies.

Both modules can be run independently. The highly
portability of Perl and Java ensures GPCRmod to be run on
many currently available operating systems: GPCRmod was

Figure 1. Overall flow chart of the GPCRmod program.
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successfully tested on Irix 6.5, Linux 2.4 (Suse 8.0), and
Windows XP. Excepted for the last minimization step
performed by AMBER6, both modules of GPCRmod require
few CPU resources and can be run on any currently available
computer.

Aligning the Amino Acid Sequences of the 7-TMs. (a)
Flow Chart of the Alignment Procedure Used by GPCR-
mod (Figure 2). Given the amino acid sequence of the
protein to align, the first step is the prediction of the rough
location of the 7 TM helices using the TMHMM (trans-
membrane hidden Markov model) algorithm,14 a membrane
protein topology prediction method based on a hidden
Markov model which is currently considered as the best
performing transmembrane prediction program.15 Predicting
the rough location of the TMs in advance presents the
advantage of focusing the alignment on short and ungapped
amino acid sequences. If 7 TM domains are found, GPCR-
mod tries to assign the given sequence to one of the three
GPCR families by searching the predicted rough TM
locations for family characteristic patterns and motifs, as
defined in the PRINTS database.16 First, the program uses
only a pattern search to determine the family. If this does
not result in a clear determination of the family, it tries to
determine the family in a second step by searching for motifs
using position specific scoring matrices (PSSM)17 defined
for 19 out of the possible 21 TMs encompassing the 3 GPCR
classes taken into account in the current study. The family
is considered determined if either (i) two patterns (motifs)
of one family are found and none of another family, or (ii)
if 3 patterns (motifs) of one family are found and not more
than 1 pattern of the other families, or (iii) if 4 or more
patterns (motifs) of one family are found and not more than
2 patterns of the other families. The definition of the patterns
are chosen strictly so that in this step no “false positives”
are found, accepting that rather some receptors might be
missed. Those receptors that did not match the patterns can
then be classified with the more time-consuming, but more
sensitive, motif search.

If the GPCR family determination has been successful,
the query sequence can consequently be aligned to the TMs
of one of the three template sequences used for matching
(template for class I GPCRs, bovine rhodopsin; template for
class II GPCRs, human calcitonin receptor; template for class
III GPCRs, human extracellular calcium-sensing receptor).

Each TM of the query for which a pattern or motif has been
detected can be aligned by simply matching the found pattern
(motif) on the respective pattern (motif) in the template
sequence. If a pattern was found, pattern matching is used
for the alignment; otherwise (if no pattern, but a motif was
found) a motif matching is applied. TMs for which neither
a pattern nor a motif has been detected are aligned by
applying a full TM alignment. The templates of classes II
and III have been previously aligned to the sequence of
bovine rhodopsin, using ClustalW.18 Thus we can present
here an alignment of the class II and III receptors to receptors
of class I. Last, if the whole sequence cannot be assigned to
any of the GPCR families by either pattern or motif
recognition, no alignment is carried out and the correspond-
ing protein discarded from the GPCR library.

(b) Definition of GPCR Patterns and Motifs. A pattern
is here defined as a short sequence of continuous or
discontinuous highly conserved amino acids, typical for one
TM and one GPCR class. As example, the [E/D]R[Y/H]
pattern is characteristic of TM3 for class I rhodopsin-like
GPCRs.19 We defined patterns for 5 TMs of both the
rhodopsin-like and metabotropic glutamate-like family and
for 6 TMs of the secretin-like family (Table 1). Searching a
sequence for the presence of a pattern can be simply carried
out using regular expressions giving as the nonambiguous
result “present” or “not present”.

A motif is an ungapped multiple-sequence alignment of a
short sequence region (21-27 amino acids) that includes
conserved amino acids. GPCRmod currently uses a collection
of 19 transmembrane GPCR motifs (Figure 3A) taken from
the PRINTS database.20 The motifs of the rhodopsin-like
receptors are built from the PRINTS multiple alignment of
739 sequences (thereby 128 human GPCRs), the motifs of
the secretin-like receptors from 59 sequences (14 human
GPCRs), and the motifs of the metabotropic glutamate-like
receptors from 32 receptors (9 human GPCRs). A motif is
currently defined for each of the 7 TMs of both the
rhodopsin-like and secretin-like family, but only for 5 TMs
of the metabotropic glutamate-like family (TMs 2-6). Each
motif has been converted into a position-specific scoring
matrix (Figure 3B) calculated as described by Henikoff et
al.,17 from the multiple alignment of all available amino acid
sequences of the corresponding TM. For a motif ofn

Figure 2. Overall flow chart of the alignment tool (GPCRalign)
of the GPCRmod program.

Table 1. GPCR Specific Patterns Classified by Family and TM
Domaina

family TM pattern

class I 2 LA..D
3 [D/E]R[Y/H]
5 [F/Y]..P.......Y
6 [F/Y]...W.P
7 [N/D]P..Y

class II 1 G...S...L
2 H.[H/N/Q]....[F/Y]..[N/R/K]
3 W...E...L
4 GW..P
6 [K/R]....L. P..G
7 QG.......C

class III 2 [K/R]....[E/D].[C/S][F/Y]
3 [S/A]....KT
4 Q......[W/L]
5 Y...L...C
6 E.[K/R]...F. M......W....P

a A single dot stands for any amino acid; amino acids in brackets
are different options for a single position.
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sequences with a length ofm residues, the PSSM will be a
matrix of m columns (corresponding to the length of the
motif) and 20 lines (one line for each of the 20 amino acids).
Each elementwca. of the matrix is given by

wherefca. is the frequency of amino acida at positionc of
the motif andfa the overall frequency of amino acida in a
reference data set of protein sequences (background fre-
quency).fca. could simply be calculated by dividing the total
number of countsnca. for amino acida at positionc by the

total number of countsNc (number of aligned amino acids
at positionc). However, to account for unobserved frequen-
cies and to solve the problem of having to calculate a PSSM
score for an amino acid never appearing at a defined position
c in the used alignment (nca.) 0), pseudocounts17 are added
to the background frequencyfca. term as follows:

wherenca. is the total number of counts over then motif
sequences for amino acida at positionc, bca. the pseudocount
for amino acida at positionc, Nc the total number of counts,
andBc the total number of pseudocounts at positionc. The

Figure 3. Definition of motifs and position-specific scoring matrices. (A) A motif is a multiple alignment of a short sequence region
including highly conserved amino acids, here on the example of TM3 of the rhodopsin-like family. The most conserved positions in the
motif (Ser at position 8 and E/D-R-Y/H at positions 18-20) are displayed in bold. (B) Position-specific scoring matrix (PSSM). Each
column represents one of the positions in the motif. For every column, a value is given for each of the 20 standard amino acids (rows). Here
are shown the positions 1-10 of the TM3 motif for the rhodopsin-like family. The more favored an amino acid at a certain position, the
more positive its score for this position. For example, the alignment score of a putative “AHEMMTMSVL” sequence to the first 10 amino
acids of a motif is derived by summing the individual position-specific score (displayed in bold) of all amino acids of the target sequence
(Scorealign ) -0.24+ 1.23- 1.78- 0.37+ 2.48+ 2.49- 1.57+ 3.72+ 0.75+ 0.91) 7.62). Of course, the real score is computed
over all amino acids encompassing the motif.

wca ) log2(fca

fa), c ) (1, 2, 3, ...,m),

a ) (1, 2, 3, ..., 20) (1) fca )
nca + bca

Nc + Bc
, with 0 e nca e n (2)
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pseudocountbca. is obtained by multiplying the number of
different amino acids at positionc by a positive real number
R defined by

with

where

and wherefci is the frequency of amino acidi at positionc
andqia the probability for amino acidi to replace amino acid
a according to the Blosum62 matrix.21

(c) Alignment by Pattern or Motif. For consistency in
the further 3-D model building step, the TMs of all GPCRs,
whatever the class, are always assigned the same length than
the TMs in the X-ray structure of bovine rhodopsin.9 Thus,
all TMs of the GPCR templates for class II and class III
receptors have been aligned to that of bovine rhodopsin. The
search for the presence of a pattern in a predicted TM region
is a simple regular-expression search that gives as non-
ambiguous result “present” or “not present”. If a pattern is
detected, a straightforward alignment to a subfamily-specific
template (Table 2) is performed by matching the common
pattern. Pattern matching is therefore the preferred alignment
method. If no pattern is found, the transmembrane region is
searched for the presence of a motif in order to allow motif
matching. To search the protein sequence for the presence
of a motif, the TMHMM-predicted TM sequence is slid along
the PSSM. For each possible alignment, a score (Scorealign)
is calculated by summing the position-specific scores of every
amino acid in the sequence window (Figure 3B). The score

of each alignment is used to calculate the probability (odds)
of the respective alignment (odds) 2Scorealign). The odds of
all possible alignments are then summed (Oddstotal) to
determine the percentage score (Scoreper) of any single
alignment as

A motif is declared as “found” for alignments where the
percentage score Scoreper is higher than 30%. The best
alignment is then saved and consequently defines the
corresponding TM of the sequence query. Due the necessity
to define a similarity score and a cutoff value (here 30%)
which has to be reached from a sequence in order to match
the motif, motif searching is more complicated than pattern
searching. Therefore, we use pattern matching whenever
possible whereas motif searching is only applied when no
pattern could be detected.

(d) Full TM Alignment. In cases where no alignment can
be proposed from pattern or motif detection, the TMHMM-
predicted TM is aligned to the corresponding TM of the
family-specific template (Table 2) with a simple alignment
algorithm using the Blosum series as scoring matrix.21 Which
matrix of the Blosum series is used depends on the maximal
sequence identity between the template TM and the sequence
of the predicted rough TM location to align. This algorithm
consists therefore of two steps:

(1) The template TM sequence is slid along the protein
sequence region in which the respective TM is predicted to
be located. For each alignment, the sequence identity
percentage is calculated as the number of identities divided
by the number of residues compared. The maximal sequence
identity found determines the scoring matrix used for scoring
the possible alignments (Blosum30 if max identitye 30%,
Blosum45 if 30%< max identitye 60%, Blosum62 if 60%
< max identitye 80%, and Blosum80 if max identity>
80%).

(2) For each alignment, the score (log odds) for each amino
acid pair is looked up in the Blosum matrix, and the log

Table 2. Template Amino Acid Sequences for TM Domains

a OPSD•BOVIN: bovine rhodopsin (rhodopsin-like class I family).b CALR•HUMAN: human calcitonin receptor (secretin-like class II family).
c CASR•HUMAN: extracellular calcium-sensing receptor (metabotropic glutamate-like class III family).

bca ) Bc * R (3)

R ) ∑
i)1

20 fci

Nc

qia

Qi

Qi ) ∑
a)1

20

qia

Scoreper ) (odds/Oddstotal) × 100 (4)
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odds of all positions are summed up to obtain the alignment
score. The alignment with the largest positive log odds is
accepted as the final solution.

Matrices such as the Blosum series are however not ideal
for aligning transmembrane regions since they have been
developed using soluble proteins. Thus, one has to be critical
if the proposed alignment is correct. Therefore, we use this
procedure only as last option, when both pattern and motif
matching failed.

Automated 3-D Model Generation of TM Domains. (a)
Setting-up Knowledge-Based Libraries.Eight GPCR mod-
els (dopamine D2 and D3 receptors; muscarinic M1 receptor;
EDG-2 receptor; smoothened, nociceptin ORL-1 receptor;
vasopressin V1a receptor; calcium sensing receptor) modeled
by homology to the X-ray structure of bovine rhodopsin9

according to a previously reported procedure10 were retained
as templates for the proposed high-throughput comparative
modeling. The accuracy of these 3-D templates has been
validated by either side-directed mutagenesis,13,22 covalent
labeling,22 or their capacity to discriminate true antagonists
from randomly chosen druglike molecules.10 Extraction of

the 7 TM residues for the X-ray structure (bovine rhodopsin)
as well as for the eight above-reported models afforded nine
3-D structural templates (Figure 4) which were fitted together
with the “Magic Fit” tool of Swiss-PDBviewer.23 This subset
of nine template structures is fragmented by GPCRmod into
two classes of rigid bodies used to define two knowledge-
based libraries. The first class of rigid bodies is composed
by the nine backbone structures. It constitutes the first
knowledge-based library,B-lib, containing the Cartesian
coordinates of the backbone atoms. The second class of rigid
bodies stored in a second knowledge-based library,PSR-
lib, is a position-specific rotamer library storing the amino
acid and its rotameric state (expressed in internal coordinates)
at each position of the 7 TMs.

(b) 3-D Model Building. To build the backbone of each
GPCR target, GPCRmod selects first in theB-lib library one
of the 9 templates presenting the highest sequence identity
in the 7 TMs with the target sequence. Following the
previously determined target-template alignment, each side
chain of the target is constructed (Figure 5). Information
about the initial placement of the side chains comes from

Figure 4. Alignment of the 7 TMs of the 9 structural templates (one X-ray structure, 8 homology models) used to build two knowledge-
based libraries (B-lib andPSR-lib). Numbers at the beginning of each block line indicate the starting position of each helix, based on the
SwissProt numbering. Class I and III patterns are enclosed by light and dark gray boxes, respectively.
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the combination of two rotamer libraries: the previously
described knowledge-based position-specific rotamer library
(PSR-lib) as well as a backbone-independent rotamer li-
brary.24 Internal coordinates are used to build the side chains.
While bond lengths and angles are derived from AMBER
6.0,25 dihedral angles are taken from one of the above-
mentioned rotamer libraries. To construct each target residue,
GPCRmod uses the following set of “rule-based” modeling
procedures (Figure 5). Starting from a target proteinA of
lengthN with a sequenceσA ) {a1, a2, ..., aN} and a library
of M templatesEj with their M corresponding sequencesσEj

) {e1j, e2j, ...,eNj}, j ) 1, 2, ...,M, GPCRmod selects among
theM templatesEj those carrying the same residue at position
i as in the targetA (eij ) ai,). If more than one template
carrying the right residue at the desired positioni is found,
GPCRmod first determines for the targetA a subset ofQ
residuesσA

i ) {sa1
i, sa2

i, ...,saQ
i} surroundingai. The subset

σA
i is formed by theQ residues having at least one heavy

atom in a 5-Å sphere radius centered onai. The correspond-
ing subsetsσEj

i ) {se1j
i, se2j

i, ..., seQj
i} are considered for

each of thek selected templatesEj for which eij ) ai. For
each of thek pair (σA

i,σEj
i), a similarity scores(σA

i,σEj
i)

between the target and the template subsets surroundingai

is determined as follows:

whereDij is a 20× 20 residue substitution matrix26 that gives
a measure of the chemical similarity between the residuei

and j, i,j being one of the 20 natural amino acids. The
template i having the subsetσEj

i presenting the highest
similarity with the target pocketσA

i is selected and its
dihedral angles are taken fromPSR-liband used to define
the side chain of the target residueai. If just one template is
found, the dihedral angles of the template can be directly
assigned to the target side chain. These cases where one or
more template side chains are found in the knowledge-based
rotamer libraryPSR-libis referred in GPCRmod as “method
1” of side-chain positioning called “template matching”, as
shown in Figure 5.

If no templates are found, GPCRmod checks first ifai

presents an aromatic side chain (Phe, Tyr, Trp). Indeed,
aromatic residues adopt most of the time aø2 angle of(90°
differing from the most frequently observed-60°(gauche-)/
180°(trans) ø2 values of other amino acids. Thus, ifai is
aromatic, a general backbone-independent rotamer library24

is used to set the dihedral angles ofai. These cases where
the side chains are aromatic are referred to in GPCRmod as
“method 3” (Figure 5). Ifai is not aromatic, GPCRmod tries
to find in the PSR-lib library residues at positionsi (eij)
having a dihedral degree of freedom higher or equal to that
of ai (nø(eij) > nø(ai), with nø(eij) and nø(ai) being the
number of rotatable bonds ofeij andai, respectively). If more
than one template is found, the previously defined substitu-
tion matrix26 is used to select theeij amino acid that presents
the higher physicochemical similarity withai. The dihedral
angles of the selectedeij are used to set those ofai. These
cases constitute in GPCRmod the “method 2” of side-chain
positioning and are called “truncated mutation” (Figure 5).
If none of theM templatesEj can be used to modelai,
GPCRmod selects the top-ranked rotamer (found with the
higher probability in the PDB) of the general backbone-
independent rotamer library.24 These cases constitute “method
3” of side-chain positioning, referred to by GPCRmod as
“rising mutations” (Figure 5).

(c) Model Refinement.Once the side chains have been
built, the model is refined in a two-step procedure involving
a first refinement aimed at removing main steric clashes,
followed by a force-field energy minimization. For each
residue of the 3-D model, a list of neighboring heavy atoms
closer than 2.5 Å to any atom of the inspected residue is
defined. All residues whose list contains more than 10 atoms
are considered separately. This value of 10 atoms, determined
by a trial-and-error procedure, is the best compromise to
detect almost all clashes, mainly those involving tyrosine,
phenylalanine, and tryptophane. Going through the 7 helices
(N-terminus to C-terminus of helix I, then N-terminus to
C-terminus of helix II, etc.), for each problematic residue
(having at least 10 heavy atoms closer than 2.5 Å), all
rotameric states of the general backbone-independent library24

are checked, beginning with the top-ranked rotamer (found
with the higher probability in the PDB). For each possible
rotameric state, the list of neighboring atoms is recalculated
and the one presenting the less neighboring close atoms is
finally selected. For all GPCRs modeled in the current study,
most of the clashes were associated with aromatic residues
and could be successfully resolved by applying this row and
fast refinement protocol.

In a second step, hydrogen atoms are added using
AMBER6 geometries and the model is relaxed using the
AMBER6 force field.25 The model is first refined by 1000

Figure 5. Overall flow chart of the 3-D building tool (GPCRgen)
of the GPCRmod program.

s(σA
i,σE

ji) ) ∑
n)1

Q

D(san
i, senj

i) with

D(san
i, senj

i) ) D(i,j) ) Dij (5)
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steps of the descent method followed by a maximum of 1000-
steps conjugate gradient minimization, unless the root-mean-
square of the potential energy gradient converged to a
threshold of 0.25 kcal‚mol-1‚Å-1. In practice, the upper limit
of 2000 energy minimization steps was never reached as the
refinement always converge during the conjugate gradient
minimization. Energy refinement was performed under
vacuum using a distance-dependent dielectric function (ε )
4r) and a twin cutoff (10.0 and 15.0 Å) to calculate
nonbonded interactions.

Inverse Screening of the GPCR Target Database. (a)
Customizing the GOLD2.1 Docking Program for Inverse
Screening. The necessary GOLD27 input files used for
screening a single ligand against a library of protein targets
is generated by an in-house Perl module (InvGOLD). All
GPCR entries are first stored in mol228 format in a single
directory. An additional file stores the center of mass of the
TM cavity of all GPCR entries. A configuration file
(gold.conf) is then defined for each GPCR entry in an entry-
specific directory with the corresponding protein file name
and center of mass.

(b) Setting-up Ligand Coordinates.Starting from Isis/
Draw29 2-D sketches, a 3-D structure of the ligand is
generated with Concord.30 A quick energy-minimization
protocol is then used to refine the Concord structure, using
the TRIPOS force field31 and 1000 steps of Newton-
Raphson energy refinement. Final ligand coordinates are
stored in TRIPOS mol2 format.

(c) Ligand Docking. Seven speed-up settings of the
GOLD software27 were used in the current study. For each
of the 10 independent genetic algorithm (GA) runs, a
maximum number of 10 000 GA operations were performed
on a single population of 100 individuals. Operator weights
for crossover, mutation, and migration in the entry box were
set to 100, 100, and 0, respectively. To allow poor nonbonded
contacts at the start of each GA run, the maximum distance
between hydrogen donors and fitting points was set to 4 Å,
and nonbonded van der Waals energies were cutoff at a value
equal to 9kij (well depth of the van der Waals energy for
the atom pairi,j). To further speed up the calculation, the
GA docking was stopped when the top 3 solutions were
within 1.5-Å root-mean-square deviation (rmsd) of each
other. The GOLD output files are then treated by InvGOLD
to generate a ranking list (maximum fitness value, average
fitness) for all GPCR targets and target-specific docked
coordinates of the investigated ligand.

RESULTS

Alignment of Human GPCR Amino Acid Sequences.
The GPCRmod program has been applied to align 277 human
GPCRs from the SWISSPROT/TREMBL database.32 An
example of the GPCRmod alignment output is displayed in
Figure 6.

(a) Aligning Receptors of the Rhodopsin-like Family
(Class I). 208 of the 235 rhodopsin-like receptors could be
unambiguously classified via pattern search (see Table 3).
About 80% of the rhodopsin-like GPCRs possess at least 3
class-I-specific patterns. Patterns from other classes have
been detected in only four cases (Swiss Prot id: B2AR,
PD2R, EDG4, O14804), all of them originating from class
II fingerprints. The remaining 27 rhodopsin-like receptors

that were not classified via pattern search were all identified
as rhodopsin-like by the motif search. 25 out of these 27
GPCRS depict 5 or more characteristic class I motifs. Class
II and class III motifs can be accidentally detected for the
small subset of receptors that escaped pattern detection but
never enough to perturb family assignment.

For 14 class I receptors, at least one TM was aligned using
the full TM alignment protocol (see Methods) since neither
a pattern nor a motif was found. 7 of these 14 cases (Figure
6) belong to the family of the prostaglandine/thromboxane
receptors. In 5 prostaglandine receptors, TM5 had to be
aligned with this protocol; in 2 cases TM7 was concerned.
It has already been reported that the prostaglandine/throm-
boxane receptors only partially match the motifs of the
rhodopsin-like family, lacking notably the motif in TM5.20

It should be stated that any alignment of a transmembrane
region using general matrices such as the Blosum series
always has to be regarded critically since these matrices have
been developed using soluble proteins and not membrane
proteins. The higher the similarity between the query
sequence and the template, the higher the probability of
obtaining the correct alignment. If possible, we therefore
repeated the alignment of those GPCRs for which the full
TM alignment protocol had to be used, using sequences of
TMs that belong to the same (sub-)family as the query and
that were already unambiguously aligned via a pattern or
motif as additional templates. All alignments obtained with
the full TM alignment protocol were then compared with
solutions suggested from other alignment protocols such as
ClustalW. We then kept the most realistic alignment in terms
of (i) properties of the amino acids aligned to residues in
the rhodopsin sequence that are in other conserved GPCRs
and (ii) the length of the resulting loops connecting the
respective TM with the preceding and following TMs.

For 10 of the 14 receptors for which the full TM alignment
protocol was applied, the original alignment proposed by our
algorithm was kept since suggested solutions from other
programs were identical. For 4 receptors of the prostaglan-
dine family (SwissProt id: PD2R, PE22, PE24, TA2R),
repeating the alignment of TM5 using the four already
aligned prostaglandine receptors as additional templates gave
different results that are now equivalent to the one obtained
by applying ClustalW18 for aligning the TM5 of the pros-
taglandine receptors. Therefore, these alignments were kept
thereafter.

(b) Aligning Receptors of the Secretin-like Family
(Class II). 27 sequences were classified via the pattern search
(Table 3). Not a single pattern from the other two GPCR
classes was found (see Table 3). Two additional receptors
(SwissProt id: CLR3, Q9UL61) could be classified into the
class II GPCR family by detection of at least 3 class II-
specific motifs (Table 3). 14 of the secretin-like sequences
have at least one TM for which neither a pattern nor a motif
could be identified. These TM sequences had thus to be
aligned using the full TM alignment. As described for class
I, we compared these alignments with the alignment given
by ClustalW and corrected them in 4 cases (SwissProt ids:
BAI1, BAI3, CD97, EMR1) where a significant improvement
was obtained by using the other already aligned TMs of the
same family as additional templates.

(c) Aligning Receptors of the Metabotropic Glutamate-
like Family (Class III). This family comprises the metabo-
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tropic glutamate receptors (8 members), the extracellular
calcium-sensing receptor and theγ-aminobutyric acid
((GABA) type B subunit 1 and 2 receptors. Additionally,
we could classify two orphan receptors (SwissProt id:
O75205, O95357) into this family.

Class III GPCRs lack both pattern and motif for TM1 and
TM7, which thus always have to be aligned by the full TM
alignment algorithm. The TM2-TM6 of the metabotropic

glutamate receptors and the extracellular calcium-sensing
receptorsthe receptors used for PRINTS motif definitions
were all aligned via pattern location. The alignments of TM1
and TM7 of the metabotropic glutamate receptors and the
extracellular calcium-sensing receptor that were generated
using the full TM alignment were again treated as described
for class I. For 5 of these receptors, the alignments generated
with the full TM alignment protocol were accepted. In the

Figure 6. GPCRmod output on the example of prostaglandine receptors. For each receptor, indexed by its SwissProt entry name, the
GPCR family and the amino acid sequence of the 7 TMs are displayed along with the residue numbers delimiting the TM domains.
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remaining 4 cases (SwissProt id: MGR4, MGR6, MGR7,
MGR8), the alignment of TM7 was adjusted by accepting
the alignment obtained when using the already-aligned
sequences as additional templates. The GABA receptors play
a special role in this family. Though grouped together with
the metabotropic glutamate and extracellular calcium-sensing
receptors into the family of metabotropic glutamate-like
receptors, they do not share, according to the PRINTS
database, the same motifs. GPCRmod was nevertheless able
to correctly classify them as class III specific by detecting
motifs for TM3-TM6.

In summary, for 234 (85.7%) of the 277 human GPCRs,
all 7 TMs were aligned using either a pattern or motif. The
alignment of these receptors was therefore completely
automated and did not require any manual intervention. In
41 cases, at least one TM did not contain any pattern or motif
and required therefore the full TM alignment protocol, which
we decided to control manually since such general matrices
are not optimized for transmembrane regions. This manual
check was however only performed for 2.9% (57 out of
1939) of the aligned TMs.

Three-Dimensional Model Building.The virtual GPCR
target library is composed of 277 3-D models (235 class I,
29 class II, and 13 class III GPCR 3-D models). For class I
targets, the nociceptin receptor model was used as the
backbone template in 45% of the cases (Figure 7). As no
class II template is currently present, class II GPCRs have
been built from various class I backbone structures (Figure
7). Due to their extreme amino acid sequence peculiarity,
TM domains of the class III receptor were all built from the
only class III template (calcium-sensing receptor).

(a) Knowledge-Based Side-Chain Positioning.Side-
chain positioning has been achieved using two rotamer
libraries. A knowledge-based position specific rotamer library
(PSR-lib), covering a total of 1701 rotameric states for 20
residues derived from 9 GPCR templates, is used to find
the target side chain by either direct template matching (same
side chain at the same position; method 1, Figure 5) or by
performing a truncated mutation (target side chain with a
lower dihedral degree of freedom; method 2, Figure 5). A
general backbone-independent rotamer library24 is finally
used to build side chains whose rotational degree of freedom
is higher than that of available templates stored in thePSR-

lib library (method 3, Figure 5). Despite the relatively low
sequence identity between any of the 269 new GPCR targets
and the 9 templates (about 20-25% for the 7 TM domain),
direct template matching was possible for ca. 65% of target
side chains (Figure 8). In 10% of all cases, the “truncated
mutation” method could be used still using the knowledge-

Table 3. Statistics for the Pattern and Motif-Based Alignment of 277 GPCRsa

pattern search
(all receptors)

motif search (receptors not
classified via pattern search)

family class I class II class III
classified via
pattern search class I class II class III

classified via
motif search

class I (n ) 235) 66(5)b 4(1) 0 208 17(7) 9(2) 2(2) 27
62(4) 4(6) 6(1) 4(1)
42(3) 4(5)
38(2) 1(4)
23(1) 1(3)
4(0)

class II (n ) 29) 0 13(6) 0 27 1(1) 1(4) 0 2
2(5) 1(3)
9(3)
3(2)
1(1)
1(0)

class III (n ) 13) 1(1) 0 9(5) 9 1(2) 2(1) 1(1) 2(4) 2(3) 4

a The motif search applies only for receptors that have not been classified in the previous pattern search.b m(n) indicates thatm receptors have
been assigned by pattern/motif detection overn transmembrane domains.

Figure 7. Statistical analysis of backbone templates used to
generate 277 GPCR models. Class I, II, and III GPCRs are indicated
by light gray, white, and dark gray bars, respectively.

Figure 8. Cumulative percentage of the 3 methods (template
matching, light gray surface; truncated mutation, white surface;
rising mutation, dark gray surface) used by GPCRmod for the side-
chain positioning. The analysis has been performed on 228 class I
(models 1-228), 29 class II (models 229-258), and 12 class III
(models 259-271) GPCRs. The 8 human GPCR templates used to
assist 3-D model generation have been excluded here.
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based GPCR-derived position-specific rotamer library. For
only ca. 25% of all target side chains, the general rotamer
library was used (Figure 8).

(b) 3-D Structure Check.Before assessing the correctness
of each new 3-D model, the current modeling protocol has
first been validated using a “leave-one-out” building ap-
proach. Each of the 9 available GPCR templates was
reconstructed by GPCRmod using the remaining structures
as templates. The GPCRmod models were found to be very
close to state-of the-art template models(10) (Table 4) but
are generated within a few seconds instead of a few hours.
82% of theø1 dihedral angles as well as 65% of the (ø1, ø2)
dihedral angles are predicted within 40° of that of the
reference structures. The overall stereochemical quality of
each leave-one-out model, as considered by Procheck,33 is
correct. No source of errors (wrong stereochemistry, close
contacts) could be detected. Hence, the average Procheck
score for all 277 GPCR models is 0.08( 0.006. Since the
current high-throughput models are aimed at being screened
against a single ligand, it is important that our modeling
procedure proposes a reliable binding site cavity. Comparing
the TM binding cavity of one of the starting templates
(human dopamine D3 receptor) carefully modeled in a
previous study10 with the corresponding GPCRmod model
(generated after removing the D2 and D3 receptors from the
template list) shows that both cavities are rather similar
(Figure 9), as exemplified by the observed low rmsd (0.89
Å for heavy atoms).

(c) Inverse Screening of the GPCR Target Database.
The herein described InvGOLD script was used to recover,
from the GPCR target database, either the known receptor
of a selective purinergic P2Y1 ligand (MRS-2179,34 Figure
10A) or the known receptors of a promiscuous ligand (NAN-
190,35 Figure 10B) known to bind to several monoamine
receptors with nanomolar affinities (Table 5).

When screening the protein library for putative receptors
of MRS-2179, the P2Y1 receptor is indeed ranked among
the top scorers (7th, Figure 10A) with three related receptor
subtypes (P2Y6 ranked 5th, P2Y5 ranked 9th, and P2Y10

ranked 12th). The remaining five P2Y receptors (P2Y2, P2Y4,
P2Y7, P2Y9, P2Y11) present in the current GPCR database
are all ranked beyond the 35th position.

5 out of the 9 known targets of NAN-190, the second
ligand investigated herein, are ranked in the top 25 positions,

and 7 out of 9 in the top 31 positions (Figure 10B). The
worst-ranked true receptor (5-HT1A) is ranked 68th. As
expected from many previous studies, there is a very weak
correlation between the experimentally determined inhibition
constant and the GOLD fitness score (Table 5). The fine
selectivity profile for the whole 5-HT receptor family is
unfortunately not fully addressed because the 12 5-HT
receptor subtypes currently present in our database are all
clustered among the top 68 positions.

Table 4. Comparison of “Leave-One-Out” GPCRmod Models with
Templates

model GPCRa templatesb
Procheck

scorec
% of ø1

< 40°d
% of ø2

< 40°e
% of (ø1, ø2)

< 40°f

1 OPSD•B 2-8 0.16 87 71 69
2 D2DR•H 1, 4-8 0.09 86 78 72
3 D3DR•H 1, 4-8 0.06 87 83 76
4 EDG2•H 1-3, 5-8 0.04 80 66 60
5 CASR•H 1-4, 6-8 -0.09 75 63 53
6 V1AR•H 1-8 0.12 79 67 58
7 ACM1•H 1-6, 8 0.00 83 74 66
8 OPRX•H 1-7 -0.01 78 78 66
9 SMO•H 1-8 0.02 73 66 54

a SwissProt entry (B, bovin; H, human).b Handmade GPCR tem-
plates used by GPCRmod.c Overall Procheck33 score.d Percentage of
ø1 dihedral angles predicted within 40° of the corresponding template.
e Percentage ofø2 dihedral angles predicted within 40° of the
corresponding template.f Percentage ofø1, ø2 dihedral angles predicted
within 40° of the corresponding template.

Figure 9. Close-up in the transmembrane cavity of the dopamine
D3 receptor. The template model10 and the GPCRmod model are
displayed by dark and gray sticks, respectively. The root-mean-
square deviation between the two models, calculated over heavy
atoms, is 0.89 Å.

Figure 10. InvGOLD ranking of the true receptor(s) of selective
ligands ((A) MRS-2179, high-affinity P2Y1 receptor antagonist)
and of a promiscuous ligand ((B) NAN-90, high-affinity antagonist
of the dopamine D2 receptor, serotonine 5-HT1A, 5-HT1C, 5-HT1D,
5-HT2A receptors, and adrenergicR1a receptor). Known receptor-
(s) are indicated by a dark ball.
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DISCUSSION

Straightforward Aligning of Most Human GPCR
Transmembrane Domains.Despite the common heptahe-
lical architecture of their transmembrane domains, GPCRs
are characterized by a relatively low sequence identity (less
than 20%), especially when amino acid sequences of 2
GPCRs from different classes (class I, class II, class III) are
compared. Moreover, the length of variable parts of the
amino acid sequence (N- and C-terminal domains, extra- and
intracellular loops) can vary dramatically. These observations
explains our choice for (i) focusing the alignment on isolated
TMs which are rather easy to detect by the TMHMM
algorithm,10 (ii) separating GPCRs into homogeneous fami-
lies, (iii) biasing the alignment procedure toward known
GPCR fingerprints (patterns, motifs). 277 GPCRs from three
different classes could then be unambiguously classified into
one of the 3 main GPCR families and lead to reliable
alignment of all GPCR amino acid sequences under inves-
tigation. The amino acid fingerprints (patterns, motifs) taken
from the PRINTS database20 are specific enough to avoid
ambiguous alignments. Out of the 277 sequences investigated
herein, only 5 present an ambiguous pattern (Table 3).
However, this accidental match always appears only once
in a single sequence and does not preclude for TM and class
detection The number of ambiguous motifs is slightly higher
(26), but these motifs are never found more than twice in
the same sequence. This observation confirms previous
results,20 suggesting that a maximum of 2 motifs can be
randomly found in a wrong GPCR class. Importantly, these
discrepancies did not induce any failure in our family
assignment. The GPCRmod alignment is different from a
whole-sequence-based alignment36 trying to find a unique
consensus sequence37 which is obviously wrong as far as
GPCRs from different families are compared (Figure 11).
A clear drawback of our approach is that GPCRmod neglects
intra- and extracellular loops for which a few specific
fingerprints could also be found.38

High-Throughput GPCR Models for Studying Recep-
tor-Antagonist Interactions. A single high-resolution
X-ray structure of a GPCR (bovine rhodopsin) is currently
available.9 Because rhodopsin has been crystallized in its
ground (antagonist-bound) state, the current models only
pretend to represent receptor structures aimed at studying
receptor-antagonist interactions. Hence, most recent reports
agree to suggest that the latter X-ray structure is a good
template for mapping GPCRs even for receptors that
significantly differ from rhodopsin.12,13However, it must be
noticed that modeling GPCRs in their activated states39-41

is clearly out of the scope of the present report for the simple

reason that the X-ray structure the bovine rhodopsin is
unlikely to be a good template in that case42

Direct threading of the target model onto the rhodopsin
structure generates 3-D models that are not well-suited for
virtual screening purpose.10 Hence, the dimensions of the
TM binding cavity in rhodopsin is obviously biased by the
cocrystallized covalently bound ligand (retinal). We thus
decided to generate other 3-D templates for comparative
modeling. Eight additional targets (Figure 4) have been
selected because the corresponding high-quality 3-D models
were in our hands and proved useful to either (i) explain
fine details of receptor-antagonist interactions (V1a receptor22

and extracellular calcium-sensing receptor13) or (ii) discrimi-
nate true ligands from randomly chosen “druglike” molecules
in protein-based virtual screening tests (M1, D3, V1A, and
ORL-1 receptors).10 The backbone coordinates used to
generate the target model is thus chosen from 9 possible
templates which present a similar 3-D fold but slightly
different helix bundle assemblies. Furthermore, the position-
specific side-chain library generated from these 9 templates
is diverse enough to find, in 75% of the cases, a target side
chain present at the same position of the same TM segment
in any of the 9 templates (Figure 8).

The herein described 3-D modeling strategy is not novel
by itself. However, we believe that the use of rotamer
libraries customized from several experimentally validated
GPCR models is a clear advantage with respect to generic
homology modeling procedures43 which are parametrized
from soluble proteins that are very different from membrane
receptors. Last, our modeling protocol does not require the
knowledge and prior docking of a known antagonist in order
to extend the binding cavity of the target GPCR.

A clear drawback of the current study is that only TM
domains have been taken into account to facilitate the amino
acid sequence alignment. GPCRs also display extracellular
residues (N-terminal domain, three loops) that may partici-
pate to ligand binding, notably for class I peptidergic
receptors, hormone-binding class II receptors, and metabo-
tropic-like GPCRs (class III). However, the scope of the
current GPCR library is not to propose high-resolution all-
atom 3-D models for all GPCRs but only models which are
precise enough to identify receptor antagonists. As occupying
the TM binding cavity is a common feature of most GPCR

Table 5. Inverse Screening of a Promiscuous 5-HT Receptor
Ligand (NAN-190)

receptor
InvGOLD

rank Ki,a nM receptor
InvGOLD

rank Ki,a nM

5-HT1A 68 3 5-HT7 6 79
5-HT1D 11 275 D2 3 47
5-HT1F 29 703 D3 19 3
5-HT2A 31 708 R1A 14 2
5-HT2C 49 630

a Inhibition constant (Ki) values were taken from the PDSPKi

database.58

Figure 11. Comparison of a fingerprint-based alignment (GPCR-
mod) with a full sequence alignment59 of two GPCRs from different
classes. The second transmembrane domain (TM2) of bovine
rhodopsin (OPSD‚BOVIN) is aligned to that of the human calcium-
sensing receptor (CASR‚HUMAN). Whereas the full sequence
alignment is able to properly match the bovine rhodopsin sequence
with that of a GPCR consensus sequence (LA..D common match),
the alignment proposed for the calcium-sensing receptor is forced
to match the LA..D consensus and thus align a sequence from the
N-terminal extracellular domain (488-517) with the TM2 of bovine
rhodopsin. By opposition, GPCRmod uses a different template for
class III GPCRs and outputs a reliable alignment based on the class-
III-specific TM2-characteristic K....E.SY pattern (see Table 1).
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antagonists,1 we do think that models of the 7 TMs are
sufficient to achieve this task. Furthermore, we believe that
the high-throughput modeling of highly variable extracellular
loops (especially the second one shown to fold back over
the TM cavity in bovine rhodopsin)9 would provide more
noise than real information because of the clear lack of
structural data on the contribution of these loops to ligand
binding. A recent site-directed mutagenesis of the second
extracellular loop of the calcium-sensing receptor13 clearly
shows that, despite a significant sequence identity to bovine
rhodopsin, it cannot adopt the peculiar 3-D fold observed in
the latter template.

Another limitation of the current modeling procedure is
the omission of kinks, bends, and differential inclinations
of helical axis specifically induced by either certain amino
acids (proline or glycine)44,45or non-R-helical 2-D structures
(310-helices,π-helices).46 For example, the chemokine CCR5
receptor presents a Thr-Xaa-Pro (Xaa being any amino acid)
motif at the extracellular side of TM2, conserved all over
the chemokine-receptor family and hypothesized to induce
a bend critical for chemokine binding.47 In the next release
of our GPCR library in which we foresee adding 130 new
GPCRs from the GPCRDB database,48 we plan to use a rule-
based method for bending TM helices after backbone
selection of the template and accommodate, as much as
possible, the above-described deformation.

We assume in the current alignment/building procedure a
conservation of TM lengths for all GPCRs. It is possible
that the beginning and the end of certain TM regions are
slightly shifted for some peculiar GPCRs. However, as our
alignment and building procedure is based on the existence
of conserved amino acids at key points of the TM cavity, it
is very unlikely that TM residues lining the antagonist
binding site have been shifted. Discrepancies can only apply
to capping residues of the TM helices that do not influence
the antagonist binding site cavity. Because the primary goal
of the present study is to provide a library of GPCR models
presenting a consistent TM cavity, the above-noted discrep-
ancy is unlikely to influence our usage of these models.

Last, incorporation of more class I templates and of at
least one class II reference should allow a less biased
backbone template selection. If we assume a conserved helix
bundle assembly of the ground state for most GPCRs, as
suggested by two recent site-directed-mutagenesis studies,12,13

the last bias should not influence that much the overall 3-D
structure of the current high-throughput models.

Comparison of GPCRmod with Other GPCR Modeling
Approaches.Various modeling strategies aimed at proposing
reliable 3-D models of the most interesting GPCRs have
already been described. They can be classified in 3 catego-
ries: ab initio folding techniques,49-51 distance-geometry
based methods,52 and rhodopsin-based threading tools.36,53

Ab initio building tools present the advantage of being
independent of any template and are currently able to
reproduce the general architecture (helix bundle assembly)
of GPCRs at a very low throughput. However, such models
still are not accurate enough to guide a drug design approach.
When applied to the prediction of the bovine rhodopsin
structure, rms deviations of the ab initio model from the
X-ray structure are typically larger than 3.0 Å.49-51 Mosberg
et al. developed a distance-geometry-based method aimed
at optimizing interhelical hydrogen bonds between buried

polar residues.52 The method has been applied to the
construction of 26 GPCR models whose predicted binding
pockets are in agreement with known experimental data.
Whether the proposed models are able to discriminate known
ligands from randomly chosen molecules has not been
assessed. The herein described procedure is closer in its spirit
to that used in WHAT IF36 for generating rhodopsin-based
homology models53 (currently stored in the GPCRDB
database53). However, GPCRmod and WHAT IF models are
significantly different for two main reasons: (i) Amino acid
sequence alignment to rhodopsin are markedly different,
especially in TM5 and TM6 which follow the variable third
intracellular loop. This is a direct consequence of the different
alignment methods used. (ii) GPCRmod models are derived
from ligand-bound energy-minimized GPCR templates and
not from the X-ray structure of rhodopsin itself. Thus, TM
binding cavities of GPCRmod models are typically larger
(less biased from the rhodopsin-bound retinal volume) than
WHAT IF models.

Utility of the GPCR Target Library for Inverse
Screening.The accuracy of the current GPCR models has
been assessed by their ability to accommodate either a
supposedly selective GPCR antagonist (MRS-2179, Figure
10A) or a known promiscuous ligand (NAN-190, Figure
10B) in cross-docking experiments. Remarkably, the true
receptor(s) of both ligands is (are) ranked among the top
10% scorers in our inverse screening protocol. The proposed
binding mode of MRS-2179 to the high-throughput model
of the P2Y1 receptor is in remarkable agreement with side-
directed mutagenesis data.54 The adenine moiety is embedded
in an hydrophobic pocket delimited by TM6 and TM7, the
ribose lies in another hydrophobic site between TM3 and
TM6, and the diphosphate interacts through hydrogen-bond-
assisted salt bridges to two arginine (Arg 68, Arg 310) and
a lysine residue (Lys128). By comparison, docking the same
antagonist to the WHAT IF model of the same receptor leads
to a lower fitness score and a very different docking mode
(between TM5 and TM6), which is not supported by known
experimental data.54 The promiscuous GPCR antagonist
NAN-190 is similarly docked to all its known receptors
(Table 5) with the basic nitrogen placed within a salt bridge
distance to a conserved aspartic acid (TM3) as suggested
by side-directed mutagenesis experiments.55 The n-butyl
spacer fills a gorge between TM3 and TM6, locating both
aromatic moieties in two hydrophobic subsites (one between
TM2, TM3, and TM7 and one between TM3 and TM5) in
agreement with a previous model.56

Several reasons may explain why the true receptor is not
ranked first: (i) the full specificity profile of the two
investigated antagonists is only partially known and the
binding affinity of MRS-2179 and NAN-190 for their
corresponding top-ranked GPCRs (Table 6) is still unknown,
(ii) the contribution of amino acids from the extracellular
loops (especially the second one) has been omitted in the
current docking, and (iii) the fast scoring function utilized
by GOLD cannot exactly reproduce binding free energies
and consequently binding affinities.57 However, it should be
recalled that the main purpose of fast scoring functions is
not to exactly predict absolute binding free energies (affini-
ties) form protein-ligand coordinates but to be robust enough
to clearly discriminate potential hits (targets in the present
case) from unlikely solutions. As far as the investigated
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ligands have not been experimentally tested for binding to
all GPCRs and especially the top-ranked receptors, it is
impossible to unambiguously detect both false positives
(overestimated receptors) and false negatives (underestimated
receptors). However, we have to admit that the fine specific-
ity for closely related GPCR subtypes is only partially
addressed. For both ligands, ca. 80% of GPCRs closely
related to the true target(s) (P2Y receptors for MRS-2179;
5-HT receptors for NAN-190) usually clustered in the top
20% scorers. Thus, the current inverse screening procedure
is more aimed at identifying the likely receptor subfamily
(dopamine, serotonin, adenosine, etc.) than precisely mapping
the individual preference for highly related GPCR subtypes.
It could thus be used as a computational filter to study the
most likely targets when addressing the selectivity profile
of a given compound or trying to identify the yet unknown
receptor of a molecule showing promising in vivo biological
effects.

CONCLUSIONS

The GPCRmod software package has been developed to
enable the high-throughput modeling of most pharmaceuti-
cally interesting G protein coupled receptors. Starting from
the amino acid sequence of 277 targets, an alignment of the
seven transmembrane domains of all receptors is proposed
on the basis of existing GPCR fingerprints. The multiple
alignment has then been translated into reliable three-
dimensional models using a knowledge-based threading
algorithm based on eight different GPCR models and two
side chains libraries. All models were concatenated into a
target library of 277 receptors that can be screened electroni-
cally to identify the receptor(s) of known ligands. They were
shown to be accurate enough to allow the recovery of the
true targets among the top candidates. To the best of our
knowledge, the current study is the first report of a direct
use of high-throughput GPCR models for virtual screening
purpose. The herein described comparative modeling and
inverse screening procedures can easily be extended to other
pharmaceutically interesting protein families (e.g. kinases,

phosphatases) as GPCRmod uses a target-independent Java
library. More importantly, inverse screening of protein
databases enables the “in silico” identification of the most
plausible target(s) of any given ligand as well as the
computation of ligand specificity profiles that might be used
to assist lead development in a very early phase.
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