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Abstract
G protein-coupled receptors (GPCRs) are a large superfamily of membrane bound signaling
proteins that hold great pharmaceutical interest. Since experimentally elucidated structures are
available only for a very limited number of receptors, homology modeling has become a
widespread technique for the construction of GPCR models intended to study the structure-
function relationships of the receptors and aid the discovery and development of ligands capable
of modulating their activity. Through this chapter, various aspects involved in the constructions of
homology models of the serpentine domain of the largest class of GPCRs, known as class A or
rhodopsin family, are illustrated. In particular, the chapter provides suggestions, guidelines and
critical thoughts on some of the most crucial aspect of GPCR modeling, including: collection of
candidate templates and a structure-based alignment of their sequences; identification and
alignment of the transmembrane helices of the query receptor to the corresponding domains of the
candidate templates; selection of one or more templates receptor; election of homology or de novo
modeling for the construction of specific extracellular and intracellular domains; construction of
the three-dimensional models, with special consideration to extracellular regions, disulfide
bridges, and interhelical cavity; validation of the models through controlled virtual screening
experiments.
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1. Introduction
G protein-coupled receptors (GPCRs), also known as seven transmembrane (7TM)
receptors, are proteins expressed on the plasma membrane that mediate the receiving of
extracellular stimuli given by a variety of first messengers (1). The latter can be either
endogenous molecules secreted by the body, for example neurotransmitters or hormones, or
exogenous molecules of external origin, for example odorants. In humans, the superfamily
of GPCRs includes over 800 members that, according to the GRAFS classification scheme,
can be divided into five main families: the glutamate family (G; also class C or family III),
the rhodopsin family (R; also class A or family I), the adhesion family (A; also class B or
family 2, together with the secretin family), the frizzled/taste2 family (F), and the Secretin
family (S, also class B or family 2, together with the adhesion family) (2). The rhodopsin
family, which also comprises numerous odorant receptors, is by far the largest of the five,
accounting for about 84% of the entire superfamily (2). Coupling with intracellular proteins,
GPCRs transduce extracellular stimuli into biochemical signals that alter the functioning of
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the cell, with vast physiological and pathophysiological implications (1). Notably, GPCRs
signaling can be ad hoc modulated by exogenous molecules that either stimulate the
receptors in lieu of their physiological first messengers or block their stimulation. As a result
of this opportunity for pharmacological intervention, GPCRs are the target of a large share
of the currently marketed drugs (3) and are the object of intense studies aiming at the
development of novel therapeutic strategies.

Despite the large size of the superfamily, GPCRs have traditionally been characterized by a
paucity of structural information and, for many years, detailed three-dimensional (3D)
structures were available only for rhodopsin. However, rhodopsin is a peculiar receptor with
a very distinctive mechanism of activation: it features a covalently bound ligand, retinal, that
triggers activation of the receptor upon isomerization by the action of light photons – for a
synoptic perspective on the role of rhodopsin as a prototypical class A GPCR, see Costanzi
et al. (4). More recently, breakthroughs in GPCR crystallography led to the solution of the
structure of additional receptors, all belonging to class A. Specifically, as shown in Table 1,
at the time of this writing the Protein Data Bank (www.rcsb.org), enlists structures for:
bovine rhodopsin crystallized in the ground state and at early stages of the photoactivation
cycle; squid rhodopsin; the unliganded opsin alone and in complex with the C-terminal
peptide of the α-subunit of transducin; the β1 and β2 adrenergic receptors in complex with a
variety of blockers and agonists; the adenosine A2A receptor in complex with a neutral
antagonist; the CXCR4 chemokine receptor in complex with a small molecule and a cyclic
peptide antagonist; and the dopamine D3 receptor (4–10). Additional structures are very
likely to be solved in the near future.

The experimentally elucidated structures confirmed the idea, initially founded on sequence
analysis (4), that GPCRs are constituted by a single polypeptide chain that spans the plasma
membrane seven times, with seven α-helical structures (numbered from helix 1 to helix 7)
interconnected by three extracellular and three intracellular loops (ELs and ILs, numbered
from EL1 to EL3 and from IL1 to IL3), as schematically shown in Figure 1 (11). The N-
terminus is in the extracellular milieu. Although usually relatively short, for some receptors
– notably those belonging to class B and C and to the glycoprotein hormone subfamily of
class A – this region is fused to a large soluble ectodomain responsible for ligand binding.
For the protease activated receptors (PAR), the N-terminus plays a very peculiar role: it
functions as a tethered ligand that, when unmasked by the action of proteases, activates the
receptor. The C-terminus, instead, is inside the cytoplasm. Notably, for all the receptors
crystallized at the time of this writing, with the exception of the CXCR4 chemokine
receptor, the portion of the C-terminal domain immediately following the junction with helix
7 has been shown to adopt an α-helical structure parallel to the plane of the membrane,
dubbed helix 8. Sequence similarity suggests that many of the receptors belonging to the
rhodopsin family may feature this amphipathic helix.

With such a large superfamily of pharmaceutically appealing receptors and so little
structural information, homology modeling, initially based exclusively on the structure of
rhodopsin, became a widespread technique to get insights into the structure-function
relationships of the receptors and facilitate the discovery of chemicals capable of modulating
their activity (4, 11, 12). In the most successful examples, the models were generated on the
basis of biochemical and medicinal chemistry data, especially for the in silico generation of
the complexes between the receptors and the small molecule ligands (13). A particularly
powerful approach is the neoceptor/neoligand method developed by Jacobson and
coworkers, in which receptor-ligand interactions are probed through mutagenesis
experiments coupled to complementary chemical modification of the ligands (14).
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In recent times, the above mentioned advancements in GPCR crystallography have
significantly changed the landscape of GPCR homology modeling. First of all, multiple
template strategies can now be applied to the construction of the models (11, 15, 16) – for a
detailed analysis of the impact of the disclosure of new crystal structures to GPCR
homology modeling, see Mobarec and coworkers (16). Moreover, comparisons between in
silico and experimental models of the same receptor are now possible and can be used not
only to evaluate the state of the art, but also to develop new and improved modeling
strategies. In this context, soon after the β2 adrenergic receptor became the first GPCR, after
rhodopsin, with a crystallographically elucidated structure, I published the first direct
evaluation of the accuracy of a GPCR homology model (17). In particular, I compared the
crystal structure of the β2 adrenergic receptor in complex with its inverse agonist carazolol
to in silico models of the same receptor-ligand complex constructed through rhodopsin-
based homology modeling followed by molecular docking. Notably, not only the structure
of the receptor, but also the binding mode of the ligand and the receptor ligand interactions
were approximated reasonably well by the models. A wider evaluation of the state of the art
was subsequently provided by the first “community-wide assessment of GPCR structure
modeling and ligand docking”, organized in coordination with the solution of the structure
of the adenosine A2A receptor in complex with the neutral antagonist ZM241385 (18). This
time, models of the receptor-ligand complex were submitted to the organizers of the
assessment by a number of molecular modelers prior to the unveiling of the crystal structure.
In line with what I had found for the β2 adrenergic receptor, this blind test revealed that the
seven-helix bundle of the A2A receptor could be built with good accuracy, while the
modeling of the interconnecting loops, especially the long ones, was confirmed to be
problematic. The docking of the ligand revealed to be a very challenging aspect too, as
testified by the wide distribution found for the accuracy of the predictions. However, the top
three scoring models (submitted by Costanzi, Abagyan/Katrich and Abagyan/Lam)
predicted correctly over 40% of the total number of the receptor-ligand contacts. At the time
of this writing, a second community wide assessment is underway (see cmpd.scripps.edu/
GPCRDock2010).

This chapter, geared towards researchers already familiar with homology modeling,
provides suggestions, guidelines and critical thoughts on some of the most crucial aspect
involved in the constructions of homology models of the serpentine domain of class A
receptors (see Figure 2 for a schematic overview).

2. Materials
The construction and validation of homology models of GPCRs entails performing sequence
alignments – including structure-based sequence alignments generating and refining 3D
models, and performing docking-based virtual screening experiments. These operations can
be carried out by means a variety of web servers as well as commercial and freely available
software. Of note, this chapter is intended for researcher well versed with homology
modeling, and does not deal with technical aspects relative to the use of specific software
packages.

3. Methods
3.1 Collection of the templates

As mentioned, for a long time rhodopsin has been the only available template for the
construction of homology models of class A GPCRs (4). However, this is not the case
anymore, as crystal structures for a number additional of receptors have been recently solved
(4–6).
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Files with the coordinates of the crystallized class A GPCRs (see Table 1) can be directly
downloaded in PDB format from the web site of the Protein Data Bank (www.rcsb.org). Of
note, the availability of additional templates may be verified at any given moment through
the “Advanced Search” feature of the web site, which allows conducting “Sequence Blast”
searches based on the amino acid sequence of the query receptor, i.e. the receptor object of
the modeling project.

3.2 Structure-based alignment of the sequences of the templates
Prior to the selection of the most suitable structure – or of multiple structures – to be used as
template for the construction of the model of the query receptor, it is convenient to align the
amino acid sequences of the candidate templates. Since structures are more conserved than
sequences and since, by definition, 3D coordinates are available for all the templates, it is
opportune to derive this sequence alignment through a structure-based alignment method.
More specifically, it is advisable to derive the multiple sequence alignment only for the
seven membrane spanning helices and, when present, for the amphipathic helix 8. In fact, it
is, in these domains that the highest structural conservation is observed in GPCRs, while a
much higher variability is observed in the extracellular and the intracellular regions (5).

Before subjecting the PDB files to the structure-based sequence alignment, they should be
appropriately edited, as several of their sections need to be expunged (see Notes 1 and 2). In
particular, a PDB file often includes multiple receptor molecules contained in the unit cell,
each of which with a unique chain name – for example, the β1 adrenergic receptor structure
deposited with the PDB ID of 2VT4 contains four distinct instances of the receptor (chains
A, B, C, and D). One of the chains should be selected to serve as a potential template for the
construction of the homology model, while the others should be deleted (for a caveat on how
to choose the right chain, see Note 3). A PDB file may also contain additional proteins co-
crystallized with the receptor – for example, the β2 adrenergic receptor structure deposited
with the PDB ID of 3R4R contains, in addition to the coordinated of the receptor (chain A),
those of the light and heavy chains (chains L and H, respectively) of a co-crystallized Fab
(fragment antigen binding) that recognizes the IL3 domain of the receptor. All the records
pertinent to theses chains should be deleted. For the chain of interest, the ATOM records
pertinent to the helical bundle of the receptor are essential for the structure-based sequence
alignment and must be preserved (see Note 4). All other records, among which those relative
to ligands and co-factors as well as intracellular and extracellular regions are not necessary
and may be deleted. Importantly, if the crystal structure has been obtained for a fusion
protein of the receptor with the T4-lysozyme, the ATOM records relative to the latter must
be deleted too. By way of example, the rhodopsin structure deposited with the PDB ID of
1GZM can be reduced to what represented in Figure 3.

The edited PDB files of the crystallized receptors can then be used to derive a structure-
based sequence alignment that, in turn, can serve as a tool for the selection of the template –
or of the multiple templates – to be used for the construction of the helical bundle of the
query receptor (see section 3.3). Instead, for the selection of the template for the

1Text editors can be conveniently used to read and edit PDB files. Alternatively, the files can be directly edited within the specialized
modeling package of choice.
2For a description of the PDB file format see http://www.pdb.org/docs.html.
3It is not always safe to blindly opt for the first chain (usually named chain A) and discard the others. The B-factors of the various
chains and their completeness are certainly important parameters on which to base the selection. Moreover, in order to choose the best
chain to work with, a careful reading of the main article that describes the crystal is of utmost importance. For example, in the case of
the β1 adrenergic receptor (PDB ID: 2VT4) chain B is to be preferred to chain A, since, as explained by the authors, the latter presents
an anomalous 60° kink in helix 1 (33).
4For a correct interpretation of the secondary structure, some programs require also the portion of the PDB file that defines it (record
type: HELIX and SHEET).
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extracellular and intracellular regions, when this is possible, pairwise alignments between
each single template and the receptor to be modeled are more appropriate (see section 3.4).
As a guide, a structure-based sequence alignment of the seven membrane spanning helices
and the amphipathic helix 8 of bovine and squid rhodopsin, the β1 and β2 adrenergic
receptors and the adenosine A2A receptors is provided in Figure 4, together with a 3D view
of the resulting structural superimposition.

3.3 Alignment of the query sequence to the prealigned helical bundle of the candidate
templates

The alignment of the sequence of the query receptor to the prealigned helical bundle of the
candidate templates can be achieved starting with an automatic sequence alignment,
performed without allowing the relative alignment of the candidate templates to change. The
alignment obtained in this manner, should be subsequently subjected to a careful visual
inspection and manual refinement. In particular, the correct identification of the seven
membrane spanning helices of the query receptor must be verified on the basis of the
presence of specific motifs, also called conservation patterns, that characterize each helix
(Figure 5) (19). Of particular importance is the identification and the correct alignment of
the most conserved residue of each helix (Figure 5), defined as residue X.50 according to the
GPCR residue indexing system (see Note 5) (20, 21). Of note, these motifs, although
frequent, are not present in the membrane spanning helices of all receptors, sometimes
making the identification of a certain helix difficult. Once all the helices have been
identified, the automatic alignment should be inspected and, if necessary, adjusted to ensure
that the motifs of the query are aligned with those of the candidate templates. The presence
of gaps in the alignment of the helices should also be avoided (however, see Note 6).

3.3.1 Single template or multiple templates?—Given that the structure of several
GPCRs has been solved through X-ray crystallography, GPCR homology models can now
be constructed through either a single or a multiple template strategy (16). Single template
strategies involve the selection of the crystallized receptor that, overall, seems more likely to
be characterized by structural similarity with the query receptor, while multiple template
strategies involve the splitting of the query receptor into several domains and the subsequent
selection of the most suitable template for each of these domains. In particular, once the
sequences of candidate templates and query receptors have been aligned, the selection of the
templates can be operated on the basis of sequence similarities, for instance through the
calculation of percentages of accepted mutations (PAMs) and/or the presence of specific
sequence motifs. Of note is an article published by Worth and coworkers that outlined a
detailed integrated workflow for the identification of suitable templates for each of the seven
membrane spanning helices and the amphipathic helix 8, based on a thorough structural
analysis of the crystallized GPCRs(15). In particular, according to this scheme, the selection
criteria should be based not only on sequence similarities but also on the detection of
specific features and motifs detected in the sequence of the query receptor, such as the

5The GPCR residue identifier system, devised by Ballesteros and Weinstein, is a universal way of numbering GPCR residues on the
basis of reference positions that the authors identified for each of the 7 membrane spanning helices (20). Specifically, through the
analysis of a sequence alignment of Class A receptors, the authors selected a reference position for each of the seven helices, chosen
among those featuring one of the most conserved residues in that helix. They then defined a convention by which the identifier X.50 –
where X is the helix number – is arbitrarily assigned to the reference position, while the remaining residues in the helix are numbered
relatively to the reference. Later, van Rhee and Jacobson introduced a modification to the Ballesteros and Weinstein system according
to which each residue is indicated with its original sequence number followed by the residue identifier, rather than solely with the
residue identifier (21).
6Although insertion and deletions within the seven helices are not common, structure-based alignments indicate the presence of an
insertion in helix 2 of squid rhodopsin (see Figure 4) (15, 34). Moreover, the C-terminal region of helix 7, close to the hinge with helix
8, presents a deletion in some receptors, leaving only five rather than six residues between the Tyr and the Phe of the conserved
NPX2YX5,6F motif (see Figure 4) (35).
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presence of specific glycine and proline residues responsible for helical kinks, or cysteine
residues putatively involved in the formation of disulfide bridges (regarding the modeling of
helix 7 and helix 8, see Note 7). For advice on how to construct a homology model on the
basis of multiple templates, see Note 8.

3.4 The extracellular and intracellular regions: to align or not to align, that is the question
The extracellular and intracellular domains of class A GPCRs are characterized by very low
sequence similarity and great length variability, which make their sequences less
straightforward to align than the seven membrane spanning helices. As outlined by the
published crystal structures (5, 6), the lack of sequence of similarity detected for these
regions is paralleled by a correspondent significant structural diversity, which hampers their
modeling by homology. Moreover, further hindering homology modeling, termini and long
loops have not been solved for many of the currently crystallized receptors, while in some of
the crystal structures IL3 is substituted by a fused T4-lysozyme (5). Thus, not surprisingly,
molecular models of class A GPCRs are usually significantly more accurate in the helical
bundle than in the extracellular and intracellular regions, if we exclude short interconnecting
loops (18). Notably, besides the purely computational methods discussed in this chapter,
hybrid experimental and computational approaches have also been proposed, whereby the
structures of peptides mimicking the extracellular and intracellular regions of a receptor are
determined experimentally, for instance through NMR spectroscopy, and subsequently
merged with an in silico generated model of the helical bundle (22). Such hybrid models
may offer a very powerful approach to the study of receptors that have not yet been
crystallized.

3.4.1 Avoiding the alignment: de novo modeling or omission of the loop—A
viable solution for the construction of short interconnecting loops can be found in de novo
modeling, an approach not based on the use of a template. If this is the chosen route, the
corresponding domain can be deleted from the structure of the template. Of note, if cysteine
residues are present in the loop of the query receptor, special care deserves the analysis of
their possible involvement in the formation of disulfide bridges on the basis of sequence
analyses and experimental data (see section 3.5).

In some GPCRs, however, the considerable length of termini and some of the loops –
notably IL3 – prevents an effective use of de novo modeling for their construction. It is
advisable not to model the terminal regions, constructing only the portion of the receptor
between the beginning of helix 1 and the end of helix 7 – or helix 8, when this thought to be
present. Similarly, it is advisable not to model long loops. The omission of a domain from
the model can be achieved by deleting the corresponding sequence in the query receptor (for
the loops, see Note 9).

3.4.2 Aligning the loops—Despite the caveats expressed in the previous two subsections,
homology modeling can be applied to the construction of interconnecting loops with a

7The presence of either five or six intervening residues between the conserved tyrosine and phenylalanine at the hinge between helix 7
and helix 8 (see note 6) may guide the selection of the template for this region (15). Importantly, if sequence analysis does not
strongly support the presence of an amphipathic helix, the sequence of the query receptor can be truncated at the end of helix 7,
leaving the remainder of the receptor unmodeled.
8While some homology modeling software allows the direct use of multiple templates, others require the use of a single template. A
possible workaround to overcome this limitation is the generation of a hybrid template by cutting and pasting the selected portions of
the various crystallized receptors into a single PDB file (on the editing of a PDB file, see also Note 1).
9Some homology modeling software requires that the query be an uninterrupted protein chain. In this case, the loop (or a portion of it)
can conveniently be deleted after the construction of the model. If the loop destined to be omitted from the model is particularly long,
in order to avoid the expenditure of excessive computational time in its construction, it may be advisable to delete its central portion
from the query sequence, thus constructing only a relatively short loop that will be subsequently removed.
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length comparable to that of the corresponding regions of the template. In this case, a
sequence alignment and the selection of a template are necessary.

Due to the mentioned low sequence similarity and length variability, the alignment of the
loops is better performed in a pairwise manner comparing the query receptor to one template
at the time, rather than in a multiple sequence alignment context. If a loop has not exactly
the same length in the template and the query receptor, a gap will have to be inserted in the
sequence of the shorter one. As always in homology modeling, special care needs to be put
into the positioning of such gaps, which should be driven not only by the attempt to
maximize the similarity score, but also by a careful structural analysis of the template.
Specifically, it is important to ensure that insertions or deletions are placed in a position
compatible with the structure of the template.

If a single template strategy is chosen, it will be sufficient to align the loops of the query
receptor to the corresponding loops of the template receptor chosen on the basis of the
sequence similarity detected in the helical bundle. Instead, if a multiple strategy template has
been chosen, once a loop of the query receptor has been separately aligned with the
corresponding loop of each of the candidate templates, the template for the construction of
the model can be selected according to sequence similarity or on the basis of the
conservation of specific amino acids. Additionally, it is important to carefully analyze the
geometric compatibility between the candidate template for the modeling of the loop and the
templates chosen for the modeling of the two helices that the loop connects.

3.4.3 Special considerations concerning the second extracellular loop—EL2
connects helix 4 and helix 5 and, in the majority of class A GPCRs, is characterized by a
highly conserved cysteine residue that connects it to helix 3. Modeling EL2 deserves
particular attention since this loop, and in particular the portion downstream of the
conserved disulfide bridged cysteine residue, is directly involved in the lining of the
interhelical cavity that putatively hosts the orthosteric binding site for all members of class
A GPCRs that are activated by small molecules. The crystal structures of class A GPCRs
that have been solved at the time of this writing revealed that EL2 does not feature a
common structure shared by all receptors (5, 6, 10), and adopts four different conformations
in rhodopsin, β adrenergic, adenosine A2A, dopamine D3, and CXCR4 chemokine receptors.
Specifically, in rhodopsin EL2 is characterized by a distinctive β-hairpin conformation that
lays over the opening of the interhelical cavity restricting the access of water from the
extracellular side, while in the β adrenergic, adenosine A2A, dopamine D3, and CXCR4
chemokine receptors it assumes a significantly more open conformation. These differences
are probably attributable to the fact that, while rhodopsin features a covalently bound
inverse agonist, 11-cis-retinal, that is isomerized in situ to its all-trans form by the action of
a light photon and consequently triggers the activation of the receptor, the remainder of class
A GPCRs are physiologically activated by diffusible agonists (4) (see Note 10).

Despite this common feature that distinguishes receptors for diffusible ligands from
rhodopsin, however, a profound structural variability for EL2 has been detected among the
various experimentally solved receptors, also due to the different arrays of disulfide bridges
detected in their extracellular regions (5). This lack of structural conservation prevents the
use of homology modeling for the construction of EL2, unless template and query receptors

10As suggested by molecular modeling studies, the egression of the cleaved all-trans-retinal consequent the activation of rhodopsin
and the following ingression of 11-cis-retinal into the unliganded opsin, to reform a functional rhodopsin unit, occur through openings
between adjacent membrane spanning helices (36, 37). Instead, the physiological ligands of the β adrenergic receptors, as well as
those of all class A GPCRs naturally activated by small molecules, are very likely to enter and exit the receptor trough the opening of
the interhelical cavity towards the extracellular milieu (38).

Costanzi Page 7

Methods Mol Biol. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



belong to the same subfamily, and suggests that better results could be achieved through de
novo modeling, enforcing the formation of the disulfide bridges that putatively exist in the
query receptor (see section 3.5). Accordingly, through a comparison of different rhodopsin-
based models of the β2 adrenergic receptor, I have demonstrated that those that featured a de
novo modeled EL2 resulted in lower root mean square deviations in the regions downstream
of the disulfide bridge (17). In turn, this yielded the production of significantly more
accurate ligand poses as a result of molecular docking (17), as well as better performances
when the models were used as platforms for controlled docking-based virtual screening (23).

Alternatively to complete de novo modeling, a short portion around the conserved cysteine
residue may be built by homology with one of the templates, while building the remainder
of the loop de novo. Notably, I have used this strategy for the construction of C-terminal
portion of EL2 in the adenosine A2A receptor model for the above-mentioned “community-
wide assessment of GPCR structure modeling and ligand docking” – see supplementary
information of (18) for the sequence alignment.

If the models are constructed with the intent of studying the interactions of the receptors
with small molecules that bind to their interhelical cavity or conducting docking-based
virtual screening experiments targeting said cavity, the segment of EL2 that really matters is
the one that is downstream of the above mentioned conserved disulfide bridge that links the
loop to helix 3. The remainder of the loop, if too long to allow robust de novo modeling,
may be omitted (see Note 9).

3.5 Construction of the model
Once a sequence alignment has been obtained and the proper portions of query and/or
template sequences have been deleted as outlined in the previous sections, a 3D model of the
query receptor can be constructed through homology modeling or a combination of
homology and de novo modeling – most modeling packages will directly build de novo
those domains of the query receptor that are not aligned with a template.

Verifying rotameric states—Due to the availability of multiple templates, after the
construction of a model, the rotameric state of each residue can be verified and adjusted in
light of the whole set of crystallized receptors. Notably, if a residue of the query receptor is
not conserved in the template employed to model the domain to which it belongs,
nonetheless it may be conserved in one or more of the other crystallized receptors. As the
structures of additional GPCRs will be solved, the number of residues of a query receptor
that will be conserved in at least one of the templates will increase significantly, with
obvious beneficial repercussions on homology modeling (16).

Special considerations on the extracellular disulfide bridges—As mentioned, the
extracellular domains of most class A GPCRs are characterized by the presence cysteine
residues involved in the formation of disulfide bridges. Among these, the disulfide bridge
that connects EL2 to helix 3 is widely conserved within class A, while additional bridges,
when present, are often peculiar to a specific subfamily of receptors, to which they confer a
characteristic extracellular architecture functional to ligand binding. As mentioned, it is of
utmost importance that the presence of cysteine residues and their putative involvement in
the formation of disulfide bridges be identified prior to the construction of the model. In
addition to computer-based sequence analyses, the detection and the corroboration of the
presence of such bridges can be greatly assisted by biochemical data, either ad hoc generated
or retrieved from the literature. For instance, mutagenesis data suggested the presence of a
disuldide bridge connecting EL3 to the N-terminus of the P2Y receptors (24, 25), while they
accurately predicted the presence of a disulfide bridge internal to EL2 of the β2 adrenergic
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receptor (26), successively confirmed by the crystal structures (27, 28). Some software for
homology modeling allows the enforcement of the formation of disulfide bridges between
specified pairs of cysteine residues. This feature is particularly important when the cysteine
residues are not conserved in the templates or whenever using de novo loop modeling.
However, if this feature is not available within the chosen software, one possible solution is
the construction of many alternative loop models and the subsequent selection of those that
feature the cysteine pair at a distance compatible with the formation a disulfide bridge, if
present. Alternatively, the disulfide bridges can be generated after the construction of the
model, for instance through molecular dynamics simulations with a harmonic restraint
applied to the distance between the sulfur atoms of the bridged cysteine pairs. After the
proper connection of the putative disulfide bridges, a thorough exploration of the
conformations accessible to extracellular and intracellular loops, possibly in light of
experimental data, is also advisable. Of note, for the extracellular loops, sometimes this
operation could be better performed following the docking of a ligand (for instance, see
(29)).

Special considerations on the interhelical cavity—In general, when the ligand co-
crystallyzed with the template binds also to the query protein, the use the co-crystallized
ligand as environment for the construction of the model significantly helps the modeling of
the binding pocket and facilitates the formation of protein-ligand interactions. However,
when modeling class A GPCRs, given the wide diversity found within the class and the
specificity of each subfamily for a particular set of natural and synthetic ligands, in very rare
cases the query receptor will share ligands with any of the available templates. Nonetheless,
using the ligand co-crystallized with one of the templates as environment may still be a good
practice to grant to the model a binding pocket suitable for molecular docking. Often, in
fact, homology modeling procedures tend to occlude internal cavities through subtle
backbone movements, especially if the construction of the model involves unrestrained
energy minimizations, and through the orientation of the side chains of the residues that line
the cavity towards the center of it. However, building the model of a class A GPCR around
the ligand co-crystallized with one of the templates can induce artificial rotameric states to
some of the residues that line the binding pocket. For example, I have shown that, when
building the β2 adrenergic receptor using rhodopsin as the template and the co-crystallized
retinal as the environment (17), Phe290 is prevented from adopting its natural the gauche(+)
conformation by the presence of retinal (see Figure 6). Thus, after the construction of the
model a thorough exploration of the rotameric states of the residues that line the binding
cavity is needed. This operation can be conveniently performed after the generation of
preliminary docking poses of a chosen ligand, possibly guided by experimental constraints,
through a variety of differently implemented procedures dubbed “ligand-supported”,
“ligand-based”, or “ligand-steered” or homology modeling (13, 30, 31).

3.6 Validation of the models through virtual screening experiments
The ultimate validation of a GPCR homology model can only derive from a direct
comparison with its experimentally elucidated structure. However, such a comparison is
only possible either when the model of a crystallized receptor is generated so as to probe
scope and limitations of the modeling techniques, or, retroactively, when the experimental
structure of a previously modeled receptor becomes available, possibly many years after the
model was generated. In fact, if a computational model of a receptor is generated in order to
shed light into its structure-function relationships and, possibly, to facilitate the discovery of
ligands capable of modulating its activity, this very fact implies that experimental structures
do not exist for the query receptor. Thus, for all intents and purposes, the only possible way
to validate the usefulness of a homology model – if not necessarily its accuracy – is to test
the correlation between predictions generated on its basis and experimental results. In
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particular, if homology models have been built with the purpose of studying receptor-ligand
interactions and conducting structure-based drug discovery, the best way to validate their
efficacy is to subject them to a series of controlled virtual screening experiments. These are
usually performed docking at the receptor a dataset of compounds containing a number of
known ligands mixed with a larger number of decoys, i.e. compounds with physico-
chemical characteristics similar to those of the ligands but presumed to be inactive. Then,
the ability of the screening to prioritize ligands over decoys is evaluated by monitoring
enrichment factors and/or areas under the receiver operating characteristic (ROC) curve (23,
29, 31, 32). Such controlled experiments constitute very good tools not only for the selection
of the initial models, but also for the control of the entire optimization process, including the
refinement of loops and side-chains. Clearly, controlled virtual screening can only be
performed if a significant amount of known ligands for the query receptor exists (see Note
11), while can be applied with difficulty to receptors characterized by a marked paucity of
known ligands and not applied at all to orphan receptors. Moreover, it is worth keeping in
mind that better virtual screening performances do not necessarily parallel higher levels of
overall accuracy, and may reflect a particularly favorable arrangement, either natural or
artificial, of the side chains of the residues that line the binding pocket (16, 17, 29).
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Figure 1.
Schematic representation of the crystal structure of bovine rhodopsin (1GZM), showing the
seven transmembrane domain spanning topology characteristic of GPCRs. The structure is
rendered with a continuum spectrum of colors going from blue, at the N-terminus, to red, at
the C-terminus.
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Figure 2.
Schematic overview of the aspects of class A GPCR modeling discussed throughout this
chapter.
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Figure 3.
Example of a simplified PDB file that can be used to generate a structure-based alignment of
the helical bundle of the candidate templates. For each helix, the figure shows only the
entries corresponding the first atom of the first residue and the last atom of the last residue,
while the entries in between are indicated by suspension marks. The simplified PDB file
refers to the rhodopsin structure deposited with the PDB ID of 1GZM. The segment from
Pro285 to Cys323 refers to both helix 7 and helix 8.
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Figure 4.
Structure-based alignment of the sequences of the seven membrane spanning helices and the
amphipathic helix 8 of bovine rhodopsin (1GZM), squid rhodopsin (2Z73), human β2
adrenergic receptor (2RH1), turkey β1 adrenergic receptor (2VT4), and adenosine A2A
receptors (3EML). The most conserved residue of each helix, as defined by Ballesteros and
Weinstein (see Note 5), is in bold and underlined, while additional significantly conserved
residues are in bold (see Figure 5). A 3D structural superimposition is also provided, where
bovine and squid rhodopsin are in green and cyan, the β1 and β2 adrenergic receptors in
yellow and purple, and the adenosine A2A receptor in pink.
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Figure 5.
Motifs relatively common in each of the seven membrane spanning helices and the
amphipathic helix 8 of GPCRs. The most conserved residues of each helix, as defined by
Ballesteros and Weinstein (see Note 5), are in bold and underlined; Xn indicates n
contiguous non conserved residues; residues in parentheses often replace the preceding
residue.
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Figure 6.
As indicated by the structural superimposition shown here, Phe290 cannot adopt the right
rotameric state in a rhodopsin-based model of the β2 adrenergic receptor constructed using
retinal as the environment: retinal (in light gray, from 1GZM), would sterically prevent
Phe290 from adopting the gauche(+) conformation revealed by the crystal structure (in red,
from 2RH1) and would force it in the trans conformation (in green, from a rhodopsin-based
homology model (17)). Of note, in rhodopsin, the residue corresponding to Phe290 is an
alanine, namely Ala269 (in dark gray, from 1GZM).
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Table 1

Crystal structures of GPCRs deposited in the Protein Data Bank (www.rcsb.org) at the time of this writing.

Receptor PDB ID

Bovine rhodopsin, ground state 1F88 (40), 1GZM (41), 1HZX (42), 1L9H (43), 1U19 (44), 2I35 (45), 2I36

(45), 2J4Y (46),a 3C9L (47),b 3C9M (47)b

Bovine rhodopsin, early stages of photoactivation 2G87 (48), 2HPY (49), 2I37 (45), 2PED (50)

Squid rhodopsin, ground state 2ZIY (34), 2Z73 (51)

Bovine opsin 3CAP (52), 3DQB (53)d

Turkey β1 adrenergic receptor in complex with antagonists,
partial agonists, and full agonists

2VT4 (33),a,e 2Y00 (9),a,f 2Y01 (9),a,f 2Y02 (9),a,g 2Y03 (9),a,g 2Y04

(9)a,f

Human β2 adrenergic receptor in complex with inverse agonists,
antagonists, and agonists

2R4R (54),h,i,j 2R4S (54),h,i,j 2RH1 (27, 28),i,k 3D4S (55),i,k 3KJ6

(56),h,i,j 3NY8 (57),i,k 3NY9 (57),i,k 3NYA (57),e,k 3P0G (7),g,k.l 3PDS

(8)k,m

Human adenosine A2A receptor in complex with an antagonist 3EML (58)e,k

Human CXCR4 chemokine receptor in complex with antagonists 3ODU (6),e,k 3OE9 (6),e,k 3OE8 (6),e,k 3OE6 (6),e,k 3OE0 (6)k,n

Human dopamine D3 receptor 3PBL (10)e,k

a
Thermally stable mutant receptor.

b
Alternative model of 1GZM

c
Alternative model of 2J4Y

d
In complex with a C-terminal peptide of the α-subunit of transducin.

e
In complex with an antagonist.

f
In complex with a partial agonist.

g
In complex with a full agonist.

h
In complex with a Fab.

i
In complex with an inverse agonist.

j
Ligand not visible.

k
T4-lysozime fusion protein.

l
In complex with a camelid antibody fragment

m
In complex with an irreversible agonist

n
in complex with a cyclic peptide antagonist.
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