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1. Introduction

Any aspect of cell activity is regulated by extracel-
lular signals that are recognized, decoded, and trans-
duced inside the cell via different classes of plasma
membrane receptors.! =3 G protein-coupled receptors
(GPCRs) constitute the largest family of signal trans-
duction membrane proteins, which mediate responses
of a variety of bioactive molecules, including biogenic
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amines, amino acids, peptides, lipids, nucleotides,
and proteins (reviewed in refs 1 and 4—7) As a result,
GPCRs play a crucial role in many essential physio-
logical processes as diverse as neurotransmission,
cellular metabolism, secretion, cell growth, immune
defense, and differentiation (reviewed in refs 1 and
4—T). Not surprisingly, GPCRs are the most privi-
leged targets for the drugs currently used in clinics
and for the wealth of drug candidates that high
throughput methods promise to deliver in the im-
mediate future. This reflects not only the broadness
of potential applications in all therapeutic fields but
also the fact that GPCRs are by far the easiest targets
that can be obtained through the synthesis of small
organic molecules. In fact, they are naturally built
to recognize a single structure among the widest
variety of extracellular chemicals, and unlike many
enzymes, they are exposed and reachable on the cell
surface (reviewed in refs 1 and 4—38).

Although varying considerably in molecular sizes,
any GPCR polypeptide sequence contains seven
hydrophobic a-helices that span the lipid bilayer and
dictate the typical architecture of the macromolecule:
seven transmembrane (TM) domains bundled up to
form a polar internal tunnel and expose the N-
terminus and three interconnecting loops, to the
exterior, and the C-terminus with a matching num-
ber of loops, to the interior of the cell. This structural
information, initially based on low resolution electron
diffraction studies and on predictions from bioinfor-
matics and molecular modeling,® 2 was recently
confirmed by the resolution of the crystal structure
of rhodopsin.'® In many cases, ligands bind within
the three-dimensional (3D) cavity of the TM bundle
and form multiple connections with amino acid
residues located in different domains. There is plenty
of variation, however. In some cases the binding site
is entirely located on a large and highly structured
amino-terminal domain, as for glutamate! or glyco-
protein hormone receptors,'® or it involves both
extracellular loops and residues in the transmem-
brane core, as often observed for neuropeptide recep-
tors (reviewed in refs 1 and 4—7).

According to sequence analyses, GPCRs have been
clustered in a number of families/classes.*671° The
different classification systems include the A to F
system,' the 1 to 5 system,* and the GRAFS sys-
tem.!” Thus, A (named 1 or rhodopsin in the 1 to 5
or the GRAF'S system, respectively) is the rhodopsin-
like class/family; B (or 2 or secretin) is the secretin-
like class/family; C (3 or glutamate) is the metabo-
tropic glutamate and pheromone class/family; D (or
4) is the fungal pheromone class/family;?° E is the
cAMP receptor class/family; and F (or 5 or frizzled)
is the frizzled/smoothened family.#1"1° Family A
receptors, the topic of this review article, are by far
the largest and the most studied. The overall homol-
ogy among all family A receptors is low and restricted
to a small number of highly conserved key residues
distributed in each of the seven helices.*1%19

All GPCRs also share a common molecular strategy
of signal transduction, to which they owe their name.
Agonist binding promotes allosteric interactions be-
tween the receptor and one or more members of the
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family of heterotrimeric guanidine triphosphate (GTP)
exchanging proteins or G proteins. These are special-
ized GTPases that act as signal transducers and
broadcast the signal to a host of intracellular effec-
tors, either enzymes, such as adenilyl cyclase, cGMP
phosphodiesterase, and phospholipases, or ion chan-
nels, such as potassium and voltage gated calcium
channels.?1?2 Direct observation that GPCRs, includ-
ing rhodopsin and the ¢ opioid receptor, can couple
to G protein even in their inactive states comes from
plasmon-waveguide resonance (PWR) spectroscopy,
thus providing support to the hypothesis that recep-
tors and G proteins are “constitutively coupled” or
precoupled.?3-24

G proteins account for the majority of signals that
GPCRs can evoke into the cell. However, a multitude
of relatively recent data shows that the signaling
pattern of GPCRs is more dynamical than what was
originally believed. On many occasions, that reflects
the enhanced knowledge on the network of intracel-
lular signaling pathways, in which G proteins are
implicated. Thus, each GPCR can generate a second-
ary “wave” of signal transduction that essentially
depends on the type of G protein a-subunits that are
activated and, typically, involves signaling pathways,
which are primary targets of growth-factor and
cytokine receptors.?® In others cases, however, there
are clear indications that GPCRs can generate sig-
nals bypassing G protein intervention.?® Although the
exact mechanisms are not entirely elucidated, it is
becoming increasingly apparent that direct receptor—
receptor interactions, leading to a dimeric or multi-
meric quaternary structure, play a role in G protein-
independent signaling.26-28

Cells have counter-regulatory mechanisms that
attenuate signaling by activated GPCRs (reviewed
in refs 1 and 29). These mechanisms include acute
desensitization involving GPCR-specific protein ki-
nases and arrestins (homologous desensitization) and
second messenger-activated protein kinases, such as
protein kinases A and C (heterologous desensitiza-
tion) (reviewed in refs 1, 29, and 30).

The classical idea that GPCRs function as mono-
meric entities has been unsettled by the emerging
concept of GPCR dimerization (reviewed in refs 31—
41). Recent findings have indicated not only that
many GPCRs exist as homodimers and heterodimers
but also that their oligomeric assembly could have
important functional roles. Several studies have
shown that dimerization occurs early after biosyn-
thesis, suggesting that it has a primary role in
receptor maturation (reviewed in refs 38 and 41). For
many proteins, oligomeric assembly has an important
function in endoplasmic reticulum (ER) quality con-
trol because it masks specific retention signals or
hydrophobic patches that would otherwise retain the
proteins in ER.#2 G protein coupling, downstream
signaling, and regulatory processes, such as inter-
nalization, have also been shown to be influenced by
the dimeric nature of the receptors (reviewed in refs
38 and 40). The question whether dimerization
influences ligand-induced activation/regulation of
GPCRs still remains to be answered. In fact, some
studies suggest that ligand binding can regulate the
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dimer by either promoting or inhibiting its formation,
whereas many others conclude that homodimeriza-
tion and heterodimerization are constitutive pro-
cesses that are not modulated by ligand binding
(reviewed in ref 38). In any case, the structural data
available strongly suggest that at least some GPCRs
can form dimers in the absence of ligand stimulation.
A clear evidence, in this respect, comes from atomic
force microscopy (AFM) measurements, which showed
that rhodopsin and opsin form a constitutive dimer
in dark-adaptive retinal membrane.?**? Recent stud-
ies have suggested that heterodimerization could
affect agonist-promoted GPCR endocytosis, a well-
characterized process classically involved in signal
attenuation (reviewed in ref 38). In the case of
adenosine/dopamine and somatostatin/opioid recep-
tors, the cointernalization was also associated with
a cross-desensitization of the signaling activities
(reviewed in ref 38).

Thus, regulated protein—protein interactions are
key features of many aspects of GPCR function and
there is now increasing evidence for GPCRs acting
as part of multicomponent units comprising a variety
of signaling and scaffolding molecules, organized in
supramolecular signaling assemblies (signalsomes or
transducisomes).!?

Usually with native GPCRs, activation is initiated
by agonist binding. However, GPCRs can achieve the
active states independently of agonists; that is, they
can become constitutively active.** It is now evident
that a number of native GPCRs exhibit constitutive
signaling activity, but the role of agonist-independent
activity in normal physiology is not known (reviewed
in refs 45 and 46). Constitutively active GPCRs also
are invaluable tools to discover the signal transduc-
tion pathways of the hundreds of orphan GPCRs,
which are potential targets of novel drugs (reviewed
in ref 47). On the other hand, a number of constitu-
tively active GPCR mutants have been found, which
are involved in the pathogenesis of human disease
(reviewed in refs 29, 48, and 49). Given the large
number of GPCRs encoded within the human ge-
nome, additional examples of this pathogen mecha-
nism are likely to be uncovered. Furthermore, the
spectrum of diseases caused by constitutively active
GPCRs is expanding to include diseases caused by
infectious agents (reviewed in ref 29). A more com-
plete elucidation of the roles of constitutively active
GPCRs in human disease and an understanding, at
the molecular level, of how these pathogenic GPCRs
could be inactivated may allow rational development
of specific compounds as therapeutic agents. Diseases
are caused not only by constitutively active mutations
(“gain-of-function” mutations) but also by mutations
of an endogenous GPCR, which cause the receptor
to lose the ability to bind agonist or to signal (“loss
of function” mutations). A number of pathologies have
been, hence, found to be related to mutations of
GPCRs.294850 Most of these pathologies are related
to obvious clinical manifestations, such as blindness,
X-linked diabetes insipidus, and hypo- or hyperthy-
roidism, precocious puberty, obesity, cancer, etc.
Some undiscovered mutations, providing nonobvious
phenotypes, are also likely to be responsible for
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pathologies such as psychiatric or neurological dis-
orders. Some inherited mutations may never be
detected because they are incompatible with life.

Despite the enormous biomedical relevance of
GPCRs, high resolution structural information on
their active and inactive states is still lacking. So far,
the only GPCR whose structure has been resolved
with atomic detail is rhodopsin in its dark state.1351-54
This frustrating situation leaves unanswered too
many questions on GPCR function. Some of these are
the following: Which is the precise structural basis
of ligand specificity for a particular receptor, and how
can the basic seven-helical structure be tuned to bind
such a large and chemically diverse spectrum of
ligands? Which is the precise molecular mechanism
of ligand-dependent and ligand-independent GPCR
activation? Which are the architectures of the differ-
ent supramolecular assemblies of GPCRs? Which is
the role of receptor dimerization/oligomerization in
GPCR function? How is ligand- and mutation-
induced chemical information transferred within a
molecular network of GPCRs? Which are the G
protein contact sites on the receptor and which is the
stoichiometry of the receptor—G protein complexes?
Which is the atomic pathway of signal transduction
from the ligand-binding side on the receptor to the
nucleotide-binding side of the G protein? Which are
the structural bases of G protein-independent signal-
ing displayed by many GPCRs? How do GPCRs
dimers/oligomers and intracellular proteins organize
themselves into a functional unit?

Experimental data obtained on chemically complex
biosystems, like GPCRs, often contain more informa-
tion than we need for a specific answer to a well
conjectured hypothesis. Sound chemical/molecular
models and data analysis techniques can help with
decoding and describing intriguing experimental
data. The advent of information and computer tech-
nology, hence, allowed for an intriguing integration
between computational modeling and in vitro experi-
ments.

The present work is aimed at critically reviewing
the results of computational experiments, which have
attempted, over the last 16 years, to gain insights
into different aspects of family A GPCR function.

2. Structural Features of Rhodopsin: The
Founder of Family A GPCRs

2.1. Structural Models of the Dark State

Despite a growing appreciation of functional analo-
gies between visual and hormonal signaling systems
in the early 1980s, the discovery of the close struc-
tural relationship between rhodopsin and the fSs-
adrenergic receptor (82-AR), and of the existence of
a larger “superfamily” of such receptors, came as a
total surprise.® Rhodopsin, thus, became the founder
of family A GPCRs, which includes also the f2-AR,
and the best source of high resolution information
on the homologous receptors. Therefore, we thought
it right to summarize herein the insights gained so
far into the structural features of active and inactive
states of the photoreceptor. These pieces of informa-
tion have been, indeed, widely used in computational
modeling of the homologous GPCRs
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Rhodopsin is involved in the molecular transforma-
tion of light energy into a neuronal signal transmitted
to the secondary neurons of the retina and ultimately
to the brain.!® In the case of rhodopsin, the signal is
made up of two components: the bound chromophore,
which undergoes cis—trans photoisomerization, and
the trigger of such photoisomerization, a photon.!?

The first highly resolved structure of rhodopsin,
deposited in the Protein Data Bank (PDB: http://
www.rcsb.org/pdb/) under the identifier 1F88, showed
all major structural features as predicted from years
of biochemical, biophysical, and bioinformatics stud-
ies on wild type and mutated proteins.'’®* Bovine
rhodopsin contains 348 amino acids and folds into
seven TM helices, varying in length from 19 to 34
residues, and one cytoplasmic helix, H8 (the letter
“H” stands for helix). The seven TM domains contain
a mix of canonical a- and 3.10-helices, and they
possess a large number of kinks, twists, and bends
(Figuresl and 2). Further refinements have not
reduced the number of these conformational anoma-
lies.51:5254¢ Such anomalies are also present in the
rhodopsin structure recently released by Li and co-
workers (PDB code 1GZM).?3

In the rhodopsin structure, H1 is 44 A long, it is
tilted from the membrane normal, and it contains a
bend, mostly due to the presence of P53(1.48). (The
numbering in parentheses follows the arbitrary
scheme by Ballesteros and Weinstein;?® according to
this scheme, every amino acid identifier starts with
the helix number, followed by the position relative
to a reference residue among the most conserved
amino acid in that helix. That reference residue is
arbitrarily assigned the number 50). H2 is tilted from
the membrane normal about the same as H1, and it
deviates from an ideal helix around G89(2.56) and
G90(2.57). H3 is the longest (48 A), the most tilted,
and the most buried helix, bent at G120(3.35) and
G121(3.36) and at S127(3.42).13 The cytosolic exten-
sion of H3 is particularly important, because it
contains the highly conserved E/DRY motif. In the
rhodopsin structure, the arginine of this conserved
motif, R135(3.50), is engaged in a double salt bridge
with the adjacent glutamate, E134(3.49), and E247-
(6.30).13 Both the E3.49—R3.50 and R3.50—E6.30
interactions are suggested to contribute to keep the
photoreceptor and the homologous GPCRs in their
inactive states, on the basis of the results of in vitro
and computational studies.*>%6-7* H4 is the shortest
helix; it is almost perpendicular to the membrane and
deviates from an ideal helix at its extracellular end,
due to P170(4.59) and P171(4.60) (Figure 2). H5 is
35 A long, it is tilted from the membrane normal, and
it has two internal bends at residues F203(5.38) and
H211(5.46) (Figure 2). H6 is the second longest helix.
Its cytosolic half is almost perpendicular to the
membrane plane, whereas its extracellular half is
bent, because of P267(6.50), one of the most con-
served residues in the rhodopsin family of
GPCRs.1%11.7 H7 shows a considerable distortion and
elongation in the region around the retinal attach-
ment site K296(7.43) and contains two prolines,
P291(7.38) and P303(7.50). The latter belongs to the
highly conserved NPxxY motif (Figures 1 and 2). The
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Figure 1. Amino acid sequence of bovine rhodopsin. Color
highlights indicate the secondary structure computed on
the latest structure (PDB code 1U19).54 In detail, violet
means canonical o-helices, and yellow stands for strand,
whereas cyan, orange, and pink indicate, respectively, type
3-, 4-, and 5-turns. The most conserved amino acids in each
helix are colored in red. These amino acids are at position
50 according to the arbitrary numbering scheme by Ball-
esteros and Weinstein.?> Bold characters indicate the
conserved members of the E/DRY, FxxCWxP, and NPxxY
motifs in H3, H6, and H7, respectively. Boxed characters
indicate the cytoplasmic HS.

tyrosine of this motifis involved in aromatic interac-
tions with F313, a conserved residue in H8 (Figure
2). Recent experimental evidences suggest that the
NPxxY(x)56F and E/DRY motifs provide, in concert,
a dual control of the activating structural changes
in the photoreceptor.”® In addition to these TM
helices, another short helix in the cytoplasmic sur-
face, termed HS8, is located at the cytosolic end of H7
and it is almost perpendicular to the membrane
normal (Figure 2).

The extracellular and intracellular regions of
rhodopsin each consist of three interhelical loops
(given the prefix E or I, for extracellular and intra-
cellular, respectively) as well as of two tails (i.e.
N-term and C-term, respectively).

A clear contrast exists concerning the packing of
the intra- and extracellular domains; whereas the
four extracellular domains associate significantly
with each other, only a few interactions are observed
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F313

Figure 2. Side view, in a direction parallel to the
membrane surface, of the rhodopsin structure encoded as
1U19.5¢ On the left side, a cartoon representation of the
whole structure is shown, including the 11-cis-retinal,
represented by black sticks. On the right side, a stick
representation of selected highly conserved amino acids in
the seven-helix bundle and of C110(3.25) and of C187,
which are engaged in a disulfide bridge, is shown. Red
spheres represent the oxygen atoms of some of the water
molecules resolved into the channel and close to the highly
conserved amino acids in H2 and H7. A cartoon represen-
tation of E2 is also shown in the right panel. The intra-
cellular side is at the top. H1, H2, H3, H4, H5, H6, and
H7 are respectively colored in blue, orange, yellow-green,
pink, yellow, cyan, and violet; the N- and C-termini, inclu-
ding HS8, are in purple, I1 and E1 are in lime, 12 and E2
are in slate, and I3 and E3 are in salmon. Sites I, I, and
ITI represent respectively the retinylidene binding pocket,
the putative retinoid entrance site, and the putative
retinoid exit site.1’® Drawings were done by means of the
software PYMOL 0.97 (http://pymol.sourceforge.net/).

among the cytoplasmic domains (Figure 2). The
cytoplasmic loops are poorly determined in the struc-
tures. This is the region of the protein with the
highest B-factors, and these loops are probably
mobile in solution.!® Residues missing from 1F88 are
the stretches 236—240 in I3 and 331—333 in the
C-term.

The extracellular domains of rhodopsin consist of
a folded N-term, from residue 1 to 33, which overlays
the rest of the loops (Figure 2). A -hairpin in this
domain interacts with a f-hairpin in E2, forming a
B-sheet. E2 contains C187, which is involved in a
disulfide bridge with C110(3.25) (Figure 2). Very
recently, simulations of thermal unfolding of rhodop-
sin, by the recently developed floppy inclusion and
rigid substructure topography (FIRST) method,””
combined with fast mode analysis of rhodopsin, using
the Gaussian network model,” identified the C110-
(3.25)—C187 disulfide bond and the retinal ligand
binding pocket as part of a core region, which is
assumed to be important for the formation and
stability of folded rhodopsin.” This region was the
most rigid one in rhodopsin. Experiments confirmed
that 90% of the amino acids predicted by the FIRST
method to be part of the core cause misfolding upon
mutation.” The fundamental role of E2 in stabilizing
the inactive state of the receptor has also been
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Figure 3. (left) Cartoons of the superimposed structures
of 1U19 (yellow-green),>* 1L9H (violet),52 1HZX (orange),?!
and 1F88 (cyan).!3 (right) Cartoons of the superimposed
structures of 1U19 (yellow-green)>* and 1GZM (blue).?3 The
helix bundles are seen in a direction parallel to the
membrane surface, with the intracellular side being at the
top. Drawings were done by means of the software PYMOL
0.97 (http://pymol.sourceforge.net/).

demonstrated for the complement factor 5a receptor
(C5aR),® and it might serve a similar role in other
GPCRs.8!

The tight packing between the N-term and E2 and
their secondary structure elements, as shown by the
crystal structure, had not been predicted by bioin-
formatics approaches. Other unpredicted features
were the irregularities in H1, H2, H3, and H5 and
the short helix named H8 (Figure 2). The susceptibil-
ity of H7 to deviation from the canonical conformation
had been instead already predicted prior to the
release of the first crystal structure.82-84

Crystallographic refinement of the two molecules
in the asymmetric unit generated the model of
rhodopsin at 2.8 A resolution, deposited in the PDB
under the identifier THZX.5! Differences between
1F88 and the refined 1HZX structures are located
mainly in the cytosolic domains (Figure 3). The root
mean square deviation (RMSD) between the Ca-
atoms (i.e. Co-RMSD) of 1F88 and 1HZX is equal to
1.05 A. Major structural differences between 1F88
and 1HZX concern I3, which was rebuilt in 1HZX,
lacking residues 236—240. In contrast, the extracel-
lular loops and the chromophore were changed
minimally. Furthermore, in 1HZX, additional amino
acids in the C-tail (i.e. residues 328—330) are missing
as compared to 1F88, whereas the amino acid stretch
334—348, which in 1F88 was filled with Ala residues,
carries all the side chains in 1HZX.5! Improved
resolution was obtained concerning the successive
structural models, 1L9H (2.6 A resolution)®? and
1U19 (2.2 A).54 1L9H is changed to a much lesser
extent when compared to 1HZX (i.e. the Ca-RMSD
is 0.36 A; Figure 3). No additional amino acids were
added. The latest and most resolved rhodopsin struc-
ture, 1U19, completes the description of the protein
backbone and is in general agreement with earlier
diffraction studies.!®51.5254 The main differences be-
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tween the 2.6 and 2.2 A structural models essentially
concern the completion of I3 and the C-term in the
latter structure in addition to the consequent con-
formational differences in these cytosolic domains.
The structures of the 11-cis-retinal chromophore and
its binding site have been defined with greater
precision than ever before in the 2.2 A resolution
structure, demonstrating a significant pretwist of the
C11-C12 double bond, which is suggested to be
critical for the function of rhodopsin.?* The position
of water molecules in 1L9H had already been defined
with high precision.’? In this respect, some of the
highly conserved residues within family A GPCRs,
including D83(2.50), N302(7.49), and Y306(7.53), are
found to form binding sites for these water molecules
(Figure 2). The latest structure by Okada and co-
workers confirms the water molecule topography
found in 1L9H but also adds new molecules, which
leave no cavity in the protein.?

_ Li et al. have resolved a rhodopsin structure at 2.65
A (PDB code 1GZM),?® by using untwinned native
crystals in the space group P31, by molecular re-
placement from the 2.8 A model solved in space group
P41 (i.e. 1F88).1% Like 1U19, 1GZM also resolves all
the interhelical loops. The most significant main
chain differences (i.e. Co-RMSD above 1 A) between
1GZM and 1U19 reside in 12, I3, and the C-terminal
tail following H8. In detail, I2 has a similar “L-shape”
in both structures but with a different orientation
relative to the helix bundle. The difference may be
described as a hinge movement about the junctions
with the cytoplasmic ends of H3 and H4 (Figure 3).
I3 and the cytoplasmic ends of H5 and H6 show the
most striking difference between the two structures.
In 1U19, H5 terminates at residue L226(5.61), fol-
lowing which the polypeptide chain re-enters the
bilayer and is nonstructured between residues V227
and A241 (Figure 3, right). In contrast, in 1GZM, H5
extends to residue V230(5.65), and then the Ca-trace
continues in a helixlike spiral path away from the
membrane to Q236, where it changes direction to run
parallel to the membrane and joins the cytoplasmic
end of H6 at A241(6.24) (Figure 3, right). Differently
from the case of 1U19, in 1GZM, the C-tail is
disordered, except for a dipeptide suggested by the
density in contact with 11.53%¢ Other differences
between 1U19 and 1GZM concern the conformation
of the retinal ring, which, in the latter, resembles the
conformation held in the first structural model,
188, 13.53.54

2.2. Supramolecular Organization of Rhodopsin

Very recently, the presumed higher order oligo-
meric state in native membranes has been demon-
strated for rhodopsin.*> AFM experiments revealed
the native arrangement of rhodopsin, which forms
paracrystalline arrays of dimers in mouse disk mem-
branes. Indeed, at higher magnification, almost all
rhodopsin molecules are organized in rows of dimers,
with a few monomers and some single rhodopsin
pairs that have broken away from the rows.*? These
experimental evidences were challenged by Chabre
and co-workers.8 The criticisms of Chabre and co-
workers were promptly addressed by the authors
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Figure 4. Cartoon representation of the semiempirical
model of the rhodopsin tetramer 1N3M,%° seen from the
intracellular side in a direction perpendicular to the
membrane surface. The extracellular loops are not shown.
Color coding follows the same criteria as in Figure 2.
Drawings were done by means of the software PYMOL 0.97
(http://pymol.sourceforge.net/).

through additional experiments.8-88 Whether oligo-
merization of rhodopsin is a constitutive feature or
an artifact is still in debate.3?8°

On the basis of the AFM experiments, a semiem-
pirical model of a higher order rhodopsin structure
in native membranes was built (PDB code 1N3M,
Figure 4).%° Such an oligomeric model is made of
repeats of the same monomeric unit. The latter was
obtained by completing the structural model 1HZX,>!
by means of the MODELLER program.®>°! According
to this supramolecular model, two monomers of
rhodopsin interact with each other at the extracel-
lular (intradiscal) side (i.e. at E2, from both the
monomers), at the cytoplasmic side (i.e., at 12 from
both monomers), and also within H4 and H5 (Figure
4). On the basis of this model, the authors suggested
that only the extracellular interactions involving E2
can transmit information about ligand binding from
one receptor monomer to another, because of the close
proximity of E2 to the ligand binding pocket. Con-
tacts between dimers involve I3 and both 11 and the
C-tail (Figure 4). The latest structural model of
rhodopsin, i.e., 1U19,%2 which differs from the mono-
mer in 1IN3M essentially for the conformation of the
228—244 amino acid stretch constituting I3, and for
a portion of the C-tail (i.e. 323—335), can effectively
substitute for the original monomers in 1N3M.%
Ciarkowski et al., very recently, proposed an alterna-
tive arrangement of the 1IN3M monomers similarly
compatible with the geometrical constraints from the
AFM measurements* and judged by the authors
more consistent with the mechanistic hypothesis of
rhodopsin activation than the original organization
in the 1IN3M oligomer.%

Evidences for ordered alignment of squid rhodopsin
in the membrane have also been derived from struc-
ture determinations by cryo-electron microscopy.?
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Consistent with previous findings from the projection
map of squid rhodopsin, it appeared clear that the
crystal lattice is formed by rows of rhodopsins with
less protein—protein contacts between the rows. A
different oligomerization model of rhodopsin arises
from such studies, compared to the semiempirical
model 1N3M.%9 In fact, docking the Co-atoms of the
structural model 1F88 into the 3D map of squid
rhodopsin suggested that the contacts between ad-
jacent rhodopsins along the lattice rows are made by
H1, H8, H5, and 12. In detail, on the cytoplasmic side,
positively charged amino acids in 12 or I3, of one
monomer, would interact with negatively charged
amino acids in the C-tail, of the other monomer.%
Cross sections through the center of the membrane
show contacts between H5 and H1, whereas inter-
dimer contacts appear to be mediated by H4.%

Assuming that the dimeric/oligomeric state of
rhodopsin is a constitutive feature of living cells, the
functional role of oligomerization of the photoreceptor
is still obscure. Functional characterization of rhodop-
sin monomers and dimers in detergents has recently
demonstrated that monomeric rhodopsin can activate
transducin, though the oligomeric form is more
active.®” This evidence seems to be in line with the
idea that the receptor monomer holds the structural
determinants for G protein activation and, in this
respect, is the functional unit.%

Rhodopsin oligomerization may be essential for the
ontogeny and/or desensitization of the photoreceptor
and, hence, in the control of light signaling. Address-
ing these aspects may also have important implica-
tions in unraveling the molecular determinants of
retinal degenerative diseases.

2.3. Insight into the Active States of Rhodopsin
from Biophysical Experiments

The high resolution structures of rhodopsin refer
to the inactive state of the photoreceptor. So far,
information on the active states has been essentially
inferred from biophysical and biochemical experi-
ments (reviewed in ref 96).

Photochemical experiments allowed definition of
the reaction coordinates of rhodopsin activation.?"%8
Absorption of a photon provides rhodopsin with the
energy to form the active state. Three phases of the
activation process can be distinguished: (1) light-
induced cis—trans isomerization of the retinal; (2)
thermal relaxation of the retinal—protein complex;
and (3) the late equilibria that are affected by the
interaction of rhodopsin with the G protein (reviewed
in refs 97 and 98).

Photobleaching of rhodopsin involves different
intermediates, identified by low temperature and
time-resolved spectroscopic experiments (Figure
5).987102 Fourier transform infrared spectroscopy
(FTIR) experiments suggest that D83(2.50) and E122-
(3.37) are both protonated in the dark rhodopsin
state.19 Following photon absorption and electronic
excitation, fast isomerization of the chromophore
leads to formation of bathorhodopsin (BATHO, 529
nm) (Figure 5) through photorhodopsin (PHOTO, 570
nm). This event, which utilizes two-thirds of the
energy taken up by light absorption, would require
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Figure 5. Rhodopsin photobleaching.

200 fs to occur. BATHO is in equilibrium with the
blue-shifted intermediate (BSI, 477 nm), which de-
cays to lumirhodopsin (LUMI, 492 nm) in 150 ns. The
BATHO to BSI transition only involves conforma-
tional changes of retinal, whereas the BATHO to
LUMI transition is accompanied by a large motion
of the -ionone ring away from W265(6.48), which is
in close proximity to the f-ionone ring in the dark
and BATHO states. LUMI undergoes a transition to
metarhodopsin-I (META-I, MI, 478 nm) in 10 us. A
shift of the protonated Schiff base (PSB) from E113-
(3.28) to E181 (in E2) accompanies the transition
from the dark to the MI state. It has been proposed
that the switch is accomplished by transferring a
proton from E113(3.28) to E181, through a structur-
ally evolving H-bond network.!%° In the LUMI state,
the PSB group has shifted away from E113(3.28) and
the identity of a formal counterion has been lost
because the negative charge becomes delocalized
along the H-bond chain, which involves two water
molecules and S186 in E2. Raman studies support
the idea that LUMI is the transition state in the
counterion-switching process, revealing that the H-
bond of the Schiff base dramatically weakens in the
BSI to LUMI transition before a more normal H-bond
is formed with some residues in the LUMI to MI
transition. Finally, in the MI state, the Schiff base
group has moved toward E181. Because the distance
from the PSB to E181 in rhodopsin is only ~7 A
compared to ~3 A for E113(3.28), only a modest
conformational change that alters the spatial rela-
tionship between E2 and H3 is predicted to be
required for the formation of the new salt bridge
between E181 and the PSB in MI.1% Very recently,
a density map of a photostationary state highly
enriched in MI, to a resolution of 5.5 A in the
membrane plane, has been determined by electron
crystallography.'®* The map shows density for HS,
the cytoplasmic loops, the extracellular domains, all
tryptophan residues, an ordered cholesterol molecule,
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and the fS-ionone ring. Comparison of this map with
the X-ray structures of the ground state reveals that
MI formation does not involve large rigid-body helix
movements, but there is a rearrangement close to the
bend of H6, at the level of the retinal chromophore.
This evidence suggests that there is no gradual
buildup of the large conformational change known
to accompany formation of MII, the signaling state
capable of activating the G protein.!%* These results
provide evidence for the first time that rhodopsin
remains in a conformation similar to that of the
ground state until late in the photobleaching process,
the gross helix movements, and the conformational
changes occurring in the MI to MII transition.!%* The
transition from MI to MII would, indeed, occur in
1ms. Formation of MII is also linked to proton uptake
from the cytoplasm. The reaction depends on and
probably involves the protonation of E134(3.49), a
member of the highly conserved E/DRY motif.%8105,106
In the dark state, this residue forms a salt bridge
with the adjacent R135(3.50). Protonation of E134-
(3.49), which requires the presence of transducin,%
would destabilize the charge-reinforced H-bond be-
tween E134(3.49) and R135(3.50), releasing an im-
portant constraint of the inactive state. This hypoth-
esis is supported by the findings that a mutation
eliminating the negative charge at E134(3.49) in-
duces constitutive activity of the opsin.’® Electron
paramagnetic resonance (EPR) analyses of the cyto-
plasmic surface of the E134(3.49)Q constitutively
active mutant showed a local conformational change
around H3 and H7, whereas only a small change was
seen in H6, which is suggested to undergo a dominant
motion upon photoactivation.!®” These data suggest
that the H6 motions induced by photoactivation are
essentially triggered by the changes in the interaction
pattern between the retinal and the opsin, following
the cis—trans isomerization of the chromophore.
Mutation of E134(3.49) abolishes light-induced pro-
ton uptake but leaves the proton transfer to E113-
(3.28) unchanged,'%® suggesting that the two proton
translocations can be decoupled, corresponding to the
MIIa and MIIb states.’®1% According to this model,
the transition of MI to MIla is accompanied by trans-
location of the Schiff base proton to E113(3.28).%8 In
this stage, the all-trans-retinylidene group has the
characteristics of a ligand agonist, in that it facili-
tates the MI—MIIa transition by elevation of the free
energy (AG) of MI through a scaffold function for pro-
ton translocation.'®® Proton uptake from the cyto-
plasm leads to formation of MIIb, with a pH-depen-
dent AG.? The positive enthalpy of MII formation
indicates that molecular interactions built up in MI
are lost upon transition to MII. To drive the conver-
sion, the entropy and, thus, the overall disorder in
the protein must increase.?® This observation would
be consistent with the idea that formation of the
active state is merely a release of constraints in the
helix bundle, thus exposing cytoplasmic binding sites.

Initial deactivation of MII begins with the interac-
tion of active rhodopsin with its receptor kinase,
phosphorylation of the receptor, and a tight binding
of arrestin to the still activated phosphorylated form
of the receptor.11%111 Full deactivation occurs when
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rhodopsin is regenerated. This requires the hydroly-
sis of the all-trans-retinylidene linkage and release
of all-trans-retinal from the active site.!12113 Critical
steps include the nucleophilic the attack of water on
the retinylidene bond within the hydrophobic binding
site of rhodopsin and the diffusion of the hydrolyzed
chromophore out of the binding pocket. Formation
of opsin accompanies a significant increase in intrin-
sic tryptophan fluorescence after release of all-trans-
retinal from the active site.!'2112 The retinal remains
associated with opsin membranes and is converted
by endogenous NADPH-dependent retinol dehydro-
genase (RDH, reviewed in ref 97) to all-trans-retinol
without further change in the intrinsic protein fluo-
rescence. The RDH activity is suggested to exert an
influence on the stability of the complex between
arrestin and phosphorylated Meta II. In addition,
during the Meta II decay, a storage form of rhodopsin,
metarhodopsin IIT (Meta III, MIII), is generated. The
formation of MIII can be triggered by blue light
absorption in MII, passing through the anti—syn
isomerization form or “reverted-Meta” intermediate
MIII, and the subsequent reprotonation of the Schiff
base.192114 Recently, it has been inferred that, in
addition to the retinylidene pocket (site I), there are
two other retinoid binding sites within opsin (Figure
2). Site II, involved in the uptake signal, is an
entrance site, while site III is the exit site that is
occupied when retinal remains bound after its release
from site I.11% Support for a retinal-channeling mech-
anism comes from the crystal structure of rhodopsin,
which unveiled two putative hydrophobic binding
sites in the cytosolic domains, i.e., close to the
C-terminal end of H8 (site II) and on the solvent-
exposed surface of the C-tail (site III) (Figure 2). The
storage form is suggested to be characterized by the
photolyzed all-trans-retinal bound in the exit site
(site III). In this state, the retinal does not quench
intrinsic tryptophan fluorescence. Opsin eventually
returns to the ground state via a transiently formed
opsin—11-cis-retinal complex, which contains both
retinal isomers bound to site II and site III. RDH has
access to its retinal substrate while bound to the site
IIT of opsin.!1?

The activity of ligand-free opsin is equal to 1076 of
the activity of the all-trans-retinal-bound active MII
state.®116 However, the 11-cis-retinal-bound rhodop-
sin ground state exhibits an even lower level of
activity against transducin (Gt), suggesting that the
11-cis-retinal acts as an inverse agonist and imposes
further structural constraints. Besides interactions
with the chromophore, numerous intramolecular
interactions are found in the crystal structure, which
stabilize the ground state, and most of these are
mediated by highly conserved residues in GPCRs.”™

Elegant cysteine cross-linking, site-directed spin
labeling, scanning accessibility, and NMR determi-
nations on rhodopsin provided invaluable information
on the structural rearrangements associated with
MII formation. Indeed, the results of the experiments
on the dark rhodopsin state were consistent with the
rhodopsin structure, providing also a model for
rhodopsin activation (reviewed also in ref 96).
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Cross-linking experiments aimed at inferring the
structural changes in the retinal binding site, as
induced by photoactivation, revealed a cross-link
between retinal and A169(4.58) in the light-activated
rhodopsin.?®117 Since A169(4.58) in the crystal struc-
ture of rhodopsin faces outward from the helix
bundle, such cross-linking is inconsistent with the
retinal binding mode in the inactive state of rhodop-
sin. In fact, for the f-ionone ring of retinal to be
linked to A169(4.58), the extracellular end of H3
should move away from the core of the helix bundle,
and H4 and H7 should tilt or rotate to open a path
between K296(7.43), which is covalently bound to
retinal, and A169(4.58).%117 Insights into the con-
figurational differences between dark and MII states
in the retinal binding site come also from solid-state
NMR determinations.!187120 In detail, 3C-labels on
the retinal chromophore and specific 3C-labels on
tyrosine, glycine, serine, and threonine residues in
the retinal binding site indicate that the essential
aspects of the isomerization trajectory are a large
rotation of the C20 methyl group toward E2, and a
4- to 5-A translation of the retinal chromophore
toward H5.18 The observed shifts of the chromophore
are predicted to trigger the motions of W265(6.48)
accompanied by outward rotation of H6 using the
conserved P267(6.50) as flexible hinge.!® Changes in
the interaction pattern of W265(6.48) upon rhodopsin
activation are also indicated by changes in the
chemical shifts of the ®N-labeled tryptophan consis-
tent with the indole nitrogens of W265(6.48) becom-
ing less hydrogen bonded on going from dark rhodop-
sin to MII. NMR measurements also indicated
breakages of the interhelical H-bonding interaction
between E122(3.37) and H211(5.46) as a consequence
of the establishment of intermolecular interactions
with the f(-ionone ring of the chromophore.!'® In
contrast with the observations and conclusions of
Patel et al., Spooner et al., on the basis of NMR
determinations on ¥C-labeled C16 and C17 of retinal,
concluded that the S-ionone ring becomes even more
strongly restrained on activation.!?® Retaining the
initial position on cis—trans isomerization, the chro-
mophore ring would increase its steric interactions
with the receptor, forcing the protein to adjust its
structure around the ligand.'?0

NMR determinations also targeted the whole pho-
toreceptor, providing the first evidence that activa-
tion of rhodopsin may involve differential dynamic
properties of side chain versus backbone atoms.'?! In
fact, NMR studies of the a-1°N-lysine-labeled receptor
revealed large backbone motions in the inactive dark
state. In contrast, indole side chain »N groups of
tryptophans showed well resolved, equally intense
NMR signals, suggesting restriction to a single
specific conformation.!?! These results indicate that
tryptophan side chains are more restricted in con-
formation than their backbone, suggesting that the
indole side chain contacts, in part, contribute to
restricting the conformation in a “locked” dark state,
without fully restricting motional fluctuations in the
overall molecule including the helix bundle itself.12!
Other high resolution information comes from solu-
tion and solid-state NMR spectroscopy of the intact
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Figure 6. Cartoon representation of the seven-helix
bundle and H8 of 1U19. The bundle is seen from the
intracellular side in a direction perpendicular to the
membrane surface. Red spheres indicate the a-carbons of
the amino acids targeted by cysteine cross-linking experi-
ments (reviewed in ref 96). Dashed red lines indicate
inhibitory cross-links, and dashed green lines indicate
cross-links compatible with activation, whereas the yellow
dashed line indicates a cross-link that occurs only in light-
activated rhodopsin (reviewed in ref 96). Drawings were
done by means of the software PYMOL 0.97 (http:/
pymol.sourceforge.net/).

mammalian photoreceptor rhodopsin in detergent
micelles. These experiments suggest that the C-tail
conformation observed in the crystal structure is no
longer maintained upon phosphorylation, with the
C-tail becoming disordered.!??

A large number of intramolecular links, either
cysteine disulfide bridges or Zn?* chelated by sub-
stituted histidine side chains, were also engineered
to connect the cytosolic ends of the helices, including
HS8. These cross-links were investigated in their
ability to permit or inhibit activation (reviewed in ref
96). The observation that all the cross-links between
H3 and H6 inhibit activation (dashed red lines in
Figure 6) suggests that rhodopsin activation would
require a change in the relative position of these two
helices, most likely a separation of their cytoplasmic
ends. In contrast, activation would require a change
in the relative position of H3 and H5 without a
significant separation. This was suggested by the
findings that two inhibitory cross-links between these
two helices were found close to activation permissive
cross-links between the same helices (dashed green
and red lines in Figure 6).% Cross-linking experi-
ments also suggested that H3 might become less
tilted upon activation, that is, more perpendicular to
the plane of the membrane, causing its end to
protrude more into the cytoplasm. Interestingly, one
disulfide bond connecting residues 140(3.55) and 316
(in H8) was found only after photoactivation of rho-
dopsin (dashed yellow line in Figure 6),'?® This cross-
link connected Co-atoms that are 29 A apart in the
ground-state crystal structure, whereas the distance
between Ca-atoms of disulfide-bonded cysteine resi-
dues is in the range 3.8—6.8 A. One possibility is that
light activation causes a significant conformational
change that brings the two positions together.%6.123

Site-directed spin labeling has been extensively
used to explore the cytosolic domains of the photo-
receptor.®® This biophysical approach was used to
assess the following changes induced by photoacti-
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Table 1
residues® dark?® inter-Co X-ray® light? inter-Co lighte 1LN6/ Gouldson# lov0" 1BOJ!
139—-248 12—-14 8.75 23—-25 19.75 16.59 15.35 11.83 10.02
139—249 15—-20 11.89 15—-20 11.89 16.20 13.62 11.28 12.96
139—-250 15—-20 10.80 12—-14 6.30 12.41 13.98 8.04 12.39
139—-251 12—-14 8.83 23—-25 19.83 13.63 16.89 10.53 12.22
139—-252 15—-20 12.17 23—-25 18.67 15.96 19.31 13.32 15.41

@ Amino acids in bovine rhodopsin. ¢ Distances (A) between spin labels determined for dark rhodopsin (reviewed in ref 96).
¢ Distances (A) between the Co atoms measured in the crystal structure of dark rhodopsin (PDB code 1U19).5* ¢ Distances A)
between spin labels determined light-activated rhodopsin (reviewed in ref 96). ¢ Distances (A) between the Ca atoms estimated
for light-activated rhodopsin, based upon the differences determined between spin labels and measured between the a-carbons
in dark rhodopsin (1U19). f Distances (A) between the Ca atoms measured in the computational model 1LN6.137138 £ Distances
(A) between the Ca atoms measured in the computational model by Gouldson and co-workers.13® % Distances (A) between the Ca
atoms measured in the computational model 10V0.140 i Distances (A) between the Co atoms measured in the computational

model 1BOJ.320

vation: (a) changes in the hydrophobic/hydrophilic
nature of the environment of the labeled amino acids,
(b) changes in their solvent exposure, (c) changes in
the distances between pairs of spin labels, and (d)
increase in their mobility. Increases in the mobility
of the targeted side chains were interpreted as
increases in their solvent exposure. The estimated
distances between the spin labels in dark rhodopsin
and MII suggest that an increase in distance of more
than 10 A between the Ca-atoms of V139(3.54), on
one hand, and those of K248(6.31) and T251(6.34),
on the other one, would characterize the transition
from dark to MII (Table 1).°¢ Our conversion of inter-
spin distances into inter-Ca-atom distances is based
on the comparisons of the results of experimental
determinations on dark rhodopsin with measure-
ments on the crystal structure (Table 1). All together,
the observed mobility changes suggest that activation
opens a cleft on the cytoplasmic side of the helix
bundle.?*7127 More specifically, the postulated rigid-
body tilt or translation of H6, moving its cytoplasmic
end out from the bundle, would simultaneously
increase exposure at the cytoplasmic end of H3 and
decrease the exposure of some positions near the end
of H5.124125 Mobility changes in the H1-I1-H2
region upon activation are relatively minor.'?8 Very
recently, site-directed spin labeling has also been
used to explore the role of the salt bridge between
the protonated Schiff base at K296(7.43) and its
counterion E113(3.28). In detail, molecular sensors
were placed at selected positions in the cytosolic
domains to monitor the structural changes in such
domains triggered by the breakage of the salt bridge
in the retinal binding site.!?® All together, the results
provide structural evidence that the salt bridge is a
key constraint maintaining the resting state of the
receptor and that disruption of the salt bridge is the
cause, rather than a consequence, of the H6 motion
that occurs upon activation.'??

In summary, experiments on rhodopsin produced
a crude qualitative picture of the structural changes
that occur during receptor activation. In this sce-
nario, the helical bundle opens at its cytoplasmic end,
exposing various regions for interaction with the G
protein; the strongest evidence indicates activation-
induced separation of H3 and H6.127-130 Overall move-
ment of H6 probably exceeds that of H3, which is
more constrained by its central position in the helix
bundle (Figure 6). The primary result of photoi-
somerization of retinal, which triggers H6 motion, is

suggested to be the breakage of the salt bridge
between K296(7.43) and E113(3.28).12° Other helices
probably also adjust their positions upon activation
as well. The activation model includes outward (away
from the bundle) movements of the cytoplasmic ends
of H3, H6, and H7. The inner faces of H2, H3, H6,
and H7 become more exposed, whereas the cytoplas-
mic ends of H4 and H5 become less exposed (reviewed
in ref 96). Recent in vitro experiments on rhodopsin—
transducin recognition suggest that key interactions
occur between the C-terminus of transducin and the
inner face of H6 that contributes to form a solvent-
exposed hydrophobic cleft.2?

2.4. Computational Experiments on Rhodopsin

The crystal structure of rhodopsin is perhaps the
most representative of a collection of states, which
constitute the native conformational ensemble.

MD simulations on rhodopsin in an explicit mem-
brane/water environment have attempted to inves-
tigate the conformational space around the native
state of dark rhodopsin.!3! In detail, all-atom rhodop-
sin in a lipid/water environment was simulated for
15 ns. Different rhodopsin structures, including the
incomplete A, C, and E chains of 1F88!3 and of
1HZX %! as well as a completed structure were used
as input of calculations. Both the protonated and
deprotonated forms of D83(2.50), E123(3.38), and
H211(5.46) were probed. Simulations with and with-
out internal water molecules were also carried out.
Analysis was carried out over the last 5 ns trajectory.
The computational study provided useful information
on the membrane topology of the photoreceptor. A
relevant outcome of this study is the finding that the
cytoplasmic loops and the C-terminal tail, containing
the G protein recognition and protein sorting se-
quences, exhibited high mobility, in marked contrast
to the extracellular and transmembrane domains.!3!
In fact, the average RMSD from the crystal structure
durlng the last 5 ns of the 15 ns MD simulations is
1.86 A for all the Co-atoms of the protein. In contrast,
the C-terminal tail, I3, and 12 exhibited, respectlvely,
Co-RMSDs up to 13 A 9.0 A and 5.0 A whereas the
central parts of the TM helices revealed Ca-RMSD
values as low as 0.5 A. Also, H8 underwent signifi-
cant motions. The local deviations from the crystal
structure and fluctuation amplitudes revealed cor-
respondences between flexible and functional do-
mains of the protein.!3!
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Figure 7. Cartoon representation of the seven-helix bundle and of H8 of computational models of the inactive (violet)
and active (yellow-green) states of rhodopsin. In detail, on the left side, the models from Yeagle and co-workers deposited
in the PDB as 1JFP (violet) and 1L6N (green) are shown;36-138 in the central panel, the structures computed by Gouldson
and co-workers are shown;!3? finally, in the right panel, the 1U19 structure (violet) is superimposed on the computational
model of active rhodopsin, deposited in the PDB as 10v0.14° The helix bundles are seen from the intracellular side in a
direction perpendicular to the membrane surface. Drawings were done by means of the software PYMOL 0.97 (http://

pymol.sourceforge.net/).

In an analogous study, the analysis of a 40 ns MD
trajectory of dark rhodopsin in an explicit membrane/
water environment highlighted changes in the water
accessibility of I3 and the C-tail, likely driven by helix
motion.’® In an attempt to approach as much as
possible the real composition of the retinal rod outer
segment disk membranes, which are rich in polyun-
saturated lipids and cholesterol, Pitman at al. em-
bedded the rhodopsin molecule in a bilayer composed
of a 2:2:1 mixture of 1-stearoyl-2-docosahexaenoylphos-
phatidylcholine (SDPC), 1-stearoyl-2-docosahexaenoyl-
phosphatidylethanolamine (SDPE), and cholesterol
(i.e. 1 protein, 49 SDPCs, 50 SDPEs, 24 cholesterols,
and 7400 waters) and produced a 118 ns equilibrated
MD trajectory in the NVE ensemble. Consistent with
the observations from in vitro experiments, in silico
experiments showed that the protein breaks the
lateral and transverse symmetry of the bilayer.
Lipids near the protein preferentially reorient such
that the unsaturated chains interact with the protein,
while the distribution of cholesterol in the membrane
complements the variations in rhodopsin’s transverse
profile, thus suggesting that cholesterol stabilizes the
dark state of the photoreceptor without interacting
with the protein.'?® These elegant studies prove an
enormous effort to improve the reliability of the
system, providing insights into the effects of lipids
on receptor conformation. However, the reliability of
the explicit lipid/water models remains undermined
by the membrane—compartment dependence of lipid
composition and lipid—receptor stoichiometry, in
light of the ever-increasing evidences that GPCRs,
including rhodopsin, exist as constitutive oligo-
mers.3843

Explicit membrane/water models make it even
more difficult to detect, in the nanosecond time scale,
the protein motions, which accompany MII formation.
The latter event has been, indeed, demonstrated to
occur in the millisecond time scale and may require
the presence of transducin.?®1% These limitations
clearly emerge in recent computational attempts to
simulate the active states of the photoreceptor.134.135
External forces were introduced in explicit membrane/
water simulations to induce the clockwise rotation

of H6 (when seen from the intracellular side), pre-
dicted to be associated with MII formation.!3> Ex-
perimental-derived distance restraints were, instead,
employed by Yeagle and co-workers to transform a
computational model of dark rhodopsin (PDB code
1JFP)13¢ into MII (PDB code 1LN6) (Figure 7,
left).136-138 The model of dark rhodopsin, 1JFP, was
obtained by combining NMR determinations of
rhodopsin fragments with computational modeling.136
The RMSD of the main chain atoms of amino acids
40—348 in 1JFP and in the latest rhodopsin structure
(1U19 )**is 7.3 A. Such a deviation is still high, i.e.,
5.7 A, if only the seven TM domains are considered,
as differences between rhodopsin structure and the
computational model concern both the secondary
structure elements and their packing. Both compu-
tational models of the inactive and active rhodopsin
states, 1JFP and 1LNG6, are of poor stereochemical
quality, indicative of limitations in the modeling
approach. Instead of using a computational model,
Gouldson and co-workers employed the crystal struc-
ture of rhodopsin for restrained MD experiments.!3?
Also in this case, restraints were derived by in vitro
experiments on rhodopsin and homologous GPCRs.!3?
The results of this study suggested that the main
changes in the receptor conformation on activation
involve H4, H5, H6, and H7. Such changes include
(a) clockwise rotation of H4; (b) displacement of H6
away from H3, accomplished by a straightening of
H6 itself; (c) increased flexibility in the intracellular
half of H7; and (d) a general opening of the intracel-
lular part of the structure (Figure 7, central panel).!3®
In line with the attempts to overcome the computa-
tional and time-scale limitations in unforced and
unrestrained simulations of rhodopsin activation in
an explicit environment, Nikiforovich and Marshall
recently presented the results of a computational
approach aimed at generating the active state of
rhodopsin.’*® The approach started with simplified
energy calculations in an effort to find a set of
sterically and energetically reasonable options for the
TM helix arrangements with all-trans-retinal. Vari-
ous 3D models of the TM helix packing found by
computations were then compared to limited site-
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directed spin-labeling experimental data on rhodop-
sin activation, to identify the most plausible model
of the TM helix bundle in the active state. The
experimental data mainly used to drive model selec-
tion were light-induced changes in distances between
spin labels in positions 139(3.54) and 248(6.31)—252-
(6.35) (Table 1).%° In the next step, all non-TM
structural elements (i.e. tails and loops) were recon-
structed, and after the entire “MII” structure had
been relaxed, all other currently available additional
experimental data, both mutational and spectro-
scopic, on the structure of the MII state of rhodopsin
were used to validate the resulting 3D model (PDB
code 1ov0; Figure 7, right).'4° Contrary to what the
authors say, the analysis of such a computational
model does not reveal a striking agreement with site-
directed spin-labeling experimental data. In fact, the
distances between the Ca-atoms of V139(3.54), on one
hand, and those of K248(6.31), T251(6.34), and R252-
(6.35), on the other one, in the computational model
are respectively 11.83, 10.53, and 13.32 A, whereas,
according to the site-directed spin-labeling data, such
distances should be about 19.75, 19.83, and 18.67 A,
respectively (Table 1).% Thus, the computational
model does not show the predicted separation of the
cytosolic extensions of H3 and H6, as compared to
the dark state, and it should be taken with caution
the author’s proposal that such a computational
model can be used as a template for modeling the
active states of homologous GPCRs.140

In vacuo weighted masses MD was applied to a
truncated form of the crystal structure of rhodopsin,!3
lacking all the nonprotein molecules, lacking all the
intracellular and extracellular domains, except for
E2, and holding the 11-trans-retinal, to produce
MIIL.'! The structure averaged over the last 100 ps
of a 1.2 ns equilibrated trajectory and minimized was
considered consistent with the available experimental
data and used as a template to achieve what the
authors called an “in silico activated” form of the
5-HTsa receptor. Such a receptor model was then
used for docking experiments with known activating
ligands, without any further MD simulation.'*!

An alternative approach to build rhodopsin’s pho-
tointermediates lumirhodopsin, MI, and MII, starting
from the crystal structure of the dark state, consisted
of applying swings to selected TM domains according
to in vitro experimental data coupled with optimiza-
tions by MD/energy minimizations.!4>143 The putative
models of MI, MIb (opsin), MIsgy, and MII were then
used to construct the structural models of the puta-
tive inverse agonist-, antagonist-, partial agonist-,
and full agonist-bound forms of aminergic GPCRs.14*
We have concerns about the approach employed to
model the rhodopsin intermediates, as it is signifi-
cantly biased by human intervention. We, therefore,
are also concerned about the use of such rhodopsin
intermediates as templates for modeling functionally
different states of the homologous GPCRs.

The substantially different computational models
of activated rhodopsin share the breakage of the
charge-reinforced interaction found in the dark state
between R135(3.50), of the E/DRY motif, and E247-
(6.30).138-140 The breakage of such an interhelical salt
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bridge has been suggested to be a feature of the active
states of different family A GPCRs, by in vitro and
computational experiments.6162:64-69,72

3. Computational Approaches to GPCR Model
Building

3.1. GPCR Databases

Modeling of GPCRs has enormously profited from
the availability of molecular class-specific databases
capable of dealing with highly heterogeneous data on
these receptors. The G protein-coupled receptor da-
tabase (GPCRDB; http://www.gpcr.org/7tm/) is a Mo-
lecular-Specific Information System (MSIS) for GPCRs
aimed at the collection and dissemination of GPCR
related data.#>~147 It holds sequences, mutant data,
and ligand binding constants as primary experimen-
tal data. Mutation data within the GPCRDB (http:/
www.gpcr.org/7tm/mutation/) are automatically ex-
tracted from the scientific literature.!*® In detail, the
mutation data extracted from the literature are
validated by plausibility filters and integrated into
the corresponding Molecular Class-Specific Informa-
tion System, where they are combined with struc-
tural and sequence information already stored in the
database.!*® The GPCRDB is linked to the SWISS-
PROT protein sequence database (http:/expcsy.h-
cuge.ch/cgi-bin/search-7tm/), to the Olfactory Recep-
tor DataBase (http:/senselab.med.yale.edu/senselab/
ORDBY/), specializing in olfactory receptors, and to the
GRAP and tinyGRAP mutant databases (http://
tinygrap.uit.no/ and http:/tinyGRAP.uit.no/).1*° The
GRAP database allows searches for specific amino
acid substitutions in specific proteins within user-
specified groups of receptors.’°°~153 The database also
contains searchable information on quantitative
ligand-binding data and qualitative descriptions of
the effect of the mutation on agonist binding and
signal transduction. The GRAP database has not
been updated recently. Mutant database develop-
ment moved on to the tinyGRAP database, which
holds only the most basic information on the receptor
type, literature reference, and mutant type.1%0-153

Computationally derived data such as multiple
sequence alignments, 3D models, phylogenetic trees,
and two-dimensional (2D) visualization tools are
added to the GPCRDB to enhance the database
usefulness. The GPCRDB is also linked to a finger-
print database that determines if a given query
sequence belongs to one of the characterized super-
families, families, or receptor subtypes (http:/www-
.biochem.ucl.ac.uk/bsm/dbbrowser/GPCR/). Another
bioinformatics tool useful for GPCR modeling through
the GPCRDB is the Viseur program, which allows
one to interactively visualize and/or modify amino
acid sequences, TM areas, alignments, models, and
results of mutagenesis experiments in an integrated
environment.’® The GPCRDB is also linked to the
SWISS-MODEL server for the automated modeling
of the TM helix bundle of GPCRs (http:/swissmod-
el.expasy.org//SWISS-MODEL.html).1 Very recently,
the developers of the GPCRDB have created the
MSIS for GPCR Interacting Partners (G proteins and
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RAMPs), the GPCRIPDB (http://www.gpcr.org/
GPCRIP/).

A support vector machine (SVM)-based method,
GPCRpred, has recently been developed for predict-
ing families and subfamilies of GPCRs from the
dipeptide composition of proteins.® The method
classified GPCRs and non-GPCRs with an accuracy
of 99.5% when evaluated using 5-fold cross-valida-
tion. The method is also able to accurately classify
GPCRs. A server for recognition and classification of
GPCRs based on multiclass SVMs has been set up
at http://www.imtech.res.in/raghava/gpcrpred.1%®

A list of the URLSs for sequence-based classification
of GPCRs is provided and critically discussed in ref
157.

A database extremely useful for the study of G
protein—GPCR interactions has recently been set up
with a focus on G proteins and their coupling
specificity with GPCRs (http:/bioinformatics.biol.uo-
a.gr/gpDB).158

3.2. Comparative Modeling Using the
Bacteriorhodopsin Structure as a Template

A high resolution structure of the light-driven
proton pump from Halobacterium halobium bacteri-
orhodopsin (BRD) has been available since 1990.15°
Since BRD possesses seven TM a-helices and binds
the retinal chromophore, it has been considered a
bacterial homologue of vertebrate rhodopsin. Reports
concerning comparative modeling of GPCRs using the
BRD structure as a template have appeared in the
years that preceded the release of the first electron
density 2D map of rhodopsin,®1°~170 in the years
between the releases of the first 2D and the first 3D
electron density maps of rhodopsin,®12171-193 in the
years between the releases of the 3D map and of the
crystal structure of rhodopsin,!31947201 and even in
the years after the release of the rhodopsin crystal
structure.202-205 However, BRD is a proton pump, is
not coupled to a G protein, and does not even display
remote sequence similarity with any GPCR. Two
hypotheses were made to demonstrate the existence
of a link between GPCRs and BRD.2%:207 One of these
hypotheses was formulated by Pardo and co-workers,
who suggested that the sequence homology in the
helical region of BRD and GPCRs would be greater
if the sequential ordering of the helices is ignored.208
The authors, hence, proposed a mismatch of the
helices, in which BRD H2, H3, H4, H5, H6, and H7
matched, respectively, with GPCR H4, H5, H6, H1,
H2, and H3. Such a mismatch between BRD and
GPCR sequences was suggested to be caused by an
exon shuffling event that occurred during the evolu-
tion of GPCRs and BRD from a common ancestor.2%6
The second hypothesis suggests that H5, H6, and H7
originated from H1, H2, and H3 as a result of
ancestral gene duplication, leading to homologies
between helices H1, H2, and H3 in BRD and helices
H5, H6, and H7 in GPCRs.2°7 An alternative helix-
mismatching alignment between GPCRs and BRD
was obtained by Metzger and co-workers, and this
made the authors trust comparative modeling based
upon the BRD structure.?’® The authors, indeed, built
a model of the « opioid receptor, which has been used
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in computational experiments until recently.199203,2092210
Sequence analysis studies led, however, to the con-
clusion that there is no significant evidence for
similarities between BRD and GPCR, regardless of
the ordering of the helices, and that, hence, BRD
cannot be used as a template for comparative model-
ing of GPCRs.?!! These conclusions found strong
support in the evidences from the first 2D electron
density map of rhodopsin at 9 A resolution, which
showed clear differences from the electron density
map of BRD resolved at comparable resolution.®
These structural evidences, combined with the in-
formation from alignments of a significant number
of GPCR sequences, suggested that GPCRs share a
common architecture of the seven helices that differs
from that of BRD, strongly underscoring the draw-
backs in the use of BRD as a template for the
construction of molecular models of GPCRs.10

Comparisons of the high resolution structures of
BRD and rhodopsin,® in fact, confirmed the marked
structural dissimilarities between the two photore-
ceptors, in line with the evidences from the low
resolution electron density maps.® Indeed, the seven
helices differ in length and location of the breakages.
Furthermore, loops and tails are completely different
in length, amino acid composition, and structure. In
line with these data, the sequence alignment ob-
tained from the superimposition of rhodopsin and
BRD structures shows mismatches in the seven
helices, concerning also the lysines in H7, which are
covalently bound to the retinal chromophore in both
the photoreceptors (Figure 8). Along the same line,
the highly conserved amino acid motifs character-
izing family A GPCRs (colored in red in Figures 1
and 8) are not present in BRD. This suggests that,
even if proteins may share the same fold even in the
absence of any sequence similarity,?'2213 BRD is not
the proper template for modeling family A GPCRs,
including rhodopsin. On the basis of these consider-
ations, any attempt to overcome the drawbacks of
using BRD as a template, by first modeling rhodopsin
on BRD, then the f2-AR on the rhodopsin model, and
finally the target receptor on the f2-AR model, is
likely to fail 179-181-183,189,205 Critical comparisons be-
tween a By bradykinin receptor achieved through this
approach and a model based upon the rhodopsin
structure were, however, unable to distinguish a
preference for one of the two models.2%® This could
be due to the low resolution of the data employed for
evaluating the models. In more recent works, the
authors adjusted their original BRD-based models to
incorporate high resolution structural information on
rhodopsin.214-216

In summary, due to the lack of functional, se-
quence, and structural similarity between rhodopsin
and BRD, comparative modeling of GPCRs by using
the BRD structure as a template is likely to produce
unreliable models and there is no way to change the
alignment so as to improve the model. Despite this
evidence, BRD has been used as a template for
achieving 3D models of GPCRs until very recently
and it was even concluded that the receptor model
based upon the BRD structure is more consistent
with site-directed mutagenesis data than the model
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Figure 8. (left) Cartoons of the superimposed structures of rhodopsin (1U19, in yellow-green)>* and of BRD (PDB code
1BRR, violet).?®2 The retinal molecules are also shown by black sticks. (right) Sequence alignment which results from the
a-carbon atom fit shown on the left side. In this alignment, color highlights indicate the secondary structure computed on
the superimposed crystal structures of the two proteins. In detail, violet means canonical a-helices, and yellow stands for
strand, whereas cyan, orange, and pink indicate respectively type 3-, 4-, and 5-turns. Black boxes enclose the lysine residues
covalently linked to retinal in both the photoreceptors. As for the rhodopsin sequence, the most conserved amino acids in
each TM helix are colored in red. Drawings were done by means of the software PYMOL 0.97 (http:/pymol.sourceforge.

net/).

based on the crystal structure of rhodopsin.?** This
exceptional conclusion may reflect the inadequacy of
low resolution site-directed mutagenesis data for
evaluating the reliability of atomistic models.

3.3. Ab Initio Modeling of GPCRs

Because of the lack of a proper homologous tem-
plate for comparative modeling of GPCRs, various ab
initio approaches have been developed for computa-
tional modeling of GPCRs (reviewed also in ref 217).

Very early ab initio modeling experiments on the
Dy dopamine, fs-adrenergic, and 5-HT; serotonin
receptors led to predictions of either clockwise (when
viewed from the extracellular side) or nonsequential
helix-packing arrangements, inconsistent with both
the BRD and rhodopsin structures.?'8-222 Lybrand
and co-workers were the most enthusiastic in pursu-
ing their ab initio “clockwise” model 192237228 Their
computational modeling approach is summarized as
follows. The seven o-helices are built in a canonical
conformation, oriented approximately perpendicular
to the plane of the bilayer in a continuous bundle
arrangement and bundled together, in a way that
hydrophobic residues are exposed to the lipids. Then
the loops are modeled by restrained MD and added
to the helix bundle. Topological and physical proper-
ties and low resolution information from site-directed
mutagenesis and biophysical studies are used as
constraints for helping to reduce the number of helix-
bundle candidate structures from about 1500 to only
10—20 structures.?'%?23 These best candidate struc-
tures are then subjected to energy minimization and
MD refinement, leading to the final selection of only

one structure, based upon the available experimental
data. In the first study, the clockwise helix arrange-
ment was proposed as the most reliable, whereas in
successive studies it was always flanked by the
“counterclockwise” model 2192237228 The necessity of
probing both the alternative arrangements was dic-
tated by the author’s judgment that the available
experimental data were inadequate to drive selection
of the proper stereochemistry and that, at least for
the (2-AR, the clockwise model appeared to better
explain ligand selectivity data.??? Despite the indica-
tions in support of the “counterclockwise model”,
inferred from computational'®’® and in vitro ex-
periments on several GPCRs,?2?7232 the authors rec-
ognized the inconsistency of the “clockwise” model
only when the first crystal structure of rhodopsin was
released.??® They, however, pursued their ab initio
approach, until very recently.233-236

One of the most successful approaches to GPCR-
structure prediction was that used by Baldwin and
co-workers, which consisted of integrating the infor-
mation from sequence analyses with that from the
3D electron density map of frog rhodopsin and that
from biochemical and biophysical experiments on the
members of the rhodopsin family.1%!! This approach
led to the building of a Ca-atom model of the seven-
helix bundle of rhodopsin and a Co-atom template
for comparative modeling of GPCRs.!! Retrospective
analysis validates Baldwin’s model of rhodopsin, as
the Co-RMSD between rhodopsin structure (i.e.
1U19) and the model is 2.96 A (Figure 9, left). This
deviation is due, at least in part, to the regularity of
the seven helices in the model, which is different from
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Figure 9. Cartoon representation of the seven-helix bundle and of H8 of the rhodopsin structure 1U19 (yellow-green)>*
superimposed on the computational models by Baldwin and co-workers (left side, in blue),!! by Herzyk and Hubbard (central
panel, in orange),31° and by Pogozheva and co-workers (right side, in violet).320 The helix bundles are seen from the
intracellular side in a direction perpendicular to the membrane surface. Superimposition between rhodopsin and each of
the three computational models has been done on the a-carbons of the following amino acid stretches: 38—63, 71-95,
111-140, 151-175, 204—223, 250—274, and 288—310. The Ca-RMSDs resulting from the three matches shown in the
left, central, and right panels are respectively 2.96, 2.91, and 2.68 A. Drawings were done by means of the software PYMOL

0.97 (http://pymol.sourceforge.net/).

the crystal structure (Figure 9, left). Indeed, the only
helix bend correctly predicted by Baldwin’s study was
the kink at P267(6.50). The results of Baldwin’s
studies!®! and the electron density 2D and 3D maps
of rhodopsin®!2 have been milestones and invaluable
sources of information for GPCR modeling in the
years that preceded,??” 2 and even in those that
followed, the release of the crystal structure of
rhodopsin 2797292

The helical wheel projection models, which were
inferred from an earlier Baldwin study,® represented
the background of our ab initio building of the seven-
helix bundles of several GPCRs of the rhodopsin
family.?®® The study consisted of probing different
helix arrangements by MD and then selecting the
average arrangement more consistent with Baldwin’s
helical wheel projection model and the 2D electron
density map of bovine rhodopsin at 9 A resolu-
tion.?10-293 These computational experiments, which
highlighted the highly conserved polar amino acids
as drivers of the helix packing through H-bonding
networks, constituted the first step of an iterative
procedure, consisting of progressive domain additions
and modifications in the receptor model, to incorpo-
rate the ever-increasing experimental evidences on
rhodopsin and the homologous GPCRs.2?* The pref-
erential targets of the approach were the ajp,-adren-
ergic receptor (a,-AR), the M;- and Ms-muscarinic
receptors, the oxytocin receptor (OTR), and the
luteinizing hormone receptor (LHR).57:5860.294=305 The
last updates of the ab initio models of these receptors
held the structural information derived from the
electron micrographs of 3D frog rhodopsin crystals!?
and from the last GPCR sequence analysis from
Baldwin and co-workers.!1,60,294,302-305

Weinstein and Ballesteros proposed an ab initio
approach to GPCR model building based upon the
integration of information about the primary, second-
ary, and tertiary structural properties of GPCRs as
well as inferences from the experimental probing and
biophysical analysis of TM proteins.?®

Alkorta and Loew employed an ab initio approach
to model rhodopsin and the ¢ opioid receptor, consist-
ing of different steps, including (a) multiple sequence
alignment, (b) calculation of a variability profile of

the aligned sequences, (c) use of the variability profile
to identify the boundaries of the TM regions, (d)
prediction of their secondary structure, (e) helix
bundling, (f) predictions of side chain conformations,
and (g) structure refinement.?%6397 Helix packing into
a bundle was based on the assumption that helices
are packed in a sequential order and in antiparallel
fashion except for H1 and H7, that they are all
canonical, and that they are all perpendicular to the
putative membrane surface.306.307

Donnelly and co-workers reported a 3D model of a
GPCR based on the helix arrangement observed in
the projection structure of rhodopsin.?%%:3% The model
was created using a method that detects helical
periodicity in sequence alignments, using amino acid
substitution data derived from protein structures.
The method, which also compares the relative direc-
tions of the conserved and hydrophobic faces, was
first tested on BRD and proved to be successful at
orientating the helices. As the method detects the
outside face of each helix, the positions of charged
residues on this face were used to detect the points
at which these helices contact the more polar regions
of the phospholipid headgroup/aqueous interface. The
projection structure of rhodopsin and the connectivity
predicted by Baldwin were also considered in the
model building.3%83% The Ca-RMSD between the
rhodopsin model obtained through this approach and
available at the GPCRDB (http://www.gpcr.org/7tm)
and the rhodopsin structure (i.e. 1U19) is 6.89 A.

Herzyk and Hubbard developed a rule-based au-
tomated method for modeling the structure of the
seven TM helices of family A GPCRs.?1° With this
method, the structures are generated by using a
simulated annealing Monte Carlo (MC) procedure
that positions and orients rigid helices to satisfy
structural restraints. The restraints are derived from
analysis of experimental information from biophysi-
cal studies (including electron density maps) on
native and mutant proteins, from analysis of the
sequences of related proteins, and from theoretical
consideration of protein structure. The four main
steps in this approach are as follows: (a) analysis of
the available experimental and theoretical data to
derive geometrical restraints, (b) employment of a
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protein representation adequate for applying the
restraints, (c) construction of a penalty function that
efficiently penalizes violations of the restraints, and
(d) optimization of the penalty function to find a
family of structures that best satisfies the restraints.
The method was first validated by generating a model
of BRD, characterized by a Ca-RMSD of 1.87 A, from
the structure determined by electron microscopy.!>®
Calculations were then carried out by using experi-
mental and theoretical information available for
bovine rhodopsin to assign the helices to a projection
density map®!® and to produce a rhodopsin model
useful as a template for comparative modeling of
homologous GPCRs.31° The Ca-RMSD between the
TM model of rhodopsin, generated by such a method
and available at http:/www.gpcr.org/7tm, and the
crystal structure of rhodopsin (i.e. 1U19 ) is 2.91 A
(Figure 9, center). These results validate the ap-
proach by Herzyk and Hubbard in its ability to
predict the architecture of TM a-helical proteins.
Even if the seven helices in the computational model
are shorter than those in the rhodopsin structure and
are all canonical, the topography of the highly
conserved amino acids is quite conserved in the
computational model and in the crystal structure.
The rhodopsin model by Herzyk and Hubbard has
been used as a template for modeling several ho-
mologous GPCRs.?117313 Moreover, this automated
approach, implemented in the program PANDA, was
used to achieve computational models of different
GPCRs of the rhodopsin family, including the mel-
anocortin-1 receptor (MC1-R).312

Peitsch and co-workers developed the automated
protein modeling server, SWISS-MODEL.?* With
this approach, models are constructed in a two-stage
process. In the first stage, the seven TM helices are
represented as being idealized and rigid. Structural
restraints derived from theoretical and experimental
data are then used to fit the helices together. A
penalty function is used to measure any violations
to the structural restraints. This penalty function is
then globally optimized using a MC simulated an-
nealing procedure to generate an optimal model. In
the second stage, the optimal model is converted into
a full-atom model by the ProMod package.’®® The Co.-
RMSD between the rhodopsin model generated by
such an automated method and the rhodopsin struc-
ture (i.e. 1U19 ) is 4.52 A. The SWISS-MODEL server
has been widely used to build GPCR models aimed
at mapping the ligand binding sites.3157319

An elegant and successful approach was that
employed by Mosberg’s team to predict the architec-
ture of the seven-helix bundle of several GPCRs of
the rhodopsin family.?2°~322 This approach, based on
the use of distance restraints, as in calculations of
protein structures from NMR spectroscopy data,
consists of iterative distance geometry refinements
of an approximate initial receptor model, using an
evolving system of H-bonds. The rationale for iden-
tifying the required constraints is based on the
presence of numerous polar residues in the TM
hydrophobic a-helices of GPCRs and on the knowl-
edge that polar side chains of proteins buried from
water have a strong tendency to form H-bonds.3?° In

Fanelli and De Benedetti

TM a-helices, backbone peptide groups are already
paired, whereas the polar side chains must interact
with each other to form intra- or interhelical H-bonds.
The H-bonding pairs can be identified from the
analysis of sequence alignments as polar residues in
TM segments, which appear and disappear in a
correlated manner, and by using approximate recep-
tor models to exclude all spatially distant residues
from the list of possible correlations. H-bonds thus
identified can be applied as distance restraints for
the packing of the TM o-helices using the distance
geometry algorithm. In detail, the approach consists
of the following stages: (a) construction of the initial
“crude” receptor model using electromicroscopy and
a few site-directed mutagenesis and cross-linking
data; (b) calculation of the average seven-helix bundle
model for rhodopsin-like GPCRs, by using an itera-
tive distance geometry refinement of the initial model
with an evolving system of interhelical side chain
H-bonds formed by various GPCRs and collectively
applied as distance constraints; and (c¢) distance
geometry calculations of the TM domain of the target
receptor from its own H-bonds and using the “aver-
age” GPCR model to restrain the relative positions
of the helices.3?° The approach was used to build a
model of rhodopsin and of 26 rhodopsin-like GPCRs,
including the opioid receptors.3207322 Retrospective
analysis supports the validity of the approach, as the
Ca-RMSD between the rhodopsin model (PDB code
1BOK) and the rhodopsin structure (i.e. 1U19) is 2.68
A (Figure 9, right). The model 1BOK was used as a
template to achieve computational models of the
oxytocin and vasopressin receptors.323

Another good prediction by Pogozheva and co-
workers was that E2 of the opioid receptors would
assume a f-hairpin structure that would partially
cover the ligand binding cavity between H3 and H7,
coming from H4 toward H3 and returning back to
H5.321 The predicted loop also adopts a nonregular
structure at its N- and C-terminal extremities. A
significant sequence similarity exists concerning this
loop between the opioid receptors and rhodopsin, thus
suggesting structure similarity. In the rhodopsin
structure, E2 adopts a structure similar to that
predicted by Pogozheva and co-workers.!332! The
authors also inferred that both branches of the loop
forming a U-like shape are too short to form any
additional a-helices.??! Collectively, these structure
predictions, which are expected to be correct in light
of the significant sequence similarity concerning E2
between rhodopsin and the « opioid receptor, disagree
with predictions by Paterlini and co-workers?'® and
by NMR structure determination on the isolated E2
of the « opioid receptor.3?* Pogozheva and co-workers
employed their distance geometry-based approach
also for predicting the structure of MIIL.32° Inconsis-
tent with the evidences from in vitro experiments
(reviewed in ref 96), the model of the active state of
rhodopsin, deposited in the PDB as 1BOJ, does not
show any significant deviation in the backbone
conformation as compared with the model of the dark
state (PDB code 1BOK), obtained by the same ap-
proach (Table 1). Thus, the method appears inad-
equate for predicting the active state of the photo-
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receptor and the predicted MII model should not be
used as a template for modeling the active states of
homologous GPCRs, as recently reported.32>

A program for packing the TM helices of GPCRs
from the electron density map of rhodopsin, named
BUNDLE, was also proposed.??6327 The approach
consisted of the following steps: (a) location of the
centers of the helices according to the low resolution
electron density map; (b) calculation of the tilt angle
of each helix on the basis of the elliptical shape
observed by each helix in the map; (c) definition of a
local coordinate system for each of the helices; (d)
packing of the helices in an antiparallel orientation;
(e) rotation of each helix through the helical axis in
such a way that its hydrophobic moment points in
the same direction of the bisector formed between
three consecutive helices in the bundle; (f) rotation
of each helix through an axis perpendicular to the
helical one to assign a proper tilt; and (g) translation
of each helix to its center deduced from the projection
map.

A different approach, based upon the integration
of sequence analysis and computational molecular
modeling, has been very recently proposed to build
TM o-helix bundles from low resolution electron
density maps.??® The approach is based on the
observation that, typically, the lipid-exposed faces of
TM proteins are evolutionarily more variable and less
charged than the core. On the basis of this rule, the
authors developed score functions and automated
methods for orienting TM helices, for which locations
and tilt angles have been determined using cryo-
electron microscopy data (cryo-EM). The method was
parametrized with the aim of retrieving the native
structure of BRD from among near- and far-from-
native templates. It was then tested on proteins that
differ from BRD in their sequences, architectures,
and functions, such as the acetylcholine receptor and
rhodopsin. The predicted structures were within 1.5—
3.5 A of the native state in all cases. In particular,
for rhodopsin, the Co-RMSD between the highest
scored conformation and the native state was 1.5 A.3?8
These encouraging results led to the conclusion that
such a computational method can be used in conjunc-
tion with cryo-EM data to obtain approximate model
structures of TM domains of proteins, for which a
sufficiently heterogeneous set of homologues is avail-
able.328

The MembStruk protocol for predicting structures
of GPCRs has been recently proposed.32°~331 Such a
quite elaborate protocol consists of the following
steps: (1) prediction of the TM regions; (2) construc-
tion and optimization of individual helices; (3) as-
sembly of the seven-helical TM bundle; (4) coarse
grain optimization of the TM bundle; and (5) addition
of interhelical loops and optimization of the full
structure. Step 1 is accomplished by means of the
TM2NDS program that determines the TM regions
in GPCRs using hydropathicity analysis, combined
with input from multisequence profiles. In step 2, the
canonical right-handed a-helices are then built with
extended side chains and subjected to torsion angle
optimization. In step 3, each helical axis is oriented
according to the 7.5-A electron density map of bovine
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rhodopsin.?3? The hydrophobic moments of the opti-
mized helical bundle are aligned so that the net
hydrophobic moment of each helix would be pointing
outward toward the membrane from the center of
mass. Step 4 consists of coarse-grain rotations of the
helical orientations, starting with the directions of
the net hydrophobic moment of each helix from step
3. Each helix is rotated through a grid of rotation
angles about its helical axis. The total energy of this
helix in the field of all of the other helices (fixed) is
minimized using conjugate gradients. After finding
the optimum configuration for each specific helix, a
second cycle is initiated (seven such optimizations)
and continued until the energy converges. Layers of
explicit lipid molecules (52 molecules of dilauroylphos-
phatidylcholine lipid) are then added and optimized
with the current configuration of the seven helices.
Then, to achieve proper packing of the TM helices,
the seven helix-bilayer complex is further optimized
with rigid-body MD of the seven helices and lipid for
100 ps. In step 5, following the rigid-body dynamics,
loops are added to the helices by using the WHATIF
software.?33 The possible disulfide bridges are added.
Then, addition of the side chains for all of the
residues is carried out, followed by a full-atom MD
optimization of the structure, with the explicit lipids.
The protocol has been benchmarked on the BRD and
rhodopsin structures.33° As for rhodopsin, the RMSD
in coordinates (CRMS) of the a-carbons in the pre-
dicted structure of the photoreceptor for the residues
in the TM domains is 3.1 A compared with the crystal
structure with a resolution of 2.8 A (PDB code
1F88).33% Including the loops, the overall CRMS is 8.3
A 330

Another ab initio modeling approach for packing
TM helical bundles, called PREDICT, has been
recently developed.33423% Without relying on sequence
similarity to any other protein of known structure,
the algorithm predicts the native 3D conformation
of a protein using only its amino acid sequence and
the physicochemical properties of the membrane
environment. The concept of structural “decoys” is
employed, consisting of generating many alternative
possible conformations and optimizing them simul-
taneously to ensure that the algorithm identifies the
correct structure without risk of ending up trapped
at a local minimum. The core of PREDICT consists
of two main steps: generation of decoys, followed by
optimization and scoring of the decoys. In the first
step, the program automatically produces hundreds
to thousands of possible TM conformations (decoys).
In this step, a coarse 2D grid search is conducted over
the receptor conformational space, followed by initial
optimization of the hydrophobic moments and pro-
tein—protein interactions in each decoy conformation,
and generation of the initial 3D structures. In the
second step, all the decoys are optimized and the
most stable structures are identified according to the
PREDICT energy function. The final model is further
optimized using MD simulations and virtual com-
plexation with a known ligand. The PREDICT algo-
rithm was used to create an all-atom model of bovine
rhodopsin that was further optimized using 300 ps
of MD simulation without the retinal. The Ca-RMSD
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between the retinal-bound TM model of rhodopsin
and the crystal structure was 2.9 A.334

Very recently, a two-step approach to assemble the
TM helices of integral membrane proteins, including
rhodopsin, has been presented.?3® In the first step,
the conformational space of membrane protein folds
matching a set of distance constraints is explored to
provide initial structures for local conformational
searches.?3¢ In step 2, the helical bundles from step
1 are refined using a Monte Carlo Simulated An-
nealing (MCSA) protocol designated for local mini-
mization of an empirical structure-based penalty
function. Applying this method to the seven rhodop-
sin helices, by using 27 distance constraints from
biophysical experiments on the photoreceptor, re-
duced the approximately 7.0 x 10! possible bundle
configurations to 87 helical bundles with Ca-RMSD
ranging from 4.3 to 9.5 A. After MCSA refinement,
the bundle with the lowest penalty function (i.e. with
a penalty function of 3.3) had a Co-RMSD from the
known structure of 4.1 A. It was, however, noticed
that the best nativelike bundle, i.e., with a Ca-RMSD
of 3.2 A, was characterized by a penalty function of
1003.3. It was, therefore, concluded that stopping the
refinement when the penalty function is between
1000 and 2000 would be worthy and more effective
for seven-helix bundles.336

Most of the methods described above, which all
require some input from structural determinations
such as electron density maps or from biophysical
and biochemical experiments, have proven to be
effective in predicting the architectures of the seven
TM helices in rhodopsin. Some of these methods have
been invaluable in the years that preceded the
release of the high resolution structure of rhodopsin.
In fact, the models of the TM domains of rhodopsin
achieved by these approaches, in particular Baldwin’s
Co-atom model, have been used as templates in most
of the comparative modeling studies done from 1993
to 2004. Hence, electron microscopy data on bovine
and frog rhodopsin have been the main experimental
foundation for ab initio and comparative modeling
of GPCRs over one decade. Now that high resolution
structures of rhodopsin are available, it is worth
using those structures as templates for achieving
initial models of the homologous GPCRs, instead of
ab initio approaches, which necessarily incorporate
low resolution information.

3.4. The Functional Microdomain Approach to
GPCR Modeling

In the years 1997—2005, an approach consisting
of extensive conformational searches was presented,
based on simulated annealing MC runs with the
conformational memories (CM) method or MD simu-
lations on isolated receptor domains, either a helix
or a loop. This was done to overcome limitations
inherent in both the low resolution level of site-
directed mutagenesis results and computational mod-
eling of the whole receptor structure.?961,84337-349 The
assumption of the approach is that GPCRs are made
of structural microdomains characterized by discrete
function and, hence, treatable as independent units.
In this context, extensive calculations on such mi-

Fanelli and De Benedetti

crodomains are assumed to provide a reliable picture
of the microdomain itself in the context of the whole
receptor molecule.342

The approach was used to investigate different
aspects of GPCR function and to interpret the results
of in vitro experiments. In particular, it was used to
predict the conformational behavior of H7 in the
5-HT2a serotonin receptor.®* In detail, two different
initial models of H7 of the receptor were built: one
incorporating the structural features of the (N/D)P
motif inferred from a database search and the other
holding a regular Pro-kink. The two structures were
used as starting points for two identical sets of CM
simulations. For the simulations, H7 was divided into
three regions: (1) an entirely flexible region (A7.47—
N7.49); (2) two flanking semiflexible regions (i.e.
S7.45—S7.46 and P7.50—Y7.53) where the ¢ and v
dihedral angles were constrained +20° around the
values —63.0 and —41.6, respectively; and (3) the
intracellular and extracellular ends that were kept
fixed. The CM procedure consisted of four steps: in
step 1, a classical Metropolis MC simulation was
performed in torsion space at 10 000 K for 1 000 000
steps, collecting 64 structures. In step 2, a simulated
annealing from 10 000 K to 582 K was performed on
both sets of 64 structures, providing two separate sets
of dihedral angle maps. In step 3, two biased Me-
tropolis MC simulations were done using the set of
populations obtained from all data. At each biased
Metropolis MC step, three randomly selected dihedral
angles were assigned a new value, by using a biased
temperature annealing method, leading to two col-
lections of 100 structures. The fourth step consisted
of cluster analysis of the two sets of 100 structures.
The main outcome of this study was that the con-
served N/DPxxY motif in this helix is the major
determinant for deviation of H7 from ideal helicity.5

CM simulations of isolated TM helices of the D2
dopamine receptor (DsR) were extensively used to
rationalize the results of the substituted-cysteine
accessibility method applied to H2, H4, and H6 of the
D,R.61:339,340,344 Moreover, CM simulations of H6 done
in combination with in vitro experiments were in-
strumental in inferring the helix motions associated

with activation of the f;-AR and the 5HTsa recep-
tor61.66,337,338,345

MC simulations on the isolated H3 of the gonado-
thropin-releasing hormone receptor (GnRH), in com-
bination with in vitro site-directed mutagenesis
experiments, highlighted the intrahelix charge-
reinforced H-bond between D3.49 and R3.50, of the
E/DRY motif, as a feature of the inactive state of the
receptor. Interpreting the results of computations in
the context of a TM model of the GnRH receptor led
to the speculation that, in the active states, the
E/DRY arginine would lose the interaction with the
adjacent aspartate, establishing new interactions
with the highly conserved D2.50.5°

A similar computational approach was employed
to infer the structure/dynamics differences between
the wild type and a mutated form of I2 of the 5-HTy¢
receptor, which might correlate with the lower basal
activity of the mutant. Computations revealed dif-
ferences in the conformational space explored by the
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two different forms of 12, and it was speculated that
this would imply differences in G protein recogni-
tion.346

CM calculations on isolated H6 of the CB1 can-
nabinoid receptor highlighted the conformational
behavior of the highly conserved W6.48 as respon-
sible for the functional state of the receptor.?*® The
results of computations suggested that the presence
of the constitutive activity in the CB1 receptor was
due to the absence of aromatic amino acids at
positions i—4 (i.e. F6.44) and i+3 (i.e. F6.51) with
respect to W6.48. This would provide W6.48 with
higher conformational mobility, with a W6.48 trans
x1 preferred. The y; g+ — trans transition has been
indicated to be linked to rhodopsin activation by
spectroscopic studies.??® In rhodopsin, the presence
of F6.44 and F6.51, forming an aromatic cluster with
W6.48, would restrict the conformational freedom of
the conserved tryptophan, thus contributing to the
lack of constitutive activity in the photoreceptor. It
was also inferred that the W6.48 y; g+ — trans
transition is correlated with the degree of kinking of
H6, with the bending being smaller with W6.48 y;
trans, thus suggesting that H6 straightens upon
activation.?*® The inferences of these computational
experiments were found consistent with similar
calculations on H6 of the $2-AR.3%% Interpreting the
results of CM simulations on H6 in the context of a
TM model of the CB1 receptor based upon the
rhodopsin structure led to the hypothesis that F3.36
21 trans helped maintain W6.48 y; g+, hence stabiliz-
ing the inactive state of the receptor. It was, thus,
suggested that the W6.48/F3.36 interaction may act
as the “toggle switch” for CB1 activation, with W6.48
21 &+/F3.36 y1 trans representing the inactive state
and W6.48 y; trans/F3.36 y1 g+ representing the
active state of the CB1 receptor.?*® The CM method
was also used to provide an explanation for the
apparent deviation from the ideal helicity of H2 in
the CB2 receptor.?®! Computational modeling pin-
pointed S2.54 as the location responsible for possible
conformational differences concerning H2 between
CB2 and rhodopsin.35!

MD simulations of model a-helices in a nonpolar
environment were done to investigate the structural
effect of the TXP motifin H2 of the CCR5 chemokine
receptor and, hence, rationalize the functional effects
of mutating this motif.?43 A similar approach was
used to compare the dynamic behavior of H3 holding
the rhodopsin sequence with that of the same helix
with the 5-HT1a sequence.?*® The results of simula-
tions on the isolated helix in a hydrophobic environ-
ment were interpreted in the context of the rhodopsin
structure, and it was inferred that the 5-HTi4 H3
tends to bend toward H5, whereas the rhodopsin H3
does not. This structural/dynamic divergence, which
would allow H3 and H5 to be properly bridged by the
cationic neurotransmitter serotonin, was attributed
to the presence of the conserved C(3.36)T(3.37) motif,
a feature of cationic neurotransmitter GPCRs and not
of rhodopsin.348

We find interesting the use of an extensive confor-
mational sampling method to infer the structure/
dynamics features of helices, which carry conserved
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amino acids known to play important structural/
functional roles. One must, however, be cautious in
interpreting the results of simulations on isolated
helices or loops in the context of the whole helix
bundle. In fact, the degrees of freedom and the
dynamics of an isolated helix or loop may be signifi-
cantly different from those of the same helix or loop
in the folded protein. Along the same lines, the
inferences on interhelical interaction patterns based
upon extensive simulations on a single helix inserted,
a posteriori, in a low resolved static model of the
receptor risk being too speculative. In summary, we
think that extensive simulations on isolated receptor
domains can provide useful information, unless the
information involves receptor domains not included
in the simulation.

3.5. Comparative Modeling of GPCRs Using the
Rhodopsin Structure as a Template

In the years that preceded the release of the first
crystal structure of rhodopsin,!® both comparative
and ab initio modeling approaches strongly relied on
information from low resolution electron density
maps of rhodopsin®!2 and on the results of sequence
analyses predicting that the members of family A
share the same architecture of the seven helices.!%:!1
Paradoxically, as soon as the structural information
on rhodopsin reached atomic detail, several papers
were published raising the question whether and to
which extent the other members of the rhodopsin
family share with rhodopsin the structure and the
mechanism of functioning.”342:352-355 Thig repeated
and not yet definitely addressed question originates
from the low sequence similarities among the mem-
bers of family A. The length of GPCRs from family
A, in fact, may vary between less than 300 and more
than 900 amino acid residues, with the majority of
receptors having a length around 310—470 residues.™

Sequence analysis suggested that family A GPCRs
could share the same arrangement of the seven
helices, also due to the presence of a few but
significantly conserved residues and motifs in each
of the seven helices.!%11.75 The amino acids, which
resulted in having 80—100% conservation from a
recent study on the alignment of 270 members of
family A, are N1.50, L.2.46, D2.50, C3.25, E/D3.49,
R3.50, W4.50, F6.44, W/F6.48, P6.50, P7.50, and
Y7.53 (Figure 1).”> In detail, the analyses of the
frequencies of individual amino acids in particular
positions of the seven helices revealed that H1, in
addition to the invariant asparagine, N1.50, holds
G1.49, 1.1.52, and V1.53 that are highly conserved
(68, 60, and 66%, respectively). In several cases, basic
residues are found at the beginning of H1 and at the
end of H2, possibly stabilizing the interaction of these
helices with phospholipids. Frequently, a proline
residue is at the beginning of H2, likely without
perturbing the helical structure (Figure 1). H2, in
addition to the almost invariant D2.50, has six
conserved aromatic/hydrophobic residues toward the
cytoplasmic surface, while residues toward the ex-
tracellular domain are more divergent.” H3 is char-
acterized by the presence of highly conserved amino
acids at its extracellular and intracellular ends, i.e.,
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C3.25 and the E/DRY motif, respectively. This cys-
teine in the rhodopsin structure forms a disulfide
bond with cysteine residue 187 of E2, and its very
high conservation (90%) could be suggestive of po-
tential structural similarities in E2 within family A.
Interestingly, with few exceptions, the residue im-
mediately following C3.25 corresponds to the ligand
type for the receptor. If the residue is basic, the ligand
for the receptor is most likely a peptide (34% K, 19%
R). If it is acidic (D, E), it is a biogenic amine.” The
highly conserved residues at the cytosolic extension
of H3 are E/D3.49 and R3.50 (86% and 96% conser-
vation, respectively) of the E/DRY motif (Figures 1
and 2). H4 contains invariant aromatic residues,
mostly tryptophan. H5 contains two aromatic resi-
dues, F5.47 and Y5.58, which are common in GPCRs
(70 and 77%, respectively). As for H6, the highly
conserved aromatic amino acids F6.44 and W5.48,
together with P6.50, constitute the FxxCWxP func-
tionally important motif (Figure 1). Interestingly, the
glutamate/aspartate at position 6.30, suggested to be
involved in stabilizing the inactive state of rhodopsin
and other homologous GPCRs,1:62:64766.68-70 h a5 g low
conservation (32%), being mainly a feature of rhodop-
sin, the amine, and some non-peptide subfamilies.
Three highly conserved amino acids in H7, i.e., N7.49,
P7.50, and Y7.53, form the functionally important
NPxxY motif, where x’s are mostly hydrophobic L,
V, and I residues (Figure 1).

Mapping the structural information from biochemi-
cal experiments on GPCRs of family A (reviewed in
refs 96 and 342) into the rhodopsin structure led to
the predictions that several of the highly unusual
structural features of rhodopsin are also present in
amine GPCRs, despite the absence of amino acids
that might have been thought to be critical to the
adoption of these features.?*2 These conclusions were
based on the hypothesis that different amino acids
or alternate microdomains can support similar devia-
tions from regular o-helical structure, thereby result-
ing in similar tertiary structure. This phenomenon
has been defined as “structural mimicry”, in other
words a mechanism by which a common ancestor
could diverge sufficiently to develop the selectivity
necessary to interact with diverse signals, while still
maintaining a similar overall fold.3*

The availability of the high resolution structure of
rhodopsin made it also possible to extend the predic-
tion of structural commonalties between rhodopsin
and the homologous GPCRs to the intracellular and
extracellular domains.”™ Combining the information
from sequence analysis with the structure of bovine
rhodopsin, the beginning and ending of the N- and
C-termini and of the three extracellular and intra-
cellular loops were predicted for all the 270 aligned
receptors. The study predicted that the amino acid
length of the N-terminal region is highly variable,
containing from as little as four to as many as over
50 amino acid residues in length.”> Among the three
extracellular loops, E1 has the most consistent loop
size; in fact, 144 GPCRs have the same number of
amino acids in E1 as rhodopsin (i.e. 5 amino acids,
Figure 1), whereas, in the remaining members, this
loop ranges from only 3 amino acids to as many as
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18 amino acids. The other two extracellular loops (E2
and E3) have more variable sizes. Similarly to the
extracellular loops, the intracellular loops can vary
in size, with the most conserved loops being I1 and
12. There are 198 GPCRs that have the same number
of amino acids in I1 as rhodopsin (i.e. 6 amino acids,
Figure 1), whereas the remaining members of family
A have either five or seven amino acids. For 12, over
150 receptors have a loop size of 10—12 amino acids
(i.e. 11 amino acids in rhodopsin, Figure 1). I3 and
the C-terminus have the highest variations in amino
acid lengths among all the considered GPCRs.”™

Collectively, the results of in vitro experiments
aimed at structurally probing GPCRs of family A%:342
and those of sequence analyses''"™® suggest that
comparative modeling of the seven-helix bundle of
GPCRs using rhodopsin structure as a template is
likely to produce reliable results, and this has been,
indeed, the assumption of high throughput compu-
tational modeling experiments, very recently re-
ported, which targeted the TM domains of 235
GPCRs.3%6

It is, however, possible that the beginning and
ending of a TM helix may vary among the members
of different subfamilies. Therefore, in those cases in
which a given helix in the target receptor is expected
to be longer than the corresponding one in the
rhodopsin structure, extra a-helix restraints could be
required while modeling the target receptor. Predic-
tions of the beginning and ending of each helix are
difficult but essential to characterize the nonstruc-
tured parts of the individual intracellular and extra-
cellular domains and, hence, to estimate the potential
structural similarity in such domains between the
target receptor and the rhodopsin structure. Difficul-
ties are, indeed, expected to reside in modeling such
hydrophilic domains, which vary both in amino acid
composition and in length. In this respect, we have
estimated whether each of the extracellular and
intracellular domains in 163 selected GPCRs of
family A can be modeled using the corresponding
domain in the rhodopsin structure as a template. We
have considered the human sequences of 163 mem-
bers of family A, including 35 amine, 79 peptide, 3
hormone, 11 olfactory, 8 prostanoid, 9 nucleotide, 2
cannabinoid, 1 platelet activating factor, 1 gonadot-
ropin-releasing hormone, 3 thyrotropin-releasing hor-
mone and secretagogue, 4 melatonin, 5 lysosphin-
golipid, and 2 leucotriene B4 receptors. The evaluation
has been based on sequence alignments between
rhodopsin and one or more members of a given
subfamily. For each receptor, a pairwise sequence
alignment with rhodopsin has finally been obtained,
which has been manually adjusted to incorporate
additional information, including the results of mul-
tiple sequence alignments. As stated above, the
intracellular and extracellular domains are charac-
terized by lack of sequence similarity among the
members of the rhodopsin family and rhodopsin.
However, initial models of such domains, based upon
the rhodopsin structure, could be achieved in those
cases in which there is a significant similarity in
length, either in the presence or absence of conserved
amino acids. Since our reference program for com-
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parative modeling is MODELLER, which is based on
the satisfaction of stereochemical restraints,” we
have also estimated those cases in which extra
o-helical restraints would be needed to impose an
o-helical conformation to insertions in the target
receptor proximal to the N- or C-terms of each TM
helix. In these cases, deletions in the template
structure would be needed as well, at the junctions
between the tail/loop and the helix. As for the
extracellular domains, the N-term, in a few cases,
including the glycoprotein hormone, the endothelin,
and the proteinase-activated-like subfamilies, in
which it is significantly longer than that of rhodopsin,
structural restraints are unlikely to be transferred
from the rhodopsin structure to the target receptor.
As for the glycoprotein hormone subfamily, the
N-term is predicted and demonstrated to fold into a
regular structure;!>7%-357-361 thug, it must be modeled
separately and then incorporated into an ad hoc
modified rhodopsin template to achieve the receptor
model. E1 can almost always be modeled on the basis
of the rhodopsin structure; exceptions include the
glycoprotein hormone receptor subfamily, whose E1
is significantly longer than that of rhodopsin. In these
cases, E1 modeling should be attempted following
energy-based ab initio approaches, such as that
implemented in the MODELLER program.%9362 An
energy-based computational protocol for ab initio
modeling of GPCR loops has been described in ref
363. Alternatively, attempts to model the exceeding
sequence as an extracellular extension of H2 and/or
H3 should be done, by adding extra-o-helical re-
straints during comparative modeling, following de-
letion of one or two amino acids at the helix/loops
junction in the template structure. As for E2, in all
the rhodopsin structures released so far, the first 18
amino acids in this loop (i.e. the segment 174—191)
form a f-hairpin whose second strand begins with a
conserved cysteine, C187, which is involved in a
disulfide bridge with the highly conserved cysteine
at position 3.25 (Figures 1 and 2).135175* In the
majority of the analyzed sequences, matches with the
rhodopsin’s S-hairpin can be achieved with a few
insertions and/or deletions, allowing C187 to align
with a cysteine residue in the sequence of the target
GPCR. For some of the amine receptors, such matches
would require deletions in the nonstructured C-
terminal part of the rhodopsin loop. Therefore, com-
parative modeling of E2 can be attempted for the
majority of family A GPCRs. As for E3, it can be
comparatively modeled for the amine subfamily,
whereas, for the PEPTIDE receptors, in which such
a loop is predicted to be longer than that of rhodopsin,
it is frequently difficult to achieve on the basis of the
rhodopsin structure. In this respect, the rhodopsin
structure can be used as a template only if the
required insertions can be modeled as one/two-turn
extensions of H6 and/or H7 and not as part of the
loop. In those cases, extensions of H6 and/or H7 could
be eventually achieved during comparative modeling
by applying extra a-helical restraints to the target
amino acid segment. This would require deletion of
one or two amino acids at the helix/loops junction in
the template structure.
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As for the intracellular domains, I1 and I2 can
almost always be modeled on the basis of the rhodop-
sin structure. In contrast, comparative modeling of
13 based upon the rhodopsin structure is not possible
for many GPCRs, in particular for the amine sub-
family. In fact, in this case, I3 is significantly longer
as compared to that of rhodopsin, and it is also
predicted to hold elements of secondary structure
and, hence, a fold. Structure predictions of these huge
loops could be attempted by alternative approaches
such as fold recognition, leading to chimeric rhodop-
sin templates in which rhodopsin’s I3 has been
replaced by the corresponding loop of the target
receptor in the predicted fold.2%43%4 In contrast to the
case of the amine GPCR subfamily, for the remaining
subfamilies, there may occur two situations: (a) the
loop can be modeled on the basis of that of rhodopsin,
eventually introducing one or two a-helix turns at
the N-term of H6, as reported for subtypes 1 and 2
of the melanin-concentrating hormone receptor
(MCHR1 and MCHR2);365 (b) I3 is significantly
shorter than that of rhodopsin, and its modeling
should be attempted following energy-based ab initio
approaches, such as that implemented in the MOD-
ELLER program®-362 (see ref 363 as an example of
alternative computational protocols), or a database
loop search; and (c) I3 is significantly longer than that
of rhodopsin, and it should be built separately, as
seen above for the amine subfamily. As for case (a),
it should be considered that profound disagreement
is found between the P4; (1U19 )>* and P3; (1GZM)>
rhodopsin structures concerning the ending of H5,
the beginning of H6, and the structure of their
interconnecting loop. Such mismatch would require
probing both the two different rhodopsin structures
as templates. As for case (c), this situation occurs only
in a minority of cases, including the vasopressin-like
subfamily.%.7t

For almost all GPCRs, the C-tail cannot be entirely
modeled on the basis of the rhodopsin structure. In
general, the N-terminal half of the C-tail can often
be achieved, differently from the C-terminal half. In
a few cases, the C-tail is predicted to fold in a regular
structure and it should be modeled on the basis of
alternative templates and then merged into an ad
hoc modified rhodopsin template.364

In summary, comparative modeling of the entire
sequences of GPCRs, based upon the rhodopsin
structure, is largely far from being trivial. We have
estimated that full automated modeling of an entire
GPCR sequence is never feasible, but rather human
intervention is always necessary for modifying ad hoc
the rhodopsin template, for introducing extra re-
straints or for ab initio modeling of selected domains.
Moreover, the models produced by the MODELLER
program should be considered as the starting points
of further energy refinements and MD simulations.
Average structures produced by such calculations
show RMSDs (in the TM domains) from the rhodop-
sin structure more reliable than those of the models
prior to calculations.2%6¢ In fact, the structure devia-
tion, in terms of main-chain RMSDs, for pairs of
protein which, such as rhodopsin and the homologous
GPCRs, are ~22—24% identical, is expected to be
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close to 2 A instead of 0 A, as is the case of the initial
receptor model produced by MODELLER.367

Despite the difficulties in using the crystal
structure of rhodopsin as a template for modeling
the homologous GPCRs, we think that, at the
moment, comparative modeling remains preferable
to the most effective ab initio approaches, and it
has, indeed, been widely used since the year
2000, 62.64,65.67-70,72,139,141,347,356,361,363 365,368 441

Sequence-based methods aimed at predicting resi-
due—residue contacts such as those based on cova-
riation analysis have been proposed, which could
eventually improve comparative models of GPCRs
and detect functional sites such as those intended for
ligand binding.*42

4. Computational Experiments on Family A
GPCRs

4.1. Thermodynamic Models of GPCR Function

Until 1995, GPCR ligands were classified as an-
tagonists, and full or partial agonists, depending on
whether they produce null, full, or partial stimulus
upon binding to the receptor, respectively.*3 How-
ever, recent advances in receptor theory and experi-
mental technology for ligand screening led to the
discovery of many additional types of receptor
ligands.**® Some of these are (a) inverse agonists,
which inhibit constitutive activity of GPCR systems
(i.e. agonist-independent spontaneous activity that
emanates from the system itself); (b) allosteric ago-
nists, which function as agonists by interacting with
a site distinct from that of the endogenous agonist
(usually a non-peptide ligand for a peptide receptor);
(c) allosteric modulators (antagonists), which block
receptor function but do not necessarily interfere with
ligand—receptor interaction (receptor occupancy); and
(d) allosteric enhancers, which potentiate the agonist
effect on the receptor (reviewed in ref 443).

Concepts regarding the mechanisms by which
drugs activate receptors to produce biological and
physiological response have progressed beyond con-
sidering the receptor as a simple on—off switch
(reviewed in refs 443 and 444). Current evidence
suggests that the idea that agonists produce only
varying degrees of receptor activation is obsolete and
must be reconciled with data showing that agonist
efficacy, i.e., the ability of a molecule to produce some
observable physiological response, has texture as well
as magnitude. Thus, GPCR ligands can block a
system’s constitutive response (inverse agonists),
behave as positive and inverse agonists on the same
receptor (protean agonists), and differ in the stimulus
pattern they produce in physiological systems (ligand-
selective agonists). The underlying general mecha-
nism for this seemingly diverse array of activities is
the same, namely, ligand-dependent changes in the
conformational states of the receptor (reviewed in refs
443 and 444).

GPCRs are allosteric proteins designed by nature
to transmit extracellular signals to the intracellular
milieu of the cell. They accomplish this task by
changing their interaction with large intracellular
proteins (G proteins) upon binding of extracellular
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ligands. The most general model that formulates this
ligand-mediated process is the ternary complex model
(TCM) (Figure 10).445-446 According to this view, the
interactions of ligand (H), G protein (G), and receptor
(R) can be described by the equilibrium scheme
shown in Figure 10, where K and M are the uncon-
ditional affinities for the formation of ligand—recep-
tor and G protein—receptor complexes, respectively,
and o represents the reciprocal effect that ligand and
G protein impart on the binding of each other when
they form the ternary complex (HRG) (Figure 10). It
measures the standard free energy transferred from
the binding of ligand to the binding of G protein (or
vice versa). The equivalence between ligand efficacy
and o is obvious: o greater than, equal to, or less
than 1 means that the ligand enhances, leaves
unchanged, or reduces the tendency of R to bind G;
thus, it has positive (agonist), null (neutral antago-
nist), or negative (inverse agonist) efficacy, respec-
tively. Efficacy defined by a depends on H and R but
also on G. Therefore, the scheme is extendible to
describe the interaction of R with Gy, G, ..., G, which
yields a4, ag, ..., a, for the same ligand. This means
that a given ligand H interacting with the same
receptor R will have different efficacies when R binds
to different types of G proteins. Note also that the
receptor and G protein influence each other and they
can interact even in the absence of agonist ligands.
The system can be forced to produce a response by
changing the stoichiometry of the reactants, namely,
R and G. Thus, the constitutive activity (as defined
by elevated levels of [RG]) can be increased by raising
the receptor concentration or by increasing the
concentration of G protein. Another way in which
constitutive activity can be produced is through
alteration of M. Although this idea summarizes the
entire phenomenology mentioned above, it addresses
the question of ligand-induced conformational change
only implicitly; changes in the conformational state
of the receptor are hidden in the parameter o, and
the model does not specify their nature but only their
consequences on the interactions of H and G with R.

The extended ternary complex (ETC)*7 or cubic
ternary complex (CTM) models,*8 450 which are
based on the same thermodynamic principles as the
TCM, consider the active (R*) and inactive (R)
conformational states of the receptor explicitly (Fig-
ure 10). Those conformations of the receptor that hold
an arrangement in the cytosolic domains that can
activate the G protein are referred to as the “active
state”, and those that do not are referred to as the
“inactive state”. Accordingly, the two conformations
R and R* exist in equilibrium with each other, which
is governed by an “allosteric constant” (denoted as /
and defined as [R*]/[R]). Under normal circum-
stances, J is a unique molecular constant for a given
receptor (i.e. the energy barrier to formation of
spontaneous active states for some receptors is lower
than it is for others), but experimental methods such
as the removal of sodium ions*1-452 or point mutation
(reviewed in refs 29, 45, 48, and 49) can affect / and
make receptors more constitutively active. In prin-
ciple, agonists can induce response by causing en-
richment of the active state by selectively binding to
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Figure 10. Representation of thermodynamic models of
GPCR interactions. In the ternary complex model (TCM),
the receptor is assumed to hold four ligation states: empty,
G protein (G)-bound, ligand (H)-bound, and bound to both
ligand and G protein. Two unconditional equilibrium
constants (K, M) and one equilibrium coupling constant (o)
describe the entire equilibrium between the possible liga-
tion states. o describes the reciprocal effect that ligand and
G protein impart on each other’s binding. In the extended
(or cubic) ternary complex model (ETC or CTM), the active
and inactive states of the receptor (R* and R) are explicitly
included in the equilibrium scheme. An additional equi-
librium constant JJ governs the unconditional isomerization
equilibrium of the receptor (R—R*). As in the case of the
ternary complex scheme, greek letters represent the cou-
pling constants between relevant equilibria. Note that o
is a “second order” constant stating the reciprocity of the
three chemical events occurring in the receptor (two ligand
binding processes and the isomerization). The dark paths
and the associated species indicate how the model simpli-
fies if we assume that there is no binding of G to the R
form of the receptor (which represents ETC). The picture
of the multistate model is a schematic representation of
the model, where the receptor is assumed to have an
unlimited number of states in equilibrium with each other
and representing the entire conformational space of the
receptor (schematized as gray squares in the picture). A
macroscopic state of the receptor is defined as a probability
distribution over this conformational space. This prob-
ability distribution, schematized as a fuzzy spot in the
conformational space, is subjected to change depending on
the ligation state of the receptor. Again, the receptor has
four ligation states and the equilibrium between them is
governed by three macroscopic equilibrium constants (K,
M, o), as in the TCM. In this case, however, the macro-
scopic constants are determined by the relationship be-
tween the probability distributions that the receptor as-
sumes at different lagation states. For example, the
allosteric constant a results from the discrepancy between
the probability distributions that arise when the receptor
is empty, G protein-bound, or ligand-bound.

R*. Under these circumstances, efficacy is a matter
of the quantity of the active state produced by the
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agonist. More generally, selective affinity of ligands
for various receptor conformations will change the
overall distribution of the species in the GPCR
ensemble and, thus, either induce or inhibit response.
This is the basic mechanism of ligand efficacy and
the basis for the molecular nature of inverse, protean,
and ligand-selective agonism according to the allos-
teric models such as the ETC and CTM models
(Figure 10; reviewed in refs 443 and 444). There is
no theoretical constraint on the number of active
states of the receptor. Even though the ETC and CTC
models have both been referred to as “two-state”
models, this is a misnomer in that there is the
capability within both to be multistate models (re-
viewed in refs 443 and 444).

In light of the ever-increasing evidence of GPCR
dimerization/oligomerization, thermodynamics mod-
els have been recently proposed to account for either
the lack of cooperative ligand binding or the presence
of negative or positive cooperative binding generated
by the crosstalk between protomers within a dimer/
oligomer (reviewed in refs 39, 453, and 454).

It is now clear that efficacy cannot be considered
as a strictly receptor-based ligand property, but
rather a function of the entire GPCR system, involv-
ing both the receptor and its cellular environment
(reviewed in refs 444 and 455). GPCRs have an
extremely wide spectrum of behaviors, which include
pleiotropic coupling (i.e. the ability to activate more
than one type of G protein), dimerization, oligomer-
ization, internalization, desensitization, and interac-
tion with other numerous cellular coupling proteins
(reviewed in refs 444 and 455). Studies of these
behaviors indicate that some molecules can induce
some of these effects but not others and that, oc-
casionally, a drug might not produce an overt physi-
ological response but might, nevertheless, change
receptor behavior and, hence, have efficacy. So, there
are different “efficacies” for different behaviors be-
yond the activation of G proteins. The question is
whether a general molecular mechanism can account
for all of these expressions of efficacy. One approach
to describing the numerous other manifestations of
efficacy that do not necessarily produce a cellular
response is to consider receptor proteins in terms of
ensemble theory.#44456457 Thigs theory is based on the
fact that receptors exist as collections of ensembles
of numerous conformations. In this respect, the
probabilistic multistate model that assumes an un-
limited number of conformational states for the
receptor predicts that the relationships between
conformational states and protein function are sto-
chastic rather than deterministic as the allosteric
models imply (i.e. the multistate model in Figure 10).
The latter statement amounts to the idea that the
active state of the receptor cannot be attributed to
individual conformational states, but rather to an
ensemble of the states in the conformational space
of the receptor. Each ensemble is associated with a
given function such as G protein activation, interac-
tion with cellular proteins, dimerization/oligomeriza-
tion, etc. At any given instant, the various confor-
mations in an ensemble can be represented as a
Gaussian distribution, and there could be intersect-
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ing ensembles for a range of GPCR behaviors (see
ref 457 for a more detailed discussion of the idea).

Ligands influence receptor behavior through selec-
tive affinity for the various conformations in the
receptor reference ensemble. Although some ligands
will bind preferentially to some receptor conforma-
tions over others, the weighted average affinity that
a ligand has for a receptor ensemble is known as the
“macroaffinity” of the ligand for the receptor, that is
the concentration of ligand that is bound to 50% of
the receptors at any one instant.*** Even if common
in vitro experiments are inadequate to address the
question whether ligands select or induce various
receptor conformations, the restructuring of a collec-
tion of receptor conformations through selective bind-
ing affinities emphasizes the idea that affinity is not
a passive phenomenon, whereby a ligand simply
binds to a protein but does not change it.*** Both
ligand and receptor are dynamics entities. Their
selective interaction is governed by dynamic coopera-
tive events encoded in their molecular structure and
described by statistical thermodynamics. The idea
that ligands, whatever their efficacy is, may alter
receptor conformational states appears to be sup-
ported by fluorescence spectroscopy experiments on
the f2-AR*87460 and on the human leukotriene B,
receptor.*6! Fluorescence spectroscopy studies aimed
at monitoring catecholamine-induced conformational
changes in purified S2-AR provided evidence for a
multistep process of agonist binding where contacts
between the receptor and key moieties on the agonist
stabilize a succession of conformational states with
distinct cellular functions.*62463

4.2. Computational Modeling of Mutation-Induced
Active States

We have pioneered the use of computational
modeling to infer the structural features of
the agonist-independent active states of different
GPCRs. 45.57.58.60,62,64,65,69,72,302 305,366,464 466

The first studies were done on an ab initio model
of the ayp-AR holding all the domains but the N-term,
I3, and the C-tail.5"%® The idea was that comparing
the structure/dynamics features of the wild type aqp-
AR with those of receptor mutants, characterized by
different degrees of constitutive activity or inability
to activate the G protein, would help identify some
of the molecular changes correlated with the transi-
tion from R to R*, independently of the presence of
agonist.5758

The computational approach consisted of generat-
ing a large number of average configurations follow-
ing MD simulations of the wild type and the mutated
forms of a common input structure. A comparative
analysis of such average arrangements was then
carried out, focusing on a few but significant struc-
tural features, which were shared in common by the
majority of the mutant structures with similar func-
tionality and which made the difference between
active and nonactive forms. This strategy is thought
to overcome, at least in part, the drawbacks related
to the low resolution of the computational models and
the approximations and simplifications in the com-
putational setup.
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Simulations were carried out in vacuo, using a
distance-dependent dielectric and intrahelix distance
restraints between the backbone oxygen and nitrogen
atoms of all amino acids in the helix, except for
prolines. The application of these intrahelical dis-
tance restraints, developed in early computational
simulations of the packing arrangements of seven-
helix bundles,?*? was instrumental in (a) reducing the
system degrees of freedom, (b) inferring the structure/
dynamics role of prolines, and (c) letting the helices
move as rigid bodies, consistent with the experimen-
tal evidences on rhodopsin activation.’®® A funda-
mental step in this approach is the choice of the input
structure and of the computational conditions that
produced divergent average behaviors for the active
and nonactive receptor forms, consistent with the
experimental information available thus far.

Computational modeling of all the 19 possible
substitutions for A293(6.34) in the ay,-AR, character-
ized by variable levels of constitutive activity,6”
highlighted the role of the E/DRY conserved motif
in regulating the agonist-independent receptor tran-
sition from the inactive to the active receptor states.®”
In the inactive states, represented by the wild type
and the nonactive A293(6.34) mutants, R143(3.50),
of the conserved E/DRY motif, was found engaged in
H-bonding and van der Waals attractive interactions
with the amino acids of a highly conserved polar
pocket in the cytosolic halves of H2 and H7. These
studies were, therefore, suggestive of an H-bonding
network of conserved amino acids as a constitutive
structural feature of the nonactive receptor states,
consistent with the results of previous computations
on more simplified models of the same receptor.2952%6
The release of the H-bonding network involving
R143(3.50) and the cluster of conserved polar amino
acids was found to be the common feature to all the
constitutively active mutants (CAMs) at A293(6.34).57
Computer simulations suggested also a potential
mechanism of regulation of GPCR function via
changes in the protonation state of the aspartate of
the E/DRY motif, with the protonated form being
associated with the active states.?” This hypothesis
was inferred from the observation that protonation
of D142(3.49) conferred to the oy,-AR the same
average structural features shown by the highly
active mutants of A293(6.34). The idea that proto-
nation of D3.49 was the perturbation rather than
mutation able to trigger agonist-independent active
states of wild type o,-AR was also supported by the
results of in silico mutagenesis showing that replace-
ments of D142(3.49) with neutral amino acids would
give the structural features of the active states to the
receptor.>”?® Predictions of computational modeling
were validated by the experimental findings that the
irreversible reprotonation, following mutation, of
D142(3.49) led to constitutively active forms of the
o1p-AR.57%8 In this respect, the D142(3.49)A mutant
was the first example in the literature of computa-
tional design of a constitutively active GPCR mu-
tant.?” The hypothesis that reprotonation of the
aspartate/glutamate of the E/DRY motif could favor
the active states was successively strengthened by
in vitro and in silico experiments on the GnRH and
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u opioid receptors.’®3 In line with these evidences
and consistent with the knowledge that the homolo-
gous glutamate in rhodopsin is involved in proton
uptake from the cytosol (reviewed in ref 98), very
recent pK, calculations on the crystal structure of
rhodopsin proved the susceptibility of £134(3.49) to
undergo significant pK, shifts and, hence, change its
prototropic state depending on its environment.68

Upgrading and complicating the a;,-AR model, to
incorporate advances in structural determination of
rhodopsin, strengthened the hypothesis that the
E/DRY motif might play a role in maintaining the
inactive state of the receptor, while introducing novel
structural hallmarks of the active and nonactive
states, such as the degree of solvent accessibility of
selected cytosolic domains, including 12, 13, and the
cytosolic extensions of H3 and H6. These domains,
in fact, underwent solvent exposure on going from
the nonactive to the active receptor forms and were,
hence, suggested to hold potential recognition points
for the G protein.294302303 These results found con-
sistency with the results of the automatic docking
simulation of the wild type o3,-AR and two CAMs (i.e.
D142(3.49)A and A293(6.34)E) with different het-
erotrimeric G proteins.302:303

The same computational approach was used to
build an agonist-independent activation model of the
human LHR,3* which is particularly susceptible to
spontaneous pathogenic activating and loss-of-func-
tion mutations.*849466 The studies of Lin and co-
workers and by Fanelli represented the first attempts
reported in the literature aimed at inferring the
molecular determinants of mutation-induced activa-
tion of the LHR.?513%¢ The LHR model by Lin et al.,
limited to the TM domains, which were packed by
fitting the peaks in the 9 A "electron density map of
bovine rhodopsin, suggested that single activating
mutations perturb the specific interactions of H6 with
H5 and H7, either by disrupting the hydrophobic
packing between H5 and H6 or by weakening the
H-bonds between H6 and H7.2! In the study by
Fanelli, MD simulations were carried out on the wild
type and on the majority of the spontaneous active
and nonactive LHR mutants known thus far.3%*
Similarly to the case of the ay,-AR, the mutation-
induced active states of the LHR shared the release
of the charge-reinforced H-bonding interactions in-
volving the conserved arginine of the E/DRY/W motif
in the wild type form and the opening of a crevice
between 12 and 13.3% The latter effect was found to
be properly accounted for by the solvent accessible
surface area of W465(3.51), of the E/DRY/W motif (i.e.
SASys3.51). This index was indeed found to be close to
0.0 A? in the nonactive forms and above 32.0 A? in
the active ones. The SASws 51 index, together with the
distance between D405(2.50) and R464(3.50), was
used for predicting the functional behavior (i.e. active
or nonactive) of 48 novel LHR mutants, constituting
the first attempt in the literature of in silico func-
tional screening of GPCR mutants.?%4

Computational modeling of both mutation- and
agonist-induced activation of the human OTR also
suggested the weakening of the interaction pattern
of the E/DRY/C arginine and the opening of a

Chemical Reviews, 2005, Vol. 105, No. 9 3321

cytosolic crevice as features of the active receptor
states.®0

As soon as the first crystal structure of rhodopsin
was released, computational modeling of agonist-
independent activation was carried out on novel
models of the ay,-AR, LHR, and OTR, which were
achieved by comparative modeling, using the rhodop-
sin structure as a template.62.64,6569,71,72,366,464,465

As for the 03,-AR, MD simulations of more than
100 single and double mutants of the receptor, done
in parallel with in vitro experiments, made possible
the definition of virtual structures, representatives
of the agonist-independent active and nonactive
states, both for the ab initio and homology models.6%64
The virtual structure of the ground state was ob-
tained by making an average over the average
structures of the wild type and of the receptor
mutants showing a wild type-like phenotype, whereas
the virtual structure representative of the active state
was obtained by making an average over the average
structures of the most active op-AR mutants.62:64
Critical comparison between the “ground state” mod-
els achieved by ab initio and comparative modeling
highlighted overall similarities in the length and
arrangement of the TM helices.®? Both the ab initio
and, perhaps better, the homology models predicted
that the majority of amino acids susceptible to
activating mutations [D142(3.49), Y144(3.51), V137-
(3.44), R143(3.50), E289(6.30), and A293(6.34)] belong
or are close to the interface between the cytosolic
extensions of H3 and H6. A common feature to all
these residues is that they contribute to the environ-
ment of R143(3.50) of the E/DRY motif on H3. Critical
comparisons also highlighted differences in the amino
acids which participate in the H3/H6 interface and,
thus, constitute the environment of R143(3.50) of the
DRY motif. In the homology model, R143(3.50) makes
a charge reinforced H-bond with both the adjacent
D142(3.49) and E289(6.30) and, hence, D142(3.49) is
suggested to exert a constraint on the motion of R143-
(3.50) through a charge-reinforced H-bond rather
than through long-range electrostatic interactions as
suggested by the ab initio model.®? A feature of the
inactive state within the homology model, not shared
with the previous ab initio model because of slightly
different rotation of H6, is the charge-reinforced
H-bond between the E/DRY arginine and E289(6.30),
predicted to be an additional constraint to the R143-
(3.50) motion and a link between the cytosolic exten-
sions of H3 and H6. For both the ab initio and the
comparative models, the virtual structures represen-
tative of the active state are characterized by the
weakening of the charge-reinforced H-bonds involv-
ing R143(3.50) in the inactive state.5%%* The hypoth-
esis, raised by the homology model, that both D142-
(3.49) and E289(6.30) contribute to stabilize the
inactive state of the a;p-AR found support in the
results of in vitro experiments, which showed that
replacing either D142(3.49) or E289(6.30) with a
neutral or a cationic amino acid that would break the
salt bridge with R143(3.50) leads to agonist-indepen-
dent receptor activation.5”-586264 An equivalent role
of the E/DRY arginine, as important switch of muta-
tion-induced receptor activation, has been inferred
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Figure 11. Average minimized structures of the wild type
LHR (left) and of the D564(6.30)G constitutively active
mutant (right).6569 The receptors are seen from the intra-
cellular side in a direction perpendicular to the membrane
surface. The seven helices are represented by cylinders
whereas the three intracellular loops are represented by
thin ribbons. The extracellular loops are not shown. H1,
H2, H3, H4, H5, H6, and H7 are respectively colored in
blue, orange, green, pink, yellow, light blue, and violet,
whereas 11, 12, and I3 are respectively colored in light
green, gray, and purple. The amino acid stretch corre-
sponding to rhodopsin’s H8 is colored in violet as well. The
side chains of E463(3.49), R464(3.50), and D564(6.30) are
represented by sticks and colored according to their polari-
ties. The composite solvent accessible surfaces computed
over the amino acids R464(3.50), T467(3.53), 1468(3.54),
and K563(6.29) are also shown, represented by gray dots.

by very recent computations on OTR.” The role of
the charge-reinforced H-bond between R3.50 and
E6.30 in maintaining the inactive states of GPCRs
has been overemphasized by a number of computa-
tional and in vitro experiments.6162.64-70.72 However,
the significantly lower conservation of the glutamate/
aspartate at position 6.30 (i.e. 32%) compared to the
glutamate/aspartate at 3.49 (i.e. 86%)™ makes its
potential role valid only for a few GPCRs. Computa-
tions on the u opioid receptor,*®® on the MCHRs,?6°
and on OTR"! suggested that, in the absence of a
conserved glutamate/aspartate at position 6.30, other
amino acids in the cytosolic extension of H6 may
contribute to create H-bonding interactions with the
E/DRY arginine. These amino acids include T6.34,
for the u opioid receptor,*® T6.30, for MCHR1,3%% and
T6.33, for OTR.™

As for the LHR, simulations on the novel homology
model of most of the spontaneous pathogenic activat-
ing and inactivating mutations discovered so far
strengthened the role of the second and third intra-
cellular loops and of the cytosolic extensions of H3
and H6 as the targets of the structural modifications
induced by the different spontaneous activating
mutations,6569.72.:366:464.465 Tndeed, the average mini-
mized structures of the constitutively active mutants
share the increase in solvent accessibility of selected
amino acids at the cytosolic interface between H3 and
H6. This effect, already observed in the previous ab
initio model, is properly described by the solvent
accessible surface area (SAS) computed over selected
amino acids, including the E/DRY arginine. Such a
computational index proved to be an effective hall-
mark of the functional receptor state, being lower
than 50 A? in the inactive forms and higher than 50
A? in the active ones (Figure 11).6569366 Tt was,
therefore, successfully challenged in its ability to
predict the functional behavior (i.e. active and non-
active) of a large number of artificial mutants of the
LHR.%6972 Another feature of the most active LHR
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mutants was the weakening of either one or both the
charge-reinforced H-bonding interactions found in
the wild type between R464(3.50) of the E/DRY/W
motif and both E463(3.49) and D564(6.30) (Figure
11). The correlation between weakening of such
interactions and an increase in the basal receptor
activity has been proposed also for the thyrotropin
receptor (TSHR).”® However, according to our com-
putational models, the interaction pattern of the
E/DRY/W motif is a less effective hallmark of the
functional state of LHR than the SAS index. 656972

In summary, the extensive in vitro and computa-
tional experiments on substantially different GPCRs,
such as the o;p-AR, LHR, and OTR, allowed us to
infer hypotheses on the requirements for a GPCR site
to be susceptible to activating mutations, highlight-
ing commonalties and differences among the distinct
mutation sites. One inference from computations was
that, despite the topological and structural differ-
ences between them, the activating mutation sites
are structurally connected with peculiar portions of
the cytosolic domains, including the E/DRY motif.
Such a highly conserved stretch of amino acids is
particularly susceptible to undergo structural modi-
fications in response to activating mutations. In fact,
activating mutations tend to weaken the ground state
interactions of R143(3.50) and increase the solvent
accessibility of selected amino acids at the cytosolic
extensions of H3 and H6. Calculations show that this
structural effect is mediated by highly conserved
polar amino acids in the seven-helix bundle. Whether
the main role of the E/DRY arginine is to maintain
the inactive state of the receptor or to recognize the
G protein is not clearly understood and may depend
on the receptor system (critically analyzed in refs 73
and 470). For some GPCRs, such as the oy,-AR,3%
OTR,% and the novel receptor ORF74-EHV2, in
which the ad hoc engineered or spontaneous absence
of the E/DRY arginine is associated with constitutive
activity that is abolished in the presence of the DR
pair, the main role of the conserved arginine might
be to maintain the inactive state of the receptor and
drive receptor isomerization into different functional
states (reviewed also in ref 73).

Critical comparisons of the interpretative and
predictive abilities of the previous ab initio and novel
homology models of the a;,-AR, LHR, and OTR seem
to suggest that the homology models can be consid-
ered advancements over the previous ab initio mod-
els, which have, however, been extremely useful for
developing the computational approach. However,
these conclusions are essentially based on low resolu-
tion experimental data, which are not properly
adequate for validating atomistic models. Therefore,
perhaps it would be better to say that homology
models are expected to be more reliable than the ab
initio ones (at least in the portions where significant
sequence similarity exists between template and
target proteins), on the basis of the results of critical
assessments of protein structure prediction meth-
ods.4™

The major problems with in vacuo simulations,
such as those that we have carried out to study
mutation-induced GPCR activation, are associated
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with the rough evaluation of the electrostatic ener-
gies, including the dielectric constants that represent
the effect of the protein environment. One conse-
quence of the lack of the proper screening effect of
the solvent is an overall overestimation of the water-
exposed salt bridges and charge-reinforced H-bonding
interactions. However, active and nonactive receptor
forms have been simulated by using the same com-
putational setup. Therefore, the selective breakage
or formation of electrostatic interactions with changes
in the functional receptor state may be indicative of
a significant effect. Along the same line, the infer-
ences from in vacuo simulations were recently cor-
roborated by MD simulations on mutation- and
ligand-induced activation of OTR, by using the IMM1
implicit membrane/water model*’? without any in-
trahelical distance restraints. Convergence was, in-
deed, found between in vacuo and IMM1 computa-
tions, concerning the structural peculiarities of the
inactive and active forms of the receptor.” This may
be due to the fact that the structural hallmarks of
the inactive and active states preferentially involve
the helix bundle rather than the loops, which have
lower resolution and are more sensitive to differences
in the electrostatic models than the seven helices. In
this respect, consistency between the two different
electrostatic models has been found although the
implicit representation of the protein environment
provides a better screening effect than in vacuo
simulation.

The strength of our computational approach is that
it relies on an extensive comparative analysis, which
is aimed at inferring similarities/differences within
the same approximations. One of the main inferences
of this comparative approach is that a receptor exists
in different active states that, however, share a few
key structural features, which presumably determine
the macroscopic functional receptor state. This infer-
ence is in line with the ensemble theory.444:456.457

4.3. Computational Modeling of Ligand
Interactions

—Receptor

Heterogeneity in the functional properties of GPCR
ligands is nothing compared to the heterogeneity in
their structural features. Indeed they comprise small
molecules, such as ions, organic compounds, amino
acids, nucleotides, and lipids, or large ones, such as
peptides, proteins, and even viral particles.*7 Chemi-
cal diversity on the ligand side corresponds to diver-
sity in the receptor binding site and, hence, in the
ligand—receptor interaction modes, as also high-
lighted by in vitro mutagenesis and biochemical
experiments.*~7 According to an oversimplified and
broad view, small organic ligands are thought to bind
into the TM portions of the helix bundle, whereas
peptide compounds would dock primarily into the
extracellular loops. The latter situation is particu-
larly true for glycoprotein hormone receptors, for
which the N-terminal domains have been predicted
as being highly structured and holding the major
recognition points for their natural agonists.?-357-361
The very recently released crystal structure of the
follicle-stimulating hormone (FSH) in complex with
the ectodomain (i.e. the N-term) of the FSH receptor
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confirmed structure predictions that the major recep-
tor binding site for the hormone is a portion of the
N-term, holding a leucine-rich repeat (LRR) topol-
ogy.'® However, in the crystal structure, the LRR
topology belongs to the class $3,'® rather than to the
class a—p as predicted by early studies.”0-357359,361

Most of the computational experiments done so
far on GPCRs concerned ligand binding site identi-
fication and predictions of the ligand interaction
modes for either qualitative or quantitative structure
affinity/selectivity relationships and drug design
(reviewed also in refs 217 and 473—479). In
contrast, very few computational studies have
been aimed at investigating the structural changes
induced by agonists into receptor portions more
or less distal from the ligand binding
Site,60.68,71,83,220,267,272,283,286,295,296,301,303,365,480 The results
of these studies are reviewed in a separate section.

The literature is full of examples of more or less
sophisticated computational approaches aimed at
achieving interaction models between GPCRs and
their ligands. Attempts to unravel the mechanism of
ligand entry into the putative binding site have been
done by a few computational experiments, based
upon either Brownian dynamics*®! or MD coupled
with quasi-harmonic analysis.??® In the first case,
Brownian dynamics on a model of the extracellular
domain of the 2-AR suggested that helical movement
must accompany movements of the extracellular
loops to allow the ligand to pass through.*8! The
second case concerns computational experiments on
a model of the extracellular loops of the thyrotropin-
releasing hormone (TRH) receptor (TRHR).2%% The
static analysis based on curvature and electrostatic
potential on the surface of TRHR suggested the
formation of an initial recognition site between TRH
and the surface of its receptor. A quasi-harmonic
analysis of the vibrations of the extracellular loops
suggested that the low frequency motions of the loops
could aid the ligand to access its transmembrane
binding pocket. It was, hence, suggested that all
small ligands may bind sequentially to the TM pocket
by first interacting with the surface binding site and
then may be guided into the transmembrane binding
pocket by fluctuations in the extracellular loops.2%¢

The difficulties in simulating the ligand entry into
the receptor binding site are also linked to indeter-
mination in the arrangements of the extracellular
loops, which are expected to play a relevant role in
ligand recognition. Extracellular domains are pre-
dicted to form a tightly bound canopy that makes
ligand entry difficult. This is evident in the crystal
structures of rhodopsin, in which the N-terminal tail
forms a very compact -sheet structure with E2, thus
completely shielding the retinal chromophore from
the extracellular environment. Such an arrangement
of the extracellular domains, if conserved in a number
of homologous GPCRs, suggests that dramatic con-
formational changes should occur to let the ligand
enter the receptor binding site, or that interhelical
locations may constitute the entrance. For rhodopsin,
a potential entrance site for the chromophore has
been, indeed, hypothesized to reside in the cytosolic
domains (i.e. site II in Figure 2).1'> However, this
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feature must be unique to rhodopsin and not to the
homologous GPCRs, which recognize ligands from the
extracellular side.

Thus, all the intermolecular interaction models
reported so far were achieved following either manual
or automatic docking of the ligand into the putative
binding site of the target receptor model. Given the
enormous number of reports on the matter, we prefer
to broadly classify and quote them according to the
approach used to bundle the TM helices, i.e., (a) by
ab initio approaches strongly based on the 2D elec-
tron density maps of rhodopsin321:329:482-484 or on the
integration between 2D and 3D electron density
maps of rhodopsin and inferences of Baldwin’s analy-
Gig60.83,238,240—244,246 248 250,255,258,260,262—267,269—278,280—292,

298-301,303 or (b) by comparative modeling, employing
either BRID160.161,163,165-168,170-190,192—194,197,198,200-202,204,205,
209,210441,485-491 o gh initio models of rhodopsin,?11~313325
or, since very recently, the crystal structure of bovine
rhodopsin as a template.63.71.141.824,847,361,365,369,370,373,376,
378-394,397,399—411,415—422,424—438,440,441,480,492-503 Alternative
approaches consisted of modifying helix-bundle mod-
els previously achieved using BRD as a template to
incorporate the available structural information on
rhodopsin, i.e., the cryo-microscopy 3D map,!? the
outcomes of Baldwin’s study,'! and the crystal
structure.13:2147216,504505 A number of computational
modeling studies on the GPCR ligand binding sites
are also reviewed in refs 217 and 473—479.

Differences in the modeling approaches, however,
concerned not only the ways of packing the TM
helices but also the criteria for determining the
beginning and ending of each TM domain, the
absence or the more or less complete inclusion of the
extracellular and intracellular domains, and the ways
of modeling such hydrophilic domains. Differences
also concerned the energy refinements of the ligand
and the receptor before and after docking. In fact, a
few steps of energy minimization or MD simulations
were employed either to achieve the input receptor
structure for manual or automatic docking or to
produce the final ligand—receptor complex. Ex-
tremely variable computational setups were em-
ployed. Differences resided in the force field; the more
or less implicit treatment of the hydrogen atoms; the
protonation state of titratable amino acids or of
ligand functional groups; the approaches for choosing
the proper ligand conformation and charge distribu-
tion; the ways of capping the terminal amino acids;
the ways of approximating the lipid/water environ-
ment; the ways of truncating the nonbonded poten-
tials; the employment or not of intramolecular and
intermolecular restraints; the type of restraints and
the ways of applying them; the algorithms used for
energy minimizations; the number of minimization
steps; the molecular simulation methods (i.e. simple
MD or mixed Monte Carlo/Stochastic Dynamics (MC-
SD)); the integration steps; the length and organiza-
tion of the different simulation stages (i.e. heating,
equilibration, and production phases); the simulation
ensemble; ete. A significant number of cases also exist
in which no energy refinement has been done before
and after the ligand—receptor docking. Overall, the
receptor systems were subjected to short MD simula-
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tion time periods, which only in a few cases exceeded
500 ps (i.e. refs 68, 69, 71, 267, 281, 282, 302, 304,
365, 387, 394, 398, 414, 416, 421—424, 429, 430, 437,
438, 480, and 506 among the articles on the free and/
or ligand-bound receptor forms reviewed in this
article). In some cases, the lengths of MD simulations
were exceedingly short (i.e. 250—500 ps unrestrained
production phases) for the molecular systems under
study (i.e. all-atoms TM-receptor model in explicit
methane397,494,495,507 or lipid/Water431’435’508).

Despite the enormous diversity in the computa-
tional approaches to GPCR modeling, it frequently
happened that substantially different models of the
same ligand—receptor complex were found consistent
with the available experimental data, independently
of the accuracy and reliability of the computational
model. This is a consequence of the low resolution of
the experimental data, such as the results of site-
directed mutagenesis experiments, which were gen-
erally used both to drive the computational experi-
ments and to evaluate the reliability of the models.
In this respect, it is not surprising, for example, that
an early model and a recent significantly different
model of the melanin-concentrating hormone (MCH)
interacting at its target receptor were both consistent
with site-directed mutagenesis data.2°%-3% In fact, the
ligand—receptor interaction, suggested to be crucial
for the MCH binding (i.e. the charge-reinforced
H-bond between Argl1 of the hormone and D3.32 of
the receptor), was present in both the models regard-
less of the different stereochemistries of the com-
plexes.200:365 Tt is noteworthy that the early model
included only the TM helices in a BRD-like architec-
ture, and the extracellular loops.2°° In contrast, the
novel model was achieved by using the crystal
structure of rhodopsin as a template and included
all the domains but the C-tail.?¢® The relevant dif-
ferences between the two models originate also by
the fact that the early model was simply subjected
to a few steps of energy minimization, whereas the
novel one was the product of a large series of MD
simulations.20936> This example, that is quite repre-
sentative of the many ones reported in the literature,
suggests that the results of site-directed mutagenesis
experiments are inadequate to assess or improve the
stereochemical quality of an atomistic model. Sig-
nificant insight into mapping the ligand—receptor
interactions could be provided by photoaffinity label-
ing and FRET experiments, which could estimate
spatial proximity between photolabile residues within
a ligand and its receptor.224227,228,233,236,509,510 The
resolution level of the information inferred by such
approaches, although higher than that achieved by
common in vitro site-directed mutagenesis experi-
ments, is, however, still not high enough for help in
assessing the stereochemical quality of atomistic
models. This is clearly demonstrated by a novel
report, showing that two substantially different
models of E2 in the human NK1 receptor, one
obtained by comparative modeling, using the crystal
structure of rhodopsin as a template, and the other
achieved by NMR determinations on the isolated
peptide, both were consistent with distance estima-
tions by photoaffinity labeling experiments.376



Analysis of G Protein-Coupled Receptors

Computational models of GPCRs, which do not
incorporate structural information from the high
resolution structure of rhodopsin, have been useful
in driving and interpreting the results of low resolu-
tion experiments. However, their indetermination is
too high for de novo drug design purposes, which
would require knowledge of the exact stereochemistry
of the ligand binding site. This is particularly true
for the interaction models involving huge peptide
ligands, which are expected to establish more contact
points with the receptor, as compared to small
cationic compounds, and many of these contacts are
predicted to involve the extracellular loops, whose
conformation and architecture are ill-defined in the
majority of the computational models not based upon
the rhodopsin structure. The best examples of lead
optimization based on 3D models of GPCRs relied on
robust and extensive SAR analyses on highly infor-
mative sets of compounds, such as, for example, the
ligands of the adenosine receptors.*™®

The high resolution structure of rhodopsin can now
be used as a template for achieving acceptable
starting models of the empty receptor, including
almost all the extracellular domains, and, hence, of
the ligand—receptor complexes. In fact, especially for
peptide GPCRs, the majority of the extracellular
domains, first of all E2, which is expected to be
heavily involved in the interaction with the natural
ligands, can be modeled with acceptable reliability,
by using the homologous domain in the rhodopsin
structure as a template. In this respect, we are
confident that comparative modeling would produce
more reliable results than NMR determinations on
the isolates peptides, as largely demonstrated by the
inconsistency between the cytosolic domains of rhodop-
sin determined by NMR and those in the crystal
structures. 545117514

Once different starting configurations of the ligand—
receptor complexes fulfilling the ligand—receptor
shape and electrostatic complementarities and the
key interaction requirements from the experimental
data have been obtained, these must necessarily be
subjected to molecular simulation protocols aimed at
finding suitable different local minima of the poten-
tial energy surface. This has to be done independently
of the functional state of the considered ligand (i.e.
full, partial, inverse agonist, neutral antagonist, etc.),
essentially because GPCRs exist in different confor-
mational states already in their empty forms and the
shape of their potential energy surface changes on
the basis of the structural features of the interacting
ligands. An intriguing inference from recent docking
simulations between agonists and antagonists and
different GPCRs, including the 5-HT;s serotonin
receptor, MCHR1, and MCHR2 and OTR, is that the
same ligand, depending on its interaction modes, can
generate different average configurations of the same
receptor. These configurations differ from those of the
empty receptor forms. On the other hand, comparing
a large number of average configurations obtained
for the different agonist— and antagonist—receptor
complexes, following different computational proto-
cols, it has been possible to infer similarities in the
interaction modes of the different agonists at their
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Figure 12. (top) Structures of the empty (left panel) and
of the 5-HT-bound (right panel) forms of the 5-HT;a
receptor averaged over the 1000 structures collected during
the last 500 ps of a selected 2 ns trajectory and mini-
mized.%® (bottom) Structures of the free (left panel) and
MCH-bound (right panel) forms of the MCHR1 averaged
over the 200 structures collected during the last 100 ps of
a 2 ns trajectory and minimized.?%®> The models are viewed
in a direction parallel to the membrane surface, with the
cytosolic side being at the top. Only H3 and H6 are shown,
represented by cylinders. Details of the interactions made
by R3.50, by the agonists, and by the members of the
aromatic cluster in H6 are shown. The amino acid side
chains are colored according to their location (i.e. the helix
they belong to), following the color coding described in the
legend to Figure 11. 5-HT and MCH are colored by atom
type. 5-HT is represented by sticks (top right), whereas
MCH is represented by cartoons (bottom right).

cognate receptors.%871365 The receptor sites, in which
most of such similarities occur, essentially concern
selected positions in the extracellular halves of H3,
H5, and H6 (Figure 12). Computational modeling of
the agonist-bound forms of the 5-HT14, MCH, and OT
receptors suggests that these receptor portions hold
the key contact points for the ligand moieties respon-
sible for the efficacy.%871365 These receptor essential
contact points overlap, at least in part, with those
which have been recently proposed to constitute
conserved GPCR binding pockets recognized by “privi-
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leged structures”.*%° The term “privileged structures”
indicates an ensemble of structural motifs, shared in
common by ligands, which bind different receptors,
in other words, “a single molecular framework able
to provide ligands for diverse receptors”.*0%475 We
have shown that the combination of rhodopsin-based
receptor models with extensive comparative MD
simulations could be able to find such privileged
structures even in large peptide ligands such as MCH
and OT."3% These results would have been hard to
achieve with static models. In our opinion, the most
promising approaches to the search for a linkage
between ligand—receptor atomistic models and bio-
logical responses (i.e. affinity, selectivity, and efficacy)
will be those based on ever increasingly accurate and
effective configurational sampling methods.

4.3.1. Computational Approaches to Virtual Screening of
GPCR Ligands

A challenging task in computational modeling of
GPCRs is to define intermolecular interaction de-
scriptors and computational protocols, which could
be used for virtual functional screening (reviewed
also in ref 515). The effectiveness of these computa-
tional descriptors will rely on the reliability of the
ligand—receptor complex, on the accuracy of the
computational protocols, and on the availability of
highly informative training sets of compounds with
accurately determined biological responses. Pioneers
in this respect have been computational experiments
aimed at defining intermolecular interaction descrip-
tors on the ligand—receptor complexes, which could
correlate linearly with biological data such as binding
affinities or efficacies.!7%173,242,295.299-301,383,516 Tp thig
respect, an intermolecular interaction descriptor,
somewhat related to the binding energy and, hence,
called BE, was used to rationalize and predict the
binding affinities and selectivities of different GPCR
ligands.165,173,242,300.383 Sych a descriptor, which ill-
defines all the entropic effects, is computed on the
ligand—receptor energy-minimized complexes accord-
ing to the following formula: BE = IE + Er + EL,
where IE is the ligand—receptor interaction energy
(i.e. the total energy of the ligand—receptor complex
minus the energy of the ligand and the receptor in
the complex) and Er and Ep are the distortion
energies of the receptor and of the ligand, respec-
tively, calculated as the differences between the
energies of the bound and of the free optimized
molecular forms. For a series of selective and non-
selective antagonists of the ai,-, ayp-, and ay4-AR
subtypes, consistency was found between the affinity/
selectivity predictions by the intermolecular interac-
tion descriptor BE3% and those by a ligand-based
approach, i.e. the supermolecule approach.517-51° The
supermolecule approach assumes that the volume
obtained by superimposing the most structurally
different ligands showing the highest affinities for
the same receptor (supermolecule) might reflect the
overall shape and conformational flexibility of the
high affinity receptor binding site. Therefore, size and
shape descriptors can be defined ad hoc (that is, on
a specific molecular series and in connection with a
specific bioactivity) with respect to the supermolecule,
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and this constitutes the main advantage over molec-
ular descriptors defined and performed for a single
structure and a single conformation. The most effec-
tive indices in this respect were Vi, and V,,, which
are respectively the intersection and the outer van
der Waals volumes of the ligand considered with
respect to the volume of the reference supermolecule,
and Vs, which is computed according to the following
formula: Var = (Vin — Vou)/Vsup, Where Vg is the
molecular volume of the reference supermolecule.
According to the definition of size and shape descrip-
tors, higher affinities are realized by maximizing Vi,
and minimizing V517519

Convergence was found concerning the inferences
from the ligand—receptor interaction models and
from the supermolecule approach.309517-519 Tt was, in
fact, inferred that, while the protonated nitrogen
atom is an essential pharmacophoric element for the
long-range electrostatic recognition and productive
interaction with the aspartate of the o;-AR binding
site, its contribution to the interaction energy is
relevant but almost constant.??° In contrast, short-
range forces modulate both ligand affinity and se-
lectivity. Thus, the modulation of the binding affinity
by a wide noncongeneric series of o;-AR ligands can
be described and explained by the variation of the
ligand size—shape features that are related to the
short-range acting forces. In this respect, the inter-
molecular interaction descriptor, BE, is rather inde-
pendent of the reliability of the ligand—receptor
complexes.

Assuming that differences in entropic and solva-
tion/desolvation terms are small within a series of
structurally similar ligands, Shim et al. approxi-
mated the binding free energy of a series of CB1
ligands to the interaction energy. The latter is the
total energy of the ligand—CB1 complexes minus the
energies of the unbound ligand and receptor forms.3%
This index was used to evaluate the best binding
conformations for a series of nonclassical CB1 ago-
nists.3%

Very recently, an intermolecular-interaction de-
scriptor has been proposed for its qualitative agree-
ment with the in vitro binding affinity data concern-
ing selected GPCR ligands.329-483.484 Thig descriptor,
which merely relies on the ligand energetics, being
the difference between the potential energy of the free
solvated and the receptor-bound forms of the ligand,
has been proposed as potentially useful for in silico
screening.329483,48¢ The AutoDock 3.0.3 scoring func-
tion computed on the ligand—receptor complexes was,
instead, employed as computational binding free
energy in linear correlations with the in vitro-
determined binding affinities of CCR5 antagonists.*2°

One of the first attempts to build computational
models for in silico functional screening of GPCR
ligands is represented by computational experiments
on 34 functionally different ligands (i.e. antagonists
as well as partial and full agonists of the M;-
muscarinic receptor).'”? In this respect, the percent
of the van der Waals contribution (IEvpw%) or the
percent of the summation over the H-bonding and
electrostatic contributions (IEgp:rr.%) to the total
interaction energy of the ligand—receptor complexes
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Figure 13. Structures of the empty (left) and MCH-bound
(right) forms of MCHR1, averaged over the 200 structures
collected during the last 100 ps of the selected 2 ns
trajectories and minimized.?%5 The extracellular loops are
not shown. H1, H2, H3, H4, H5, H6, and H7 are respec-
tively colored in blue, orange, green, pink, yellow, light
blue, and violet, whereas 11, 12, and I3 are respectively
colored in light green, gray, and purple. The amino acid
stretch corresponding to rhodopsin’s H8 is colored in violet
as well. The hormone is colored by atom type. The
structures are seen from the intracellular side in a direction
perpendicular to the membrane surface. The solvent ac-
cessible surface computed over N76(2.37), R141(3.50), K153
(in I2), 1247(6.26), and T251(6.30) is shown represented by
gray dots.365

proved effectiveness in predicting the functional
behavior of the targeted ligands.!”? In fact, the
IEnug+r.% index was below or close to 20% (IEvpw%
above or close to 80%) for antagonists, above 30%
(IEypw% below or close to 70%) for full agonists, and
between the previous two values for partial ago-
nists.1” These computational indices were success-
fully challenged in their ability to predict the func-
tionality of novel muscarinic ligands docked into an
upgraded model of the human M;-muscarinic recep-
tor.?? Thus, these intermolecular interaction descrip-
tors appeared effective, independently of the stere-
ochemistry of the ligand—receptor complexes. This
may be due, at least in part, to the fact that they are
correlated with intrinsic properties of the ligands
such as the size—shape and the propensity to perform
H-bonding interactions. In fact, for the same training
set of compounds, considered in the same bioactive
prototropic forms, it was also possible to define
molecular orbital (MO) derived descriptors, such as
the electrophilic superdelocalizability, or size—shape
descriptors computed through the “supermolecule
approach”, which correlated linearly with the ligand
efficacy, though less efficiently than the intermolecu-
lar-interaction descriptors.516:520

A computational protocol, based upon extensive
comparative MD simulations of the free as well as
agonist- and antagonist-bound forms of MCHR1 and
MCHR2, was recently proposed, which may be used
for virtual functional screening of MCHR ligands.365
This approach relies on size—shape descriptors com-
puted on the average minimized structures repre-
sentative of the different functional states of the
receptor. In detail, the SAS computed over selected
amino acids in the cytosolic domains proved to be a
good hallmark of the functional receptor state, being
close to 0 A2 in the nonactive states (i.e. empty and
antagonist-bound forms) and significantly above 100
A? in the active states (i.e. agonist-bound forms)
(Figure 13). The amino acids employed for SAS
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calculations were defined ad hoc for each of the two
MCHR subtypes. The predictive ability of the SAS
indices was challenged on mutant forms of the
hormone obtained by in silico alanine-scanning mu-
tagenesis of all the 19 amino acids of the hormone,
except for the two cysteines involved in a disulfide
bridge.?%® A truncated form of the hormone, lacking
the last three amino acids, was also considered. In
detail, each modified form of the hormone was docked
in both the MCHR1 and MCHR2 exactly in the same
orientation and conformation selected as input for the
wild type MCH. Docking was followed by MD simu-
lations, according to the same computational protocol
employed for the wild type MCH and for the antago-
nist, leading to the calculation of the SAS index.
Consistency between in silico-predicted and in vitro-
determined functionalities was obtained, as the SAS
indices were below 100 A? only for the MCH mutants
with impaired functionality.3® Interestingly, for both
the MCHR subtypes, the SAS indices correctly pre-
dicted that deleting the last three amino acids of the
hormone does not cause any impairment in function-
ality.3%5 This, we think, is an encouraging example
of in silico functional screening based upon a com-
putational descriptor of allosteric structural modifi-
cations in distal cytosolic domains as induced by
critical intermolecular interactions in the extracel-
lular half of the receptor.

The AutoDock 3.0 scoring function was employed
in virtual screening of P2Y; ligands.*®” The receptor
model, which comprised only the TM domains, was
achieved by fitting each helix into the corresponding
one of the rhodopsin structure.??! A database of 500
compounds was screened. Of the 30 top-ranked
compounds, 21 were selected for in vitro functional
screening. Twelve compounds were, finally, identified
as agonists or antagonists of the P2Y; receptor.4°7

Combinations of the scores provided by different
docking algorithms have been recently used by an
in silico screening study aimed at finding lead
compounds for target GPCRs.3% In detail, Bissantz
and co-workers constructed “antagonist-bound” mo-
lecular models of three human GPCRs (dopamine D3,
acetylcholine M;j-muscarinic, and vasopressin Vi,
receptors).3® These models were achieved by manual
docking of a known antagonist into a homology model
(based upon the crystal structure of rhodopsin) of its
cognate receptor, followed by energy minimization.
Removing the ligand atoms from the minimized
complexes finally yielded, for each of the three
receptors, one set of coordinates of what the authors
considered to be representative of the “antagonist-
bound state”.38 The three models were evaluated in
terms of their ability to identify known antagonists
seeded into a database of randomly chosen “druglike”
compounds. A virtual screening procedure based
upon the combination of different docking algorithms
in association with seven scoring functions was
used.?® Consensus scoring was then applied to
generate small subsets (hit lists) comprising only the
top scorers common to two or three scoring lists.
Agonist ligands were also considered in a separate
study. Different agonist-bound GPCR models were
built to account for the knowledge that the “activated
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states” of GPCRs are conformationally more flexible
than the antagonist-bound inactive states. Two ago-
nist-bound models were built for each receptor fol-
lowing the same refinement procedure as that used
for the antagonist-bound models, but using full
agonists rather than antagonists for receptor refine-
ment, merely based upon energy minimization.3%
The conclusions drawn from this study are that
rhodopsin-based models are suitable for virtual screen-
ing, since known antagonists seeded in the test
databases could be distinguished from randomly
chosen molecules. However, such models are not
accurate enough for retrieving known agonists.3%?
Better suited for agonist screening is a knowledge-
and pharmacophore-based modeling procedure that
might partly simulate the conformational changes
occurring in the active site during receptor activa-
tion.3%® The authors speculated that receptor coordi-
nates generated by such a new procedure are suitable
for agonist screening and that two alternative strate-
gies relying on different sets of receptor coordinates
are needed for the virtual screening of GPCR ligands,
depending on whether they are agonist or antago-
nists. We agree with the author’s idea that for
antagonist and agonist screening it is better to use,
respectively, antagonist- and agonist-bound states of
the target receptor. A simple energy minimization is,
however, not sufficient to explore the configurational
space of the ligand-bound states, whatever the func-
tional behavior of the ligand is. Thus, despite the
apparent success of the virtual screening done on
static receptor models, we would expect that an
exhaustive sampling of the complexes between se-
lected ligands and the receptor, leading to the extrac-
tion of one or more representative average configu-
rations of the empty receptor, would improve the
results of the screening.

Recently, ab initio computational models of GPCRs,
generated by the PREDICT method, have been used
for in silico screening.?34522 Also in this case, virtual
screening was performed on the receptor coordinates
extracted from a refined complex with an ad hoc
selected antagonist. This strategy is instrumental in
overcoming the drawback that all high throughput
docking procedures must use a rigid protein struc-
ture, which would impair the results of in silico
screening. To generate the ligand—receptor complex
for virtual screening, a potent small-molecule ligand
is placed inside the binding pocket in an initial
orientation that agrees with proposed key interac-
tions in the site. To overcome the bias introduced by
the imposed initial orientation, a free-energy-pertur-
bation-like simulation is done on the ligand—receptor
complex to allow the ligand to reorient itself in the
site in response to specific ligand—protein interac-
tions. Screening of the compound library against the
receptor models is then performed with the DOCK4.0
software,5?2 employing a special screening and scor-
ing protocol.522 At the end of the docking process, the
compounds are sorted on the basis of their best
docking score. The effectiveness of the virtual screen-
ing is estimated by the following two measures:
“enrichment factor”, which is related to the common
measure of “hit rate”, and “coverage.” An enrichment
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factor measures the success of virtual screening
relative to random screening (which is equivalent to
experimental high throughput screening) by compar-
ing the virtual screening hit rate with the hit rate of
random screening. A hit rate is the fraction of active
compounds found in the screening library by what-
ever method. The other parameter, “coverage”, is
defined as the number of active compounds M? that
are included within the top g percent of the ranked
library vs the total number of active compounds in
that library M: coverage? = MY/M.

The approach was first tested on the D2, NK1, and
NPY Y1 receptors, by enriching the random libraries
of known ligands of these receptors, followed by blind
screening.?34522 As for testing, coverage was 85%,
80%, and 50% for D2, NK1, and NPY Y1, respec-
tively. The blind screening targeting the Dg, 5-HT1a4,
5-HT4, and CCR3 receptors always found hits with
a binding affinity < 5 uM with hit rates of up to 21%.
Thus, in general, the assays validated the quality of
the hits as lead compounds for drug discovery. We
think that these encouraging results of virtual screen-
ing would be significantly improved by increasing the
resolution of the structural information incorporated
while modeling the receptor. So far, the highest
resolution information on the members of the rhodop-
sin family can be inferred from the crystal structure
of rhodopsin. Contrarily to what the authors state,
we believe that careful comparative modeling aimed
at extracting as much stereochemical restraints as
possible from the rhodopsin structure, possibly in-
cluding the extracellular and intracellular domains,
would provide more reliable starting models of GPCRs
than the most effective ab initio modeling approaches
currently available.?34522 In this respect, the authors’
statement that their ab initio models are better than
those based upon the rhodopsin structure only be-
cause they are in better agreement with site-directed
mutagenesis data is not acceptable, since the resolu-
tion level of site-directed mutagenesis data is low and
cannot be used to evaluate the stereochemical quality
of atomistic models. Furthermore, the extracellular
loops, completely neglected in the ab initio models
by the authors, are expected to play a meaningful role
in recognizing a significant number of GPCRs’ ligands.

Virtual screening by means of ligand—receptor
docking was also used by Gouldson et al. to determine
whether the inactive model of the f(3-AR showed
preference for antagonists, while the restraint-based
active model showed preference for agonists.!3® The
models were challenged by 172 GPCR ligands, 50%
of which were adrenergic ligands. The binding site
was primed for docking by interactively docking
norepinephrine or S-propanolol into the active or
inactive models, respectively, minimizing, running
MD simulations for 100 ps, and then carrying out a
final minimization. High performance of the active-
state model in retrieving agonists was shown.!3?

Evers and Klebe developed the MOBILE (modeling
binding sites including ligand information explicitly)
approach to build GPCR models suitable for virtual
screening.41152¢ With this approach, the information
from a selected ligand binding is added as additional
restraints during comparative modeling by MOD-



Analysis of G Protein-Coupled Receptors

ELLER.411524 A final model is then chosen from the
individual models that best explain the observed
ligand binding. Combining the information from the
3D receptor model and the analysis of known NK1
receptor antagonists, a pharmacophore model was
deduced, which was used for 2D and 3D database
searches.*!! The hits from such searches were docked
into the modeled binding pocket of the NK1 receptor,
leading to the final selection of seven compounds for
the biochemical testing, including one in the submi-
cromolar range. A similar approach was also em-
ployed to virtual screening of 01,-AR antagonists.?0!
In this case, the receptor model was achieved by
using a modified version of the MOBILE approach,
consisting of the following steps: (a) a ligand is
docked into an ensemble of homology models of the
target proteins; (b) refinement of the models is done
by considering explicitly the interactions with a
selected ligand; (c) finally, the best models in terms
of intermolecular interactions are selected and as-
signed side chain conformers from a set of selected
models, followed by energy optimization of the entire
complex. The finally selected model was used for
virtual screening by docking a database of 22 950
compounds resulting from the application of a series
of hierarchical filters, which also included fulfillment
of the Catalyst-generated pharmacophore require-
ments.51525 The top-scoring 300 compounds were,
hence, subjected to cluster analysis, and 80 were sent
to in vitro testing of binding affinities. Thirty-seven
compounds revealed K; values better than 10 uM, and
the most active compound had a 1.4 nM affinity. We
do not think that biasing the results of comparative
modeling by low resolution information on the bind-
ing properties of a selected compound leads to more
reliable receptor models. We rather think that giving
the receptor the fingerprints of a lead compound is
exclusively instrumental in ligand—receptor docking-
based virtual screening that would not be possible
otherwise.

A promising computational approach for binding-
site identification and in silico screening of GPCRs
with a potential to be used to “deorphanize” orphan
GPCRs was recently developed and tested on bovine
rhodopsin and BRD.5?¢ The methodology, based on
the Internal Coordinate Mechanics (ICM) program,
was validated in accurately identifying the ligand-
binding pocket of the two TM proteins. Furthermore,
ICM flexible docking with and without the loop
regions accurately predicted the binding geometry of
retinal. The authors also demonstrated that the
native ligand can be identified by flexible docking and
scoring in 1.5% and 0.2% (for rhodopsin and for
bacteriorhodopsin, respectively) of the best scoring
compounds from two different types of compound
databases. Finally, it was also demonstrated that,
even if the side chain positions in the rhodopsin
binding pocket are entirely wrong, their correct
conformation can be fully restored with high accuracy
(0.28 A) through ICM global optimization with and
without the ligand present.’?® These binding site
adjustments are critical for flexible docking of new
ligands to known structures or for docking to GPCR
models based upon the rhodopsin structure. Of

Chemical Reviews, 2005, Vol. 105, No. 9 3329

course, the effectiveness of the approach in virtual
screening of GPCR ligands is expected to strongly
depend on the accuracy of the GPCR model.

4.4, Computational Modeling of Ligand-Induced/
Stabilized Active States

The few computational experiments reported in the
literature, aimed at simulating the active and non-
active states of GPCRs induced/stabilized by agonists
or antagonists, respectively, have been essentially
based on comparative analyses of the average struc-
tures derived from MD simulations of the free and
agonist- and antagonist-bound forms of the target
receptor.60.68.7183.220.967,272,283,286,295.296,301,803,365.480 [ jorands
were manually or automatically docked either into
the input or the average structure of the receptor,
driven by the available indications from in vitro
experiments.

Early studies include that by Zhang and Weinstein
on the TM domains of the 5-HT2a serotonin recep-
tor.22° MD simulations of the interactions between
the 5-HT9a receptor and ligands of different phar-
macological efficacies suggested that the binding of
a full agonist, but not an antagonist, produces a
marked structural change at the cytosolic ends of H5
and H6. MD trajectories showed that the secondary
structure of the TM domains of the receptor is well
maintained, whereas the conformational changes
involve mainly the relative translations and rotations
of the helices in the bundle. An algorithm was, hence,
developed for improving the analysis of the ligand-
induced domain motions over the different MD
trajectories obtained for the 5-HT32a receptor.5?”

The f[2-AR was the target of the computational
experiments by Gouldson and co-workers, who docked
agonists, antagonists, and partial agonists into a
receptor model achieved by using Baldwin’s a-carbon
model as a template and ran MD simulations over a
period of 500 ps.® The major structural changes were
found to occur in the intracellular halves of H5 and
H6. The agonist-induced structural changes to H5
and H6 were thought to be large enough to induce a
conformational change in 13. An alternative hypoth-
esis inferred by computations was that the change
in the tilt of these helices might enhance the forma-
tion of a H5,H6-dimer due to the formation of a more
optimal helix packing at the dimer interface. Indeed,
in the unbound receptor, H5 and H6 were found to
be essentially perpendicular to the membrane. How-
ever, after the agonist-induced structural changes,
the tilt of these helices had changed by approximately
20°.83

Sylte and co-workers performed MD simulations
on agonist- and antagonist-bound forms of the NPY
Y: receptor.2’? Packing of the energy-minimized
structure of each TM helix was driven by the infer-
ences from the first Baldwin study.'® All the intra-
cellular and extracellular domains were, then, in-
cluded in a conformation assigned by MD simulations.
The main inferences from this study were that the
agonist NPY induces motions of H5 and H6, whereas
the antagonist BIBP3226 does not.2”? The same team
repeated similar computational experiments on the
5-HT;a receptor, drawing overlapping conclusions
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with their previous study on the NPY Y; recep-
tor.272:286 The initial receptor structure was achieved
by modeling the helix bundle on Baldwin’s Ca-atom
model, taking the N-term structure from an earlier
model, and using a database loop search to achieve
the three extracellular loops as well as I1, 12, and
the C-tail.?®8 The free as well as full agonist-, partial
agonist- and antagonist-bound forms of the receptor
were subjected to comparative MD simulations. In
the simulations, the agonist induced larger confor-
mational changes in H3 and H6 compared to the
other helices, whereas the main conformational dif-
ferences between the agonist- and antagonist-bound
receptor forms essentially resided in H5 and HS6.
During the simulations, all the ligands constrained
helix movements, compared to the case of the empty
receptor form.?®® In a more recent study, following
docking and MD simulations of a number of ligands
characterized by different functionalities at pre- and
postsynaptic 5-HT14 receptors into an updated model
of the 5-HT4 receptor, the authors speculated that
presynaptic antagonistic behavior is connected to
large movements of H7, whereas presynaptic ago-
nistic behavior is associated with large displacements
of H2 and small displacements of H7. Moreover,
postsynaptic partial agonist behavior would be con-
nected to large displacements of H4 and H5, which,
instead, would show a small displacement following
interaction with postsynaptic antagonists.*8°

Over the last 11 years, we have done extensive
studies aimed at investigating the propagation of
the structural modifications from the ligand binding
site to distal receptor domains, following the docking
of selected agonists and antagonists into their
cognate receptors.50.68:71,295,296,301,303,365 Targets of
our study have been different members of family A,
including the o,-AR, Mjs-muscarinic receptor,

OTR, 5-HT;s serotonin receptor, MCHR1, and
MCHR2,60.68.71,295,296,301,303,365

The computational approach was essentially the
same as that employed to infer the structural differ-
ences between mutation-induced active and nonac-
tive receptor states, the only difference being the
perturbation introduced in the initial model, i.e.,
ligand docking, in one case, and point mutation, in
the other. The computational approach consisted of
manual docking of selected agonists and antagonists
into the putative binding sites of the average mini-
mized receptor structures, in early studies, or, more
recently, in the input receptor structure derived by
MODELLER refinements, followed by comparative
MD simulations. Manual docking was driven, at least
in part, by the available indications of site-directed
mutagenesis experiments. The receptor models em-
ployed in early studies were achieved by ab initio
modeling,5%-296,301.303 whereas those employed in the
latest studies were achieved by comparative model-
ing, using the crystal structure of rhodopsin as a
template.6871,365

Early computational experiments focused on the
a1p,-AR and on the Ms-muscarinic receptors lacking
the extracellular and intracellular domains.?95:2%6
First, the average minimized structures of the free
receptor were analyzed to identify the hydrogen
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bonding interactions involving the most conserved
polar amino acids. Successively, analyses of the
antagonist- and agonist-bound receptor forms were
done, focusing on the ligand-induced perturbation in
such a H-bonding network. For both the receptors,
antagonists substantially preserved, whereas ago-
nists perturbed, the H-bonding network found in the
empty forms. By different binding modes and differ-
ent dynamics mechanisms, the different agonists
induced, as a final result, the movement of R3.50 of
the E/DRY motif out from a highly conserved polar
pocket, possibly exposing this residue ready for
interaction with the G protein. This model was in
agreement with the hypotheses by Oliveira and co-
workers.??8 MD simulations on more complex ab initio
receptor models (i.e. carrying the extracellular and
intracellular domains) of the ay,-AR and of OTR
indicated as well the fully conserved arginine as the
target of the structural modifications induced by
agonists.®%303 These studies suggested also that ago-
nist-triggered helix movements would induce the
opening of a solvent accessible crevice involving 12,
13, and the cytosolic extensions of H3 and H6.60:303

Further insight was achieved by applying the same
computational approach to models of the 5-HTia
serotonin receptor, OTR, MCHR1, and MCHR2 built
by comparative modeling, using the crystal structure
of rhodopsin as a template.5871365 The models of OTR
and MCHRs included all the intracellular and ex-
tracellular domains but not the C-tail, whereas the
model of the 5-HT14 included all the domains but not
the N-terminus and the huge 13. The inferences from
the latest studies relied on more extensive MD
simulations than the previous ones. Indeed, the
approach consisted of comparative analyses of a large
number of short (100 ps) and relatively long (up to 2
ns) MD trajectories, probing different starting struc-
tures as well as different intrahelical (for the empty
receptor form) and intermolecular (for the ligand-
bound forms) distance restraints. For the empty
receptor form, the criteria for selecting the short
trajectory that could be worth prolonging included
the stereochemical quality of the average minimized
structures and their degree of similarity to the
rhodopsin structure. Despite the differences between
previous and latest approaches and between the
receptor systems under study, hallmarks of the
ligand-induced active and nonactive forms of the
receptors were found to involve R3.50, the arginine
of the E/DRY motif, and the cytosolic extensions of
H3 and H6. In fact, for the agonist-bound (i.e. active
state) and the antagonist-bound (i.e. nonactive state)
forms, the establishment of crucial intermolecular
interactions (as suggested by the experimental evi-
dences) was found, respectively, concurrent with
destabilization and reinforcement of the intramo-
lecular interactions involving the E/DRY arginine in
the empty receptor forms.871365 Therefore, the choice
of the ligand—receptor complexes, which better fulfill
the intermolecular interaction requirements, implies
selecting divergent interaction patterns of the E/DRY
motif in the agonist-bound (active) and antagonist-
bound (nonactive) forms.
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A common inference from the comparative analysis
of the three substantially different receptors was that
the agonist-bound forms share the release of all or
some of the charge-reinforced H-bonds involving
R3.50 in the empty receptor. The aspartate at posi-
tion 3.49 is one of the arginine partners in the empty
and antagonist-bound states (i.e. inactive states) of
all the three receptors, whereas E6.30 is the other
partner of R3.50 only in the 5-HT;4 receptor (Figure
12). In fact, in the empty and antagonist-bound forms
of the 5-HT1a receptor, both the D133(3.49)—R134-
(3.50) and R134(3.50)—E340(6.30) interactions are
almost persistent during the 2 ns time of the MD
simulation.®® However, in the empty form, the intra-
helical salt bridge is more stable than the interhelical
one, as the former is conserved during the whole 2
ns simulation, whereas the latter is alternately lost
and gained.®® The loss of the H-bonding contribution
to this interhelical interaction is always concurrent
with the establishment of another H-bonding inter-
action between the E/DRY arginine and T343(6.33).
In empty OTR, the lack of a glutamate at 6.30 is
compensated by T273(6.33), which is involved in
H-bonds with the E/DRY arginine in the second half
of the most representative 1 ns trajectories.”’ In
contrast, in both the empty forms of the MCHR1 and
MCHR2 subtypes, which both lack an anionic amino
acid at 6.30, the E/DRY arginine in the inactive forms
is engaged in interhelical salt bridge interactions
with an aspartate at position 2.40 and, only for
MCHR]1, in H-bonding interaction with T251(6.30)
(Figure 12).3%

Interestingly, for the 5-HT14 receptor, the analysis
of an extensive number of different MD trajectories
suggested that the interactions with three relevant
amino acids of the putative ligand binding site, in
the extracellular half of the helix bundle, are es-
sential for both the agonists (i.e. serotonin and (R)-
8-OH-DPAT) to destabilize the salt bridge interac-
tions that, in the empty and antagonist-bound receptor
forms, involve the E/DRY arginine. These amino
acids are (a) D3.32, which recognizes the protonated
nitrogen atom of the ligand, (b) S5.42, which interacts
with the indole or tetralin hydroxy groups of the
ligands, and (c) F6.51, which interacts with the indole
or tetralin ring of the ligands. The occurrence of the
latter interaction relies on the establishment of the
first two. Interestingly, the establishment of a double
H-bonding connection between the agonist serotonin
and both S5.42 and T5.43 is concurrent with the
highest degree of destabilization of both the salt
bridges involving the E/DRY arginine.®® An interest-
ing suggestion inferred from comparative MD simu-
lations of the 5-HTia receptor and MCHRs, which
differ both in amino acid composition and in the
natural agonist (i.e. a small biogenic amine for the
5-HT;a and a huge cyclic peptide for the two MCHRs),
is that the essential requirements for the agonist to
perturb the peculiar features of the inactive receptor
forms are to accomplish charge-reinforced H-bonds
with the binding site aspartate and to make van der
Waals attractive interactions with one or more mem-
bers of the aromatic cluster in H6 (Figure 12).68:365
These interactions involve essentially two out of the
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19 amino acids, which constitute MCH. In this
scenario, the few critical interactions needed for the
huge MCH or for the small serotonin to transfer the
chemical information from the extracellular to the
intracellular domains of their target receptors are
overlapping (Figure 12). This hypothesis has been
strengthened by the results of simulations of the OT—
OTR complexes, suggesting that the few critical
intermolecular interactions include that between
Tyr2 of the agonist and F291(6.51) of the aromatic
cluster in H6."

Thus, for all the three different GPCRs, the ago-
nist-induced chemical information transfer from the
extracellular to the cytosolic domains (i.e. vertical
information transfer) appears to be mediated by a
cluster of aromatic amino acids in H6, i.e., formed
by F6.44, W6.48, and F6.51, following the ligand
interaction with selected amino acids in the extra-
cellular half of the receptor.t%71365 In detail, the
interaction between the aromatic ring of the agonist
and F6.51 of the aromatic cluster induces a confor-
mational change of W6.48, which loses its original
H-bonding interaction with N7.45 and moves from
H7 toward H5, consistent with the results of UV
determination on rhodopsin (Figure 12).35° These
changes are concurrent with a significant reduction
in the bend at the highly conserved P6.50, as com-
pared to the empty and the antagonist-bound recep-
tor forms, consistent with the results of conforma-
tional sampling on the isolated H6 of the $2-AR and
the CB1 receptor and restrained MD simulations on
an almost complete model of the $2-AR.139:345:349 Thege
results also agree with the computer simulation- and
experiment-based hypothesis that GPCR activation
would significantly diminish the kink at P6.50.34! The
straightening of H6 is one of the features of the
agonist-bound forms correlated with weakening of
the interactions made by R3.50, of the E/DRY motif.
Another common feature to the agonist-bound forms
of the simulated receptors is the release of the
interaction found in the inactive forms between
Y7.53, of the NPxxY motif, and a conserved pheny-
lalanine in H8. This is particularly true for the
computational models of the two MCHRs, whose
agonist-bound forms are characterized by the ap-
proaching of H8 to the cytosolic extension of H3.365
Although this structural change may be due to an
overestimation of the electrostatic interactions due
to the absence of the screening effect of water, it is
also true that the approaching of H8 to the cytosolic
extension of H3 is a feature of the active forms of
MCHRs and not of the nonactive ones. Active and
nonactive forms of both receptors have been simu-
lated by using the same computational setup.3®
These structural changes, suggestive of increased
flexibility of H7 and HS8, are consistent with the
experimental evidences that a disulfide bridge is
allowed to form between the amino acids at positions
7.63 and 3.55 in the light-activated states of rhodop-
sin, and not in the dark state.!?® Other structural
changes in the cytosolic domains, which are concur-
rent with the establishment of the few critical
interactions between MCH and its cognate receptors,
include the opening of a solvent accessible crevice
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involving the second intracellular loop and the cyto-
solic extensions of H2, H3, and H6. This structural
change is properly described by the solvent accessible
surface area computed over selected amino acids,
including the arginine of the E/DRY motif. This
index, which was significantly lower than 100 A2 in
the empty and antagonist-bound receptor forms and
significantly higher than 100 A? in the agonist-bound
receptor forms, proved effectiveness as a hallmark
of the functional receptor state (i.e. active or nonac-
tive) and suitability for virtual functional screening
of novel MCH ligands (Figure 13).365

Agonist binding induces significant changes in the
arrangements of the extracellular ends of the helices
and in the conformation/orientation of the N-termi-
nus and E2, the latter being strongly involved in
interaction with the peptide agonists OT and
MCH."3%5 The high extent of the structural differ-
ences in the putative agonist binding site between
free and agonist-bound receptor forms suggests that
the role of agonists cannot be limited to a conforma-
tion selection but it should also include the triggering
of relevant structural changes, unlikely to occur
spontaneously in the empty receptor form. The same
is true for the antagonist-bound receptor forms. Of
course, these inferences should be taken with caution
given the indeterminations in the extracellular and
intracellular domains of the receptor models and the
approximations of the computational approach.

The hypothesis of the intrahelix salt bridge inter-
action between D/E3.49 and R3.50 of the E/DRY
motif as the target of the structural perturbation
induced selectively by agonists and not by antago-
nists was challenged in computational experiments
on the free as well as the agonist- and antagonist-
bound forms of the J, x, and u subtypes of the mouse
opioid receptors.?6” The receptor models were limited
to the TM helices, which were packed using the
Baldwin’s Ca-atom model as a template.!! MD simu-
lations of the empty forms of all the three opioid
receptor subtypes proved the stability of the intra-
helix salt bridge between the two charged members
of the E/DRY motif. For the 6 opioid subtype, selected
energy-minimized complexes with an agonist, etor-
phine, and an antagonist, naltrexone, were prepared
in the putative “inactive” and “active” states, differ-
ing, respectively, in the presence or absence of the
D3.49—R3.50 salt bridge. The four complexes were
then subjected to a 1 ns MD simulation, and the
outcome of the study was that, starting from the
“inactive” form, the charge-reinforced H-bond be-
tween D3.39 and R3.50 is maintained over the whole
simulation time, independently of the functionality
of the bound ligand. In contrast, starting from the
“active” form, the antagonist is able to restore the
D3.49—R3.50 interaction, whereas the agonist does
not.?87 It was also inferred that the agonist produces
larger structural effects on H1, H3, and H6, whereas
the antagonist induces larger effects on H4.267

Disruption of an intramolecular salt bridge be-
tween D170(3.32), the key recognition receptor point
of amine ligands, and K379(7.36) was suggested to
be the primary event leading to the a4-AR activa-
tion.?83 This hypothesis, in agreement with the
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results of in vitro experiments on the o;,-AR,%? was
inferred from a computational model of the a14-AR,
holding the TM helices, arranged according to Bald-
win’s model, and the three extracellular loops.?®
According to this model, the inactive state of the
receptor would be stabilized by the D170(3.32)—
K379(7.36) ionic lock and would move spontaneously
into an active state, following the switch of the
anionic partner of K379(7.36) from D170(3.32) to
E375 (in E3). The active state of the receptor would
be, hence, stabilized by the agonist, which would
anchor to D170(3.32) of the receptor, through its
protonated nitrogen atom. This model would provide
an interpretation, with atomic detail, for the hypoth-
esis of agonist selection of pre-existent active receptor
states. However, an inconsistency in the mechanistic
hypothesis concerns the antagonist-bound state that,
similarly to the agonist-bound state, lacks the crucial
ionic lock, though being inactive. The inferences of
such a computational study could be misled by the
low resolution of the computational model. In fact,
models of the a;-AR subtypes, based upon the crystal
structure of rhodopsin, suggest that K7.36 would be
more likely involved in an interhelical salt bridge
with E2.65 instead of D3.32.497 The structural rela-
tionship between E2.65 and K7.36 is also supported
by their tendency to mutate in a correlated manner.
In fact, in the 5-HT;4 receptor, E2.65 and K7.36 are
respectively replaced by a glutamine and an ala-
nine.**” The hypothesis of a potential role of D3.32
in stabilizing an inactive receptor state through an
interhelical salt bridge is, hence, not supported by
computational models based upon the high resolution
structure of rhodopsin and has also been recently
challenged by in vitro experiments on the 5-HTgs
receptor.2’® Perhaps, upgrading the receptor model
according to the advances in the determination of the
rhodopsin structure would have led the authors to
different conclusions.

The employment of a set of “activating” distance
constraints, derived from the experimental studies
of different GPCRs in the active conformation, was
used to derive active state models of the u and 6
opioid receptors from the crystal structure of inactive
rhodopsin.*?%503 These models were used to build the
complex with agonists.4%6503 We expect that the
reliability of these active state receptor models
strongly depends on the specificity, quality, and
resolution level of the experimental data employed
as additional distance constraints to induce a struc-
tural divergence from the rhodopsin template.

5. GPCR Oligomerization

5.1. Insights from in Vitro Experiments

GPCRs have classically been assumed to exist and
function as monomeric entities, and the paradigms
of ligand binding and signal transduction were based
on this hypothesis.

It is often said that, unlike growth factor and
cytokine receptors, GPCRs were believed to exist as
monomeric proteins in the membrane, and the likeli-
hood that they could form dimers was refuted by the
majority of investigators. It is more fair to say that
oligomerization among GPCRs was considered a
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tedious topic. In fact, data suggesting that GPCRs
can oligomerize were presented recurrently over the
years, but no evidence was ever found that such a
physical interaction could be vital for GPCRs’ func-
tion. The fundamental questions about GPCRs were
focused on the mechanisms of interaction with ago-
nists and G proteins. Whether that occurred between
individual or gregarious partners was a matter of
secondary importance. What suddenly stirred general
interest on oligomerization was evidence showing
that direct receptor—receptor interactions can rescue
functional activity in complementation experiments.
As shown by Maggio and co-workers, pairs of GPCR
chimeras or truncated fragments, which were inac-
tive when individually expressed, regained binding
and signaling activity if coexpressed in the same
membrane.53%531 This, per se, did not identify which
role oligomerization plays in GPCR function, but it
definitely demonstrated that receptor—receptor in-
teraction could affect the agonist binding pocket and
the G protein interacting interface of GPCRs, as
importantly, perhaps, as the intramolecular interac-
tions that directly drive receptor activation.

Following such findings, studies on GPCR dimer-
ization have been appearing at a steadily increasing
pace (reviewed in refs 31—40). Although their exist-
ence is now largely accepted, their functional impor-
tance remains more enigmatic and in some cases
even controversial (reviewed in refs 31—41). These
conclusions can also be inferred from the recent
review article by Terrillon and Bouvier, concerning
the state of the art in our understanding of the role
of dimerization of GPCRs in the five different steps
of their half-life cycle, i.e., ontogeny, ligand-promoted
regulation, pharmacological diversity, signal trans-
duction, and internalization.?®

As for ontogeny, GPCRs of family C were the most
generous so far in yielding clues on the possible role
of oligomerization. GABABR; and GABABR; recep-
tors represent an emblematic case. Each of the two
genes makes an incompetent GPCR protein, as the
first is not properly glycosylated or inserted in the
membrane, and the second has no signaling activity.
However, when both are expressed in the same cells,
which physiologically occurs in brain neurons,?32533
they make a functional GABA responsive hetero-
dimer.?327535 The structural requirement in this case
was identified in the C-terminus, where there are
recognized sequences prone to make coiled-coil in-
teractions.?26 That is in contrast with another mem-
ber of family C receptors, the glutamate receptor type
1, where dimerization occurs in the N-terminus.??”
This large “flytrap” domain has structural similarity
to the glutamate binding domain of glutamate recep-
tor channels, where they, in fact, form stable oligo-
meric forms.* Although the examples above seem
“special” cases, evidence that GPCRs dimerize in
order to act as molecular chaperones, i.e., to catalyze
their own folding and transport to the cell surface,
was also found for family A GPCRs, such as the V;
vasopressin receptors®?$53° and the chemokine recep-
tor CCR5.540 See also ref 41 for a review.

A role for dimerization in GPCR ontogeny does not
exclude the possibility that, once the receptor has
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reached the cell surface, its oligomeric state could be
dynamically regulated by ligand. Experiments based
on FRET and bioluminescence energy transfer (BRET)
reveal that many GPCRs exist as oligomers, or at
least as closely packed clusters, in the membranes
of living cells.?1738 However, as to the question of
functional relevance, they have contributed very little
insight, so far. In fact, since the majority of such
studies show that agonist binding does not signifi-
cantly change the optical signal, it appears that
GPCRs are constitutive dimers and that this su-
pramolecular organization is not perturbed by the
state of activation of the protein. Thus, according to
a number of FRET and BRET determinations, nei-
ther enhancement nor disruption of the dimeric state
seems to be necessary for receptor-mediated activa-
tion of G protein. Yet, that may be a glaring case in
which nothing tells something, because, by the same
token, there is no available evidence to refute the
possibility that a dimeric GPCR is an obligatory
structure for engaging a productive interaction with
the G protein heterotrimer. Indeed, structural and
biochemical evidences suggest that the binding sur-
face of the G protein trimer can accommodate the
twin footprints of a dimeric GPCR,?41:%42 although the
same observation can be interpreted as an indication
that the cytosolic region of a single GPCR can
undergo large conformational changes upon interac-
tion with the G protein.?*® Very recently, elegant
experiments consisting of a combination of mass
spectrometry after chemical cross-linking and neu-
tron scattering in solution have unambiguously es-
tablished that the complex formed between the
purified, activated leukotriene B4 receptor BLT1 and
Giggp1y2 corresponds to a pentameric assembly of one
dimeric receptor and one heterotrimeric G protein.>**

Oligomerization may be a strategy to diversify and
extend the signaling properties that are intrinsic in
each individual receptor gene (reviewed also in refs
541 and 545). Opioid receptors have been extensively
studied in this regard.’*¢5%8 It was shown that
coexpressed 0 and « receptors can generate a different
binding pattern and synergistic effects on MAP-
kinase.?*° Similarly, mixes of 4 and 0 receptors gain
special signaling and binding properties if jointly
expressed.’®® Thus, it is possible that the complex
combination of opioid receptor subtypes generated by
studies in the precloning era and never matched by
the genes that were actually found is explained by
the fact that such receptors differ in signaling
properties when they exist in homomeric or hetero-
meric form 546547 Similar results have been presented
for many other receptor types and suggest a general
trend.?13438 Supramolecular arrays containing mix-
tures of different receptors may constitute specialized
signaling patches of the plasma membrane, and their
differential distribution in cell regions may have
fundamental roles in fine-tuning the complex signal-
ing networks of the central nervous system. This
phenomenon, if true, poses a daunting challenge but
also new opportunities in the design of new drugs.
One signaling pathway, in which oligomerization
may be crucial player, is G protein-independent
signaling of GPCRs to mitogen-activated protein
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kinases. Arrestins, a family of proteins that were
previously thought to be exclusively devoted to
disconnect receptors from G proteins,?® are now
known to act also as recruiting adaptors that divert
GPCR signaling toward intermediate kinases such
as ERK1, ERK2, and others.?"28 Recent AFM experi-
ments on rhodopsin indicate that the photoreceptor
forms dimers in the plasma membrane, with cytosolic
protrusions that are located 3.7 nm apart.*® This
distance matches that of two evident grooves that are
present in the crystal structure of arrestin.*>% This
would suggest that GPCRs must be in dimeric form
to bind arrestin. Very recent in vitro experiments,
based on complementation of individually nonfunc-
tional GPCRs, support this hypothesis, providing
evidence that binding of S-arrestin-1 to Ms-muscar-
inic receptors requires paired stimulation of two
receptor components within the same receptor
dimer.40-551552 The consequences of arrestin-mediated
signaling in vivo are not entirely understood yet, but
studies of opioid effects in mice bearing deletions of
arrestin genes suggest that arrestin signaling may
be important for the control of tolerance and depen-
dence 553.554

Several recent studies have suggested that het-
erodimerization could affect agonist-promoted GPCR
endocytosis, a well-characterized process classically
involved in signal attenuation. For many documented
heterodimers, stimulation of only one of the pro-
tomers was sufficient to promote cointernalization of
the two receptors (reviewed in ref 38). By contrast,
receptors that do not undergo efficient agonist-
promoted endocytosis were found to act as dominant
negatives for endocytosis-prone receptors after het-
erodimerization (reviewed in ref 38). Although of
significant potential interest, the physiological con-
sequences of these observations on the regulation of
GPCR desensitization/resensitization cycles remain
to be determined.

The extremely numerous experimental evidences
for GPCR dimerization/oligomerization, however,
provided very little insight into the architecture of
the supramolecular receptor assemblies (reviewed in
refs 31—38 and 541). An elegant study based on a
combination of in vitro biochemical and biophysical
experiments on the glycoprotein hormone receptors
provides evidence that these receptors form homo-
and heterodimers via interactions involving primarily
the heptahelical domains and that hormone binding
occurs with a strong negative cooperativity.*3® For
family A GPCRs, recurrent evidence for the involve-
ment of H6 in the intermonomer interface came from
early experiments with synthetic peptides holding the
sequence of such a helix, which appeared to inhibit
homodimerization of either f2-AR or Dy recep-
tors.5%%556 For the D3R, a peptide from the H7
sequence proved to exert an inhibitory effect as
well.?® The involvement of H5 and H6 from D, in
the heterodimerization with the Ags adenosine recep-
tor (A2aR) was indicated by BRET experiments using
a Doj1-4 7R chimera, containing H5, H6, I3, and E3
from the D;R sequence, a receptor that does not
dimerize with A»aR.364 In fact, in contrast to the wild
type DoR, the Don—47R chimera was not able to
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compete for the specific BRET between AssR and
D;R.3¢4 Recent experiments on purified leukotriene
B4 receptor provided evidence for the central role of
H6 in stabilizing the receptor homodimer.5*4 Also, H4
has been suggested to mediate intermonomer con-
tacts on the basis of the results of cysteine cross-
linking experiments on D2R.%57 Interactions between
H1 and H4 were suggested to mediate the ho-
modimerization of the CCR5 receptor, on the basis
of the experimental observation that the combination
of two point mutations, i.e., I152(1.54)V and V150-
(4.47)A, impaired receptor function and prevented
FRET, differently from the case of the wild type.>8
This hypothesis has recently been challenged by
Lemay et al.?®® Furthermore, FRET experiments
using either various o;,-AR fragments or oyy/fe
chimeras suggested that, in the whole a,-AR, H1 and
H7, which are adjacent in the helix bundle, act in
concert in favoring receptor homo-oligomerization,
with H1 being the prominent interface.?®® Curiously,
in vitro experiments on the Ms-muscarinic receptor
indicated that C140(3.25) and C220 in E2, homolo-
gous to the amino acids that in the rhodopsin
structure are involved in an intramolecular disulfide
bond, can also participate in the formation of inter-
molecular disulfide bonds in a dimer.?®! This was
inferred from the observation that C140(3.25)A and
C220A mutations prevented the formation of disul-
fide-linked receptor aggregates.?®!

5.2. Computational Modeling of GPCR
Dimerization/Oligomerization

Gouldson and co-workers have been pioneers in
studying GPCR dimerization by using computational
modeling and bioinformatics tools (reviewed also in
refs 217 and 562).596563 They initially proposed a
mechanism of receptor activation involving domain
swapping, essentially supported by the results by
Maggio and co-workers on chimeric Ms-muscarinic
and oz-adrenergic receptors.>3® MD simulations were
used to analyze the proposed mechanism of dimer
formation.?®® Computations were carried out on a f3s-
AR model constructed on the basis of the 3D electron
density map of rhodopsin.!> Three possible dimer
arrangements were investigated: a H1-H2 dimer,
a H1-H7 dimer, and a H5—H6 domain-swapped
dimer. A single ligand was docked into half of the
receptor dimer, and the complexes underwent energy
minimization and a MD simulation of up to 450 ps.
The potential energy of these complexes, plotted
against simulation time, revealed that both the apo
H1-H2 dimer and a H1-H7 dimer were significantly
lower in energy, which was also the case when an
antagonist was present. However, when an agonist
was docked, the energy of the H5—H6 dimer was
significantly lowered relative to those of the other
structures. This was thought to be consistent with
the idea that agonist-induced activation is caused by
a shift in the equilibrium toward the H5—H6 dimer.
Since simulations were done on a dimer model in the
absence of loops, the H5—H6 contact dimer and the
H5—-H6 domain-swapped dimer were identical (re-
viewed also in ref 217).506,563

To provide support to the inferences of their
simplified molecular models, the authors integrated
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the results of MD with those of sequence analyses,
using both the correlated mutation (CM)%* and
evolutionary trace (ET)?¢5%66 methods.?41-563 In par-
ticular, they examined the occurrence of both cor-
related mutations and class-conserved residues. The
CM method has been shown to provide information
about interdomain contacts.’®* The correlation is
interpreted as a result of the tendency of positions
in proteins to mutate in a coordinated manner if the
interface has to be preserved for structural or func-
tional reasons. Thus, sequence changes occurring
during evolution at the interface of dimerization of
a given monomer A would be compensated by changes
in the interacting monomer B, to preserve the inter-
action interface. The ET method is another approach
to determining functional sites for a protein, given
its 3D structure and a multiple sequence align-
ment.?$5566 Tt bears some similarities to correlated
mutation analysis, as the evolutionary trace residues
may also be correlated, but it has the advantage that
conserved residues are also included in the analy-
sis.565566 The basic assumptions of the ET method are
as follows: (a) that within a multiple sequence
alignment the protein family retains its fold, on the
basis of the idea that proteins that have evolved from
a common ancestor will show similar backbone
structure;?¢7 (b) that the location of the functional
sites is conserved; (¢) that these sites have distinctly
lower mutation rates because of the evolutionary
pressures of residues defining the functional sites;
and (d) that this lower mutation rate is punctuated
by mutation events that cause divergence.?%®

For the adrenergic receptors, correlated mutation
analysis on 50 aligned sequences showed that the
correlated mutations do accumulate at the H5—H6
interface.?®® The remaining external correlated resi-
dues on H1, H2, and H7 were thought to be involved
in the formation of a H1-H7 dimer intermediate or
in the formation of higher order oligomers.?%3 The ET
method was applied to over 700 aligned GPCR
sequences.?*! The method predicted the occurrence
of functionally important clusters of residues on the
external faces of H5 and H6 for each family or
subfamily of receptors; similar clusters were observed
on H2 and H3. The probability that these clusters
are not random was determined using MC tech-
niques. The cluster on H5 and H6 is consistent with
both H5—H6 contact- and H5—H6 domain-swapped
dimer formation. The observation of functionally
important clusters of residues on H2 and H3 raised
some possible interpretations, including heterodimer-
ization and oligomerization.?! In a more recent
report, being aware of some experimental evidence
against domain swapping as a general mechanism
for receptor dimerization,??”%%" and conscious that
their computational approaches were unable to dis-
tinguish between contact- and domain-swapped
dimers, the authors proposed that domain-swapped
and contact dimers are essentially equivalent in their
ability to signal, and this could underlie any failure
to observe domain swapping. The role of domain
swapping in GPCR dimerization still remains an
open question, as it is apparently supported also by
recent in vitro evidences,®®® although it remains
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inconsistent with oligomerization. The same team,
very recently, combined the ET method with the
entropy method to improve predictions.?%® They,
indeed, recognized that the CM analysis, while being
mathematically well-defined, had the limit to predict
relatively few amino acids, inconsistent with the
expected extensions of protein—protein interfaces.?%°
On the other hand, the ET method, although able to
predict protein—protein contact areas, was, however,
subjective. While earlier work tended to favor H6 as
the most likely dimerization interface, the novel
analyses favored H4.56°

A modification of the CM approach, the so-called
“subtractive correlated mutation method”, has been
used to predict homo- and heterodimer interfaces in
the opioid subfamily of GPCRs.37%57 Application of
the method to 6 and u opioid receptors showed that
most of the correlated residues of the O opioid
receptor are located on the outer (lipid-facing) surface
of H4, H5, and H6, whereas, in the u opioid receptor,
H1 is the helix that is likely to be involved in the
heterodimerization with 6. Since H4 and H6 cannot
participate simultaneously in the intermonomer in-
terface, these results were thought consistent with
higher order oligomers. The same study applied to
homodimerization of the o, «, and u opioid subtypes
suggested that (a) H4 and/or H5 would participate
in the formation of the d-homodimers; that (b) H5
would participate in the formation of k-homodimers;
and that (¢) H1 would participate in homodimeriza-
tion of the u-subtype.?”> The consistency with the
results of in vitro experiments, which implicate
disulfide bonds in « homodimerization and in 6—u
heterodimerization®4%57! as well as the need of the
intact C-tail for 6 homodimerization,®”? will be the
challenge for further computational investigations.

The combination of CMA and automatic methods,
such as the level entropy and the sequence space
automatization methods, aimed at detecting amino
acid positions that could have some functional sig-
nificance for the whole family and, at the same time,
are specific for each subfamily (i.e. tree-determinant
positions),”® was used to predict the interface in
CCR5 homodimers.?*® With this approach, positions
1.54 and 4.47 were predicted to participate in the
interface.?%8

A hidden-site class model of evolution, which
employs different substitution matrixes to represent
substitutions in different parts of the protein, was
used to predict possible dimerization interfaces in
aminergic GPCRs.>™* The approach predicted the
involvement of H5 and H6 in most aminergic sub-
families and H4 and H5 in the muscarinic and opsin
sub-families.?"

Predictions of oligomerization interfaces in a num-
ber of family A GPCRs belonging to the opsin,
dopamine, adrenergic, and muscarinic acetylcholine
families were also done by a multistep method made
of two convergent sets of in silico experiments, one
sequence-based and the other structure-based.?” The
sequence-based set of experiments consists of mul-
tiple sequence alignment and search for conservation
patterns. The structure-based set consists of reducing
the 3D coordinates of the rhodopsin structure to a
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bidimensional plane and individuation of the residues
on the molecular surface of the rhodopsin monomer,
in particular, the lipid-facing ones. The integration
of the two sets of experiments leads to 2D maps of
conserved lipid-exposed residue clusters, which are
interpreted as potentially involved in the dimeriza-
tion interface. The predicted interfaces differed among
subtypes. The following domains were predicted as
implicated in homodimerization of selected receptor
subtypes: (a) H4, H5, and 12, for rhodopsin, (b) H4,
for the D3R, (c) H6, for the $2-AR, and (d) amino acids
from the cytosolic extension of H3 as well as from
12, H4, and 13, for the M3-muscarinic receptor.?™

Collectively, the different sequence-based methods
found consensus in predicting H4, H5, and H6 as the
domains most likely involved in GPCR oligomeriza-
tion (reviewed also in ref 576). Despite this general
consensus, it is clear that different sequence analysis
methods identify different key positions in different
receptor subfamilies; this is partly because each
subfamily is different, but the differences may also
arise because of insufficient sequence data.>69576
Furthermore, predictions by sequence-based methods
have low resolution, as interatomic interactions are
not explicitly considered.55°

About seven years ago, we employed a computa-
tional approach based upon rigid-body docking to
simulate the homodimerization of mutation- and
ligand-induced active states of the o4p-AR.2% Simula-
tions were carried out on ab initio models of the
receptor. The best resulting dimer structures for the
D142(3.49)A active mutant and the epinephrine-
bound receptor were found to involve H5, H6, and
H7.303

Very recently, we have developed a computational
procedure for predicting the supramolecular organi-
zation of TM o-helical proteins.5”” The approach
consists of rigid-body docking by means of the ZDOCK
program.®”® The best solutions selected by the docking
program(s) as the best in terms of shape complemen-
tarity are then subjected to an “in-house” made filter,
i.e., the “membrane topology” filter, which discharges
all the solutions that violate the membrane topology
requirements. In detail, the filter discards all the
solutions characterized by a deviation angle from the
original z-axis, i.e., tilt angle, and a displacement of
the geometrical center along the z-axis, i.e., z-offset,
above defined threshold values. For the tilt angle and
the z-offset, thresholds of 0.4 rad and 6.0 A were,
respectively, employed. Discarded solutions generally
constitute more than 94% of the solutions selected
by the docking program, thus improving the ef-
fectiveness of the following cluster analysis. The
strength of the approach stands in its independence
from the size of the system, symmetry information,
and extension of the water-soluble domains.5”” Bench-
marks of the approach, done on the tetrameric
potassium channel (Kch, 384 amino acids),’” on the
pentameric MscL (540 amino acids)?® and eptameric
MscS (1771 amino acids)®®! mechanosensitive chan-
nels, and on trimeric bacteriorhodopsin (698 amino
acids),?®? in all the test cases led to nativelike
quaternary structures, i.e., with C,-RMSDs lower
than 2.5 A from the native oligomer.>"”
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The effectiveness of the prediction protocol makes
it suitable for ab initio quaternary structure predic-
tions of other integral membrane proteins, including
GPCRs. An attempt in this respect has already been
reported, though based on an early and different
version of the computational protocol.?%* In detail,
integrating the rigid-body docking approach with the
results of protein engineering and FRET and BRET
experiments provided insights into the putative
interaction interface of DoR—AssR heterodimers.364
The initial models of the two receptors were achieved
by comparative modeling, using modified rhodopsin
structures as templates. The whole sequences of both
receptors were modeled, since dimerization and/or
oligomerization might involve also the cytosolic and/
or the extracellular domains, as recently suggested
for rhodopsin.?® Since most of the structural errors
are expected to reside in the intracellular and extra-
cellular domains, nine average minimized structures
of the AgaR, differing in the conformations of the
intracellular and extracellular loops as well as in the
topology of the huge C-tail, were used to probe the
effect of such structural differences on the results of
docking simulations. Each of these structures was
docked with the selected average minimized struc-
ture of DyoR. The different AsaR structures share
preferential docking modes at the DoR. These docking
modes were broadly grouped into two clusters, CLUS-
TER 1 and CLUSTER 2 (Figure 14). In particular,
in the most populated cluster, CLUSTER 1, H5 and/
or H6 and the N-terminal portion of I3, from D3R,
respectively, approach H4 and the C-terminal portion
of the C-tail, from the AgsR (Figure 14, left). H7 of
DyR may also participate, together with H6, in the
contacts with H4 of AgsR. A very short but significant
portion of the huge I3 of D3R, i.e., the N-terminal
217—220 amino acid stretch that is made of four con-
secutive arginines (*!’"RRRR?%), is frequently involved
in the heterodimer interface (Figure 14, left).?¢* Some
of the four cationic amino acids are frequently found
interacting with D401 and/or D402 in the C-terminal
portion of the AspR C-tail. A few more amino acids
from the AssR C-tail are suggested to participate in
the heterodimer interface. Thus, very limited and
almost invariant portions of the DR I3 and of the
AgsR C-tail are likely to mediate DeR—AgsR contacts.
The heterodimer architecture shared by the members
of CLUSTER 1 found consistency with the results of
BRET experiments using a DoR/D;R chimera, which
implicated the H5—I3—H6 portion of DeR in the
interaction with AssR.%%* The predicted interface
according to the members of CLUSTER 1 was also
consistent with the results of pull-down and mass
spectrometry experiments, which suggested that
A2AR—D9R heteromerization depends on an electro-
static interaction between an arginine-rich epitope
from the I3 of the DR (2"RRRRKR??2) and two
adjacent aspartates (D401 and D402) or a phospho-
rylated Ser (S374) residue in the C-tail of the AssR.583

The second cluster of docking solutions, CLUSTER
2, less populated than CLUSTER 1 but characterized
by high docking scores, resembled the intradimer
contact model proposed for rhodopsin (Figure 14,
right).?° In this cluster, the heterodimer interface is
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Figure 14. Examples of the DoR—AssR heterodimers belonging to CLUSTER 1 (top and bottom left) and to CLUSTER 2
(top and bottom right).36* In the top views, the helix bundles are seen in a direction parallel to the membrane surface,
with the intracellular side being at the top. In the bottom views, the helix bundles are seen from the intracellular side in
a direction almost perpendicular to the membrane surface. H1, H2, H3, H4, H5, H6, and H7 are respectively colored in
blue, orange, yellow-green, pink, yellow, cyan, and violet. The amino acid stretch corresponding to rhodopsin’s H8 is colored
in violet as well. The N- and C-termini are in red, I1 and E1 are in lime, I2 and E2 are in slate, and I3 and E3 are in
purple. Drawings were done by means of the software PYMOL 0.97 (http:/pymol.sourceforge.net/).

mainly formed by 12, H4, H3, and H5, from DR, and
12, H5, H3, and H4, from AgsR. In these dimers, the
extracellular end of the interface is made of contacts
between aromatic amino acids from E2 and HS5.
These features could have functional implications, as
the extracellular end of H5 is involved in agonist
binding. The role of agonist-induced activation on the
homo- and heterodimerization of these receptors is
still obscure. Recent experimental evidences suggest
that it may have a role in the formation of higher
order oligomers, rather than in the formation of
dimers, which should be constitutive features of the
receptors,364.584

Collectively, the results of simulations of DeR—
AsaR heterodimerization showed a very limited in-
volvement of the intracellular and extracellular
domains in the intermonomer interfaces, thus over-
emphasizing the role of the TM helices. These results
support the reliability of predictions, as the models
of the TM helix bundles are expected to be acceptably
accurate.

We are extensively challenging the computational
approach in quaternary structure predictions of a

number of GPCRs, including members of the amine,
peptide, and hormone?®® subfamilies.

Although sequence-analysis-based approaches can
be sources of invaluable information, the potential
of molecular simulation methods is significantly
higher and is going to increase with improvements
in the quality of the GPCR models. Given the
approximations in the current protein—protein dock-
ing algorithms, an integration between sequence- and
structure-based approaches and in vitro experiments
is, however, expected to improve the accuracy of
quaternary structure predictions.

While protein—protein docking simulations are
essential to gain insight, at the atomic level, into the
architecture of the intermonomer interfaces, a me-
soscopic MC simulation approach, such as that
proposed by Woolf and Linderman, might create a
more direct link with in vitro experiments on GPCR
oligomerization and localization in selected mem-
brane compartments.?®$587 By incorporating informa-
tion from in vitro experiments, the computational
approach by Woolf and Linderman has begun to
address the problem of how the kinetics of protein—
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protein binding affects the overall organization of the
membrane and how dimerization affects the global
protein organization.586587 Preliminary results by this
approach suggest that changes in dimerization in-
teractions affect cellular physiology. The possibility
of predicting the ligand’s ability to induce homo- or
heterodimerization is another intriguing potential of
this approach in drug discovery.

The integration between atomistic and mesoscopic
simulations is expected to be a promising tool to
unravel functioning mechanisms that involve intri-
cate protein networks.

6. Receptor —G Protein Interaction

6.1. Insights from in Vitro Experiments

G proteins consist of three subunits o, 3, and y,
forming one of nature’s most important miniature
(nano-) machines (reviewed in refs 21 and 588). The
a-subunits are enzymes of the Ras superfamily,
which hydrolyze GTP to regulate events within cells
and to transduce external signals. In the inactive
state, G proteins form membrane-associated ofy
heterotrimers, with GDP tightly bound to the a-sub-
unit. Upon activation by extracellular signals, recep-
tors catalyze the exchange of bound GDP for GTP.
The GTP-bound form of the heterotrimer is unstable
and heterolytically dissociates to form active GTP-a
and [y complexes (reviewed in refs 589 and 590).
Acting either coordinately or independently, these
two species bind and modulate the activities of
downstream effector molecules. G proteins are re-
leased from effectors upon the breakdown of GTP
that results from the slow GTPase activity of the
a-subunit. The inactive a-subunit can recombine with
Py, reforming the heterotrimer, which can then
reassociate with its receptor and undergo a new cycle
of signal transduction. Recent experimental evi-
dences, however, indicate that G protein activation
may not be concurrent with dissociation of o from
PBy.591592 The family of heterotrimeric G proteins
includes over 20 isoforms from four classes of o (Gs,
Gi, Gq, and G12), five of 3, and at least six of y
(reviewed in refs 21, 589, and 590).

Crystallographic studies of G protein a-subunits
and heterotrimers provided significant insight into
our understanding of how these extraordinary na-
nomachines might work (reviewed in refs 543 and
589). Structural studies of o-subunits have focused
on Gt,, transducin involved in vertebrate vision
(reviewed in refs 589 and 593), and Giy; (reviewed
in refs 589 and 593) and Gs,,?* respectively, involved
in hormone-regulated inhibition and activation of
adenylate cyclase. The structures of the GDP-bound
forms of the Giais1,2 and of the Gtop1,1 heterotrimers
provided the first view of the $-subunit in complex
with y.595.5% The o-subunit consists of two domains,
the GTPase domain, which contains a six-stranded
[-sheet surrounded by six a-helices, and the helical
domain, constituted by a long central helix sur-
rounded by five shorter helices. GDP is bound into a
cleft between the GTPase and helical domains (Fig-
ure 15). Both domains have almost identical struc-
tures in the GTP- and GDP-bound states. Significant
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Figure 15. Computational model of the complex between
monomeric dark rhodopsin, 1U19, and heterotrimeric Gt.54!
The rhodopsin molecule is colored in yellow-green, whereas
the a-, 8-, and y-subunits of the Gt are colored in violet,
orange, and blue, respectively. The retinal and GDP
molecules are represented by black sticks. The molecular
surface is also shown colored according to the protein
chains. Drawings were done by means of the software
PYMOL 0.97 (http:/pymol.sourceforge.net/).

changes are observed within the GTPase domain
contacting Gtg,; in fact, these regions are disordered
in the inactive heterotrimeric forms, whereas they
are ordered in the Mg?"-GTPyS-activated structures
of Gty and Gigy; (reviewed in ref 589). The N-terminal
region of the a-subunit consists of a long a-helix
pointing out from the rest of the subunit (Figures 15
and 16). This structural feature was revealed by the
structures of heterotrimeric Gt and Gi, as the o-heli-
cal conformation of the N-term is stabilized by the
By complex, whereas such a domain is disordered in
the isolated a-subunits.58?%97 The last 10 amino acids
of the Gt, are predicted to hold an a-helical confor-
mation in the MII-bound forms, whereas this short
segment appears to be disordered in the receptor-
dissociated forms of the a-subunit.?8%5%59 The S-sub-
unit, a member of the WD family, has a long
N-terminal helix followed by a repeating module of
seven f3-sheets, each with four antiparallel strands,
forming a S-propeller structure (Figures 15 and
16).589.593,595.596 The y-subunit contains two helices:
the N-terminal helix interacts with the N-terminal
helix of 3, whereas the remaining polypeptide chain
of y interacts with the J-propeller structure of
3.589,598,595,59% Simjlarly to the C-tail of the a-subunit,
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Figure 16. Two side views of the computational model of the complex between a rhodopsin tetramer and heterotrimeric
Gt.542 The four rhodopsin monomers are colored in yellow-green, gray, purple, and cyan, whereas the a-, -, and y-subunits
of the Gt are colored in violet, orange, and blue, respectively. Drawings were done by means of the software PYMOL 0.97

(http://pymol.sourceforge.net/).

the C-tail of the y chain (i.e. the (60—71)farnesyl
peptide) holds a regular o-helical structure when
bound to MII, whereas its conformation is disordered
in the receptor-dissociated forms of the Sy complex.5%°
Thus, in vitro experiments suggest that activated
rhodopsin controls the conformation of the C-tails of
the G protein o- and y-subunits.?98-600

The gross experimental information on receptor-G
protein interaction concern the rhodopsin—transdu-
cin system (reviewed in refs 543 and 601).

Early experimental results on rhodopsin suggested
that 12 and I3 of rhodopsin are involved in binding
and/or activation of transducin, whereas the peptide
corresponding to I1 of rhodopsin does not compete
with MII for binding to Gt.602603 The important role
of I2 and I3 in G protein recognition has also been
demonstrated by several experiments on different
GPCRs.6047606 Experimental evidences suggest that
the amino acids C140(3.55), K141, R147, and F148,
at the end of H3 as well as at the N- and C-termini
of 12, as well as residues T229, V230, S240, T242-
(6.25), T243(6.26), and Q244(6.27), in I3 and the
cytosolic extension of H6, participate in the interac-
tion with Gt.6°" The loop regions proximal to the TM
helices appear to be more important for the MII-Gt,
coupling than regions in the middle. The cytosolic
extension of H3, including the conserved E/DRY
motif, and the N-terminal end of I2 have been widely
implicated in Gt, activation.t%®-610 The cytosolic
extension of H3 and the N-terminus of 12, in concert
with the C-terminus of I3 and the cytosolic extension
of H6, are proposed to be involved in the recognition

of the Gt, C-terminus.’%° In a recent study, the I3 of
rhodopsin was demonstrated as one of the regions
responsible for the specific coupling with the Gt. It
has also been inferred that the 6-amino acid sequence
adjacent to the C-terminal 5-amino acids of Gt
interacts with I3 of MIIL.%1! Recent experiments
demonstrated that the role of H6 movements during
MII formation is to provide a binding site on the
cytoplasmic face of rhodopsin for the Gt, C-terminus.
This movement appears to open a cleft and expose a
hydrophobic patch, which directly interacts with the
Gt, C-terminus and increases the affinity for trans-
ducin. These results also suggest that the Gt, C-
terminus binding is specific for the MII state and that
the presence of the retinal Schiff base linkage is
required to maintain the exposure of the cleft re-
quired for interaction with such domains of trans-
ducin. The amino acids 1.226(5.61), T229, and V230,
at the boundaries of H5 and I3, which lie in the
solvent-exposed cleft, are suggested to play a key role
by imparting high affinity binding for the transducin
Gt, C-terminus.1%7

Experimental evidences suggest that different G
protein portions participate in the receptor—G protein
interface. It has been, in fact, demonstrated that, to
stabilize the high affinity state of the A1 adenosine
receptor, a multiple interaction between the receptor
and the G, or even the heterotrimeric G protein is
required.!2 The crucial role of the C-terminal amino
acids in coupling to the receptor was widely demon-
strated for different o-subunits.590:598599,613-619 A (-
terminal 11-amino acid peptide from transducin, Gt,-
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(340—350), has been shown to both bind and stabilize
the MII conformation, mimicking heterotrimeric Gt.
Indeed, using a combinatorial library, analogues of
Gto-(340—350) were identified that bound light-
activated rhodopsin with high affinity.?43620.621 The
same authors made peptides with key substitutions
either on the background of the native Gt,-(340—350)
sequence or on the high affinity sequences and used
the stabilization of MII as a tool to determine which
amino acids are critical in the G protein—rhodopsin
interaction.®?! Removal of the positive charge at the
N-termini by acylation, or delocalization of the charge
by K to R substitution enhanced the affinity of the
Gt,-(340—350) peptides for MII, whereas a decrease
in affinity was observed following C-terminal ami-
dation.t?! C347, a residue conserved in pertussis
toxin-sensitive G proteins, was shown to interact with
a hydrophobic site in MII.5%!

The role of the 04/56 loop of the a-subunit in
receptor—G protein interaction is supported by the
results of proteolytic digestion experiments and ala-
nine scanning mutagenesis on transducin as well as
by biochemical studies on Gt./Gis; chimerae. 5227625

More resolved information came from mutational
and cross-linking studies aimed at identifying resi-
dues in Gt, and rhodopsin that are in close proximity.
Acharya et al. identified Y136(3.51)—V139(3.54) in
H3 of rhodopsin as interaction sites with Gt,.5%
Experimental evidences from Khorana’s group seem
to indicate that L19—R28, R310—K313, and E342—
K345 of Gt, are cross-linked to S240C in I3 of
MII.626627 EKvidence for interactions between the
N310—Q312 region (H8) of rhodopsin and residues
340—350 of Gty has been also reported.628:629

Using stabilization and photoregeneration of the
receptor’s signaling state and Gt activation assays,
Herrmann and co-workers provided evidence for a
two-site sequential fit mechanism of Gt activation.
According to this model, receptor—G protein recogni-
tion is suggested to be initiated by an encounter of
Gt,(50—71)farnesyl with MII. This would make the
C-terminal tail of the Gt, available for binding with
MII, triggering the GDP release and the formation
of a stable empty site complex that is ready to receive
the activating cofactor, GTP.630

In summary, the patchwork of the most relevant
information from in vitro experiments on rhodopsin—
transducin recognition suggests that the a4/56 loop
and the C-terminus of Gt, recognize a solvent-
accessible cleft on MII, formed by amino acids from
the cytosolic extensions of H3, H5, and H6, from the
N-terminus of I2, and from the N-terminus of HS.

Very recent in vitro experiments provide evidence
for possible interactions between inactivated rhodop-
sin and Gt,, thus suggesting that the cytosolic
domains in the crystal structures of inactive rhodop-
sin can recognize transducin and that the accom-
plishment of the MII state would require a precou-
pling between dark rhodopsin and transducin.?4631
However, experimental evidence that dark rhodopsin
and heterotrimeric transducin may exist as a pre-
formed complex has appeared early in the literature,
athough it was not pursued any further.®3? This
hypothesis is also supported by the experimental
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evidences that proton uptake from the cytosol, which
accompanies MII formation, would require the pres-
ence of transducin to occur.!®® The hypothesis of
receptor—G protein precoupling may be a common
feature to all GPCRs, as also demonstrated by recent
PWR spectroscopy observations of a binding between
a ligand-free ¢ opioid receptor ant the G protein.??

6.2. Bioinformatics and Computational Modeling
Approaches to Predictions of the Receptor -G
Protein Interface

Most of the computational approaches aimed at
predicting the receptor—G protein interface in the
years that preceded the release of the first crystal
structure of rhodopsin were essentially based on
sequence analyses approaches such as the ET
method.?%%633 Mapping the results of the ET method
into the van der Waals surface of the G, led to
identifying residues in 34, the a4/56 loop, 36, 05, and
the C-terminus as potential recognition points for the
receptor. Many of the residues identified have also
been implicated by in vitro experiments.>65:624,633

A successive reinvestigation, through the ET
method, of the potential receptor contact sites on the
G protein, in light of emerging evidence for GPCR
dimerization, predicted an ET functional site ap-
proximately twice as big as was originally reported
by Lichtarge et al.?41:633 The ET functional sites
predicted by Dean et al. involved both the RAS and
the a-helical domain of the o-subunit and were
estimated to be large enough to interact with a GPCR
dimer.?*! The simultaneous interactions between the
N-terminus of the a-subunit and phospholipids and
between the a-helical domain of the a-subunit and
the receptor were thought possible only if the recip-
rocal orientation of these two portions of the a-sub-
unit is similar to that in the crystal structure of the
RGS-bound form of AlF4-activated Gig;.%%4

Other sequence analyses on the G, chains identi-
fied 12 residues, which are fully conserved.%3®> How-
ever, the majority of these were found to be involved
in the GDP/GTP binding site. A correlated muta-
tional analysis of these sequences identified residue
groups that had remained conserved or mutated as
a group. These groups included residues in the 52/
p3 loop as well as in the N-terminal and o5 helices.
Mapping these residues in the crystal structure
showed that they clustered around a conserved
negatively charged aspartate at position 337 and
suitable for interacting with the receptor. It was,
therefore, suggested that this conserved aspartate
and the surrounding residues form the binding site
for R3.50 of the E/DRY motif in the receptor, consis-
tent with a number of in vitro deletion experi-
ments.%% The authors also assumed that the C-tail
of the receptor interacts with the N-terminal helix
and possibly with the last 10 amino acids of the
a-subunit.%3?

Early computational modeling of receptor—G pro-
tein interaction was done by Mahmoudian.%3¢ The
target of the study was the complex of the human
Gs, with the $3-AR.%3¢ The crystal structure of the
E. coli EF-tu nucleotide binding domain was used as
the backbone for the Gs, model, with its amino acid
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sequence being mutated to the Gs, sequence. This
procedure produced the core of the Gs, protein, to
which a number of loops were added using the
COMPOSER program.®37-638 The f3-AR model was
achieved by comparative modeling using the BRD
structure as a template.®3® The receptor—G protein
complex was built using interactive molecular graph-
ics based on low resolution experimental constraints.
Interface domains from the receptor involved 13 and
the C-terminus, whereas the Gs, side of the interface
was made by the N-terminus and the C-terminus.%38

We employed computational modeling to investi-
gate the early steps of receptor—G protein recogni-
tion.302303 On the basis of the inference that the
mutation-induced active states of the o;,-AR share
the opening of a solvent accessible cleft between 12
and I3, electrostatic analysis and rigid body docking
simulations were carried out to identify whether the
solvent exposure of peculiar receptor portions is
important in receptor—G protein recognition.302303
The ab initio models of the free and agonist-bound
forms of wild type o1,-AR and of the free forms of
the D142(3.49)A and A293(6.34)E constitutively ac-
tive mutants of the receptor were docked with their
cognate heterotrimeric Gqqg1,2 heterotrimer using the
ESCHER program.53® Attempts to address the issue
of G protein coupling selectivity were also made by
docking the same inactive and active receptor forms
with heterotrimeric Gs and Gi and Gt.2%2 The models
of the Gq, and Gs, were achieved by comparative
modeling using the structures of heterotrimeric Gi,
(PDB entry 1GP2)5% as a template.?°? All the incom-
plete termini of the afy-subunits were modeled.
Consistent with the experimental findings, it was
found that the cytosolic crevice formed by 12, I3, and
the cytosolic extensions of H5 and H6 and character-
ized by a large solvent accessible surface and a
positive electrostatic potential participates in the
receptor—G protein interface. A suggestion from this
computational study was that while the cationic
nature of the cytosolic portions of the receptor seems
to complement an anionic surface of the Gq, protein,
only a selected number of cationic residues could be
contact sites on the receptor for the G protein.3?
Thus, although the majority of cationic residues on
the cytosolic surface of the ai,-AR contribute to
reciprocal electrostatic properties between the recep-
tor and the Gq, they appear to not be directly
involved in receptor—G protein interaction and/or
receptor-induced G protein activation.?°? These re-
sults are in agreement with the experimental find-
ings that mutating the majority of basic residues in
the cytosolic loops and extensions of H4, H5, and H6
of the a,-AR did not impair the receptor-mediated
IP response, thus demonstrating that most basic
amino acids play no direct role in receptor—G protein
coupling.®? The results of computational modeling
overemphasized the role of R254 and K258, in I3, as
potential contact sites on the receptor for the Gq,.3%2
These predictions found validation in in vitro findings
that, among all the basic residues of the cytosolic
surface of the receptor, only the combined mutations
of R254 and K258 totally impaired the IP response
of the agonist-stimulated receptor as well as of the
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constitutively active mutants D142(3.49)A and A293-
(6.34)E.52

Consistent with the results of many in vitro experi-
ments, computations suggested that the G protein
solvent-exposed portions that recognize the intracel-
lular loops of activated receptors are the N-terminal
portion of a3, aG, the aG/a4 loop, a4, the 04/56 loop,
05, and the C-terminus.?2 Docking simulations sug-
gested also that the two constitutively active mutants
D142(3.49)A and A293(6.34)E recognize different G
proteins with similar selectivity orders, i.e., Gqq =
Gso > Gig > Gt,.22

Yeagle and co-workers proposed an interaction
model between their computational model of MII and
heterotrimeric Gt.138 The construction of the complex
was driven by the experimental information on
rhodopsin—transducin interaction, taking also into
account the electrostatic complementarity between
interacting domains. In the model, the N-terminal
helix of the Gt, binds to the groove that becomes
more exposed on the cytosol when MII is formed.
Furthermore, the C-terminus of Gt, binds to the
crevice at the bottom of the groove in the cytoplasmic
surface of MII, between I2 and I3. This mode of
binding places residues K340 and D341 of Gt, close
to E134(3.49) and R135(3.50) of MII, which are
hypothesized to be separated from E247(6.30) upon
MII formation. The authors hypothesized that the
C-terminus of Gt, may substitute, in part, for the
interactions of E134(3.49) and R135(3.50) with E247-
(6.30).138

An invaluable framework to interpret the results
of biophysical and biochemical experiments on rhodop-
sin—transducin interaction is represented by the
crystal structures of rhodopsin!351754 and the rhodop-
sin semiempirical oligomeric model recently built,
based upon geometrical constraints from AFM ex-
periments.*3° An interaction model between the
Gtagiy1 heterotrimer and a tetrameric model of rhodop-
sin has very recently been produced by computational
modeling (Figure 16).5*? In detail, after modeling of
all the missing termini in heterotrimeric Gt,5% trans-
ducin was docked to the rhodopsin dimer, where one
molecule was activated by movement and rotation of
H6, followed by slight movements of neighboring
helices to accommodate changes in the structure.?*?
The least amount of tension was achieved during
docking of the C-terminal region of Gt, along the
longest primary axis of activated rhodopsin. Docking
was continued until the N-terminal helix of Gt,
(parallel to the cytoplasmic surface of the rhodopsin
dimer) interacted firmly with the cytoplasmic cavities
of adjacent inactive rhodopsin in the dimer. Next, -
and y-subunits were added, obtained from the crystal
structure of Gt,5% and the whole complex was opti-
mized by energy minimization. Short molecular
dynamics runs of 5—10 ps were applied to different
parts of the model to ensure proper interactions
between molecules in the complex. A longer molec-
ular dynamics run (100 ps) validated that the com-
plex is stable.?*2 Despite the probable artifacts in the
MII model and the extremely short time length of
MD simulations, such a computational experiment
resulted in an intriguing supramolecular model
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comprising tetrameric rhodopsin and heterotrimeric
Gt (Figure 16).542 According to this model, the acti-
vated rhodopsin mainly interacts with the RAS-like
domain of the Gt,, with all the cytosolic domains plus
the cytosolic ends of H3 and H6 being involved in this
interaction. Interactions of the N-terminal region of
Gt with the second rhodopsin molecule in the dimer
mainly involve I1, 12, H6, and the C-tail of the
photoreceptor (Figure 16). Gt; interacts with all four
rhodopsin monomers in the tetramer, whereas Gt,
forms hydrogen bonds with two rhodopsin monomers
(Figure 16).542 These interactions are suggested to
provide a temporary anchor and can be replaced with
water when Gtg, dissociates.?*? The oligomeric model
of rhodopsin—transducin interaction by Filipek and
co-workers, thus, suggests that the Gt heterotrimer
covers two rhodopsin dimers, and when fSy-subunits
dissociate away, another Gt heterotrimer can bind
to an adjacent tetramer. After dissociation of fBy-
subunits from the second Gt, the next Gt can bind to
a neighboring rhodopsin tetramer, and so forth. Both
o-subunits not only bind to adjacent rhodopsin
dimers but also interact with each other when located
on adjacent rhodopsin dimers, suggesting that one
Gt, can facilitate binding of a second G protein on
an adjacent rhodopsin tetramer.?*?> An alternative
oligomeric model of activated rhodopsin (i.e. with H6/
I3 moved 8 A away from the helix bundle)®® in
complex with heterotrimeric Gt has been proposed.?*
In this model, E134(3.49) and R135(3.50) of the
rhodopsin’s E/DRY motif interact respectively with
K345 and D346 from the C-tail of Gt,.%*

In a very recent study, we have challenged the
excellent protein—protein docking program ZDOCK?>™
in predicting the architecture of possible complexes
between dark rhodopsin, in its monomeric, dimeric,
and tetrameric forms, and heterotrimeric Gt.%4! In
this respect, a number of structural models of dark
rhodopsin, differing in the cytosolic domains,?25490
and a number of Gt heterotrimers, essentially dif-
fering in the conformation of the C-tails of the a- and
y-subunits, have been probed.?”® The most convincing
results have been achieved by using the most highly
resolved rhodopsin structure, 1U19 .54 The results of
these computational experiments, based upon the
accomplishment of shape and electrostatic comple-
mentarities, desolvation effects, and consistency with
in vitro experiments, suggest that dark rhodopsin has
the potential to recognize GDP-bound heterotrimeric
Gt and that the conformation of the C-tail of Gt,
affects the orientation of the Gt, used as a probe
versus the target rhodopsin.®*! One of the most
reliable rhodopsin—Gt complexes, obtained using
monomeric rhodopsin as a target, is shown in Figure
15. Since the arrangements of the cytosolic domains
of dark rhodopsin and of MI seem to be almost
identical, on the basis of recent evidences from
electron microscopy experiments,'% simulations of
rhodopsin—transducin recognition using dark rhodop-
sin or MI would be equivalent. Collectively, the
results of our experiments suggest that MII forma-
tion follows the precoupling between dark rhodopsin
and heterotrimeric transducin.®*!Our conclusions find
support in recent evidences from PWR spectroscopy?*
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and in previous evidences that proton uptake from
the cytoplasm, which accompanies the transition
from MI to MII, would require the presence of
transducin to occur.!®® A worthy result is that the
most reliable complex between monomeric rhodopsin
and Gt is found also when dimeric or tetrameric
rhodopsin is used as a target. This suggests that the
receptor monomer holds the structural determinants
for G protein activation, consistent with the results
of in vitro experiments.®

7. Conclusions and Perspectives

GPCRs constitute the largest superfamily of mem-
brane proteins known to date and regulate any aspect
of cell activity by transmitting extracellular signals
inside the cell (reviewed in refs 1 and 4—7). They
have an enormous physiological and biomedical
relevance, being the primary site of action of many
of today’s life-saving drugs and the most promising
targets for those to be developed in the future
(reviewed in refs 1 and 4—7). Therefore, it is not
surprising that there are a tremendous number of
reports published so far concerning in vitro, in vivo,
and computational experiments on these systems,
which make it very difficult to produce a comprehen-
sive review.

The main drawback of computational modeling of
GPCRs is the lack of high resolution information, as
the unique atomistic models resolved so far, the
crystal structures of rhodopsin, became available only
five years ago.!? Until that event, extremely variable
computational approaches, more or less integrated
with the available information from in vitro experi-
ments, have been challenged in building 3D models
of these receptors. These models proved to have high
interpretative and predictive potential toward low
resolution in vitro experiments. A significant example
of this is a constitutively active receptor mutant
designed on the basis of predictions of a computa-
tional model.4>4657 Along the same line, computa-
tional models of GPCRs have been successful in
interpreting the results of SAR (QSAR) analyses and
eventually in aiding lead optimization in those cases
in which highly informative and robust ligand-based
SAR could be available. Such models indeed had low
potential in de novo drug design, which would require
a highly resolved knowledge of the target binding
site.

The need for GPCR structure prediction spurred
the development of different, more or less complicated
ab initio approaches, which proved successful in
predicting the architecture of a-helical membrane
proteins in those cases in which only low resolution
2D electron density maps are available.1%-31°

The crystal structure of rhodopsin offers the op-
portunity to improve significantly the reliability and
quality of the computational models. We believe that
the ad hoc transfer of the stereochemical restraints
from the rhodopsin template to the target receptor
is currently the most successful approach. We stress
the point that this approach has to be customized ad
hoc for each single GPCR, as the sequence identity
between rhodopsin and the homologous GPCRs is low
and, in most cases, extra restraints need to be
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introduced and/or ab initio modeling has to be
integrated with comparative modeling. The best
structure achieved by comparative modeling cannot
be used as it is, but rather it must be considered as
the starting point of further calculations aimed at
improving the reliability of the computational model.
These conclusions, which are based upon critical
comparisons between rhodopsin and each member of
family A, discourage automatic high throughput
modeling of GPCRs based upon the rhodopsin struc-
ture and discourage the use of high throughput
modeled GPCRs as targets of high throughput screen-
ing of libraries of compounds. In fact, in the majority
of the virtual screening experiments based on GPCR
models, the receptor model was first primed with a
representative ligand!39.334385.522 or built by adding
external restraints concerning information on ligand
binding.411501

GPCRs are allosteric proteins which exist as com-
plex statistical conformation ensembles.%44457.642 They
hold regions at high stability (i.e. low flexibility) and
regions at low stability (i.e. high flexibility) that
communicate with each other, even if distal. The
functional properties of a GPCR are related to the
distribution of states within the native ensemble. #4457
Such a distribution is differently affected by ligands
and/or interacting proteins and/or amino acid muta-
tions. 444457 Of course, the different oligomeric states
of a GPCR contribute to differentiating the distribu-
tion of the receptor states.

The challenge of future computational modeling
approaches is to provide a stochastic description of
the GPCR systems and to predict, with atomic detail,
the mechanisms by which structural information is
transferred from the extracellular site to the intra-
cellular site of the same receptor molecule or within
a molecular network of receptors or within a multi-
component signaling unit. This would require an
extensive integration between different molecular
simulation methods and a careful weighing of ap-
proximations. In this respect, we think that continu-
ous electrostatic models of the protein environment
should be supported over explicit representation of
lipids and water, to allow effective simulations of
multiprotein assemblies. Explicit membrane/water
representation does not necessarily improve the
reliability of the system, as the lipid composition of
a biological membrane is quite variable and the
lipid—receptor stoichiometry is ill-defined, due also
to indeterminations in the oligomeric states of the
receptor.

GPCRs are very complex integrated chemical in-
formation systems that can be described and repre-
sented by chemical—structural formalisms. Quanti-
tative molecular descriptors can be computed on
average structural representatives of relevant con-
formational ensembles rather than on a single struc-
ture. This approach is expected to increase the
information content of the selected molecular de-
scriptors and overcome, at least in part, the inad-
equacy of the static single structure description.

The future of computational modeling of GPCRs
relies in protein—protein and ligand—protein docking
as well as in effective and exhaustive molecular
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simulation approaches aimed at predicting the prob-
ability distribution of the conformational ensembles
of supramolecular assemblies. Moreover, the collec-
tive organizing principles of GPCRs appropriate to
the mesoscopic scale domain will probably be the next
formidable challenge for theoretical and computa-
tional modeling approaches aimed at describing the
mesoscopic principles of GPCR-mediated signal trans-
duction. These mesoscopic principles formally derive
from atomistic/molecular rules but are, at the same
time, independent of them.%43
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