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Abstract

Oliveira L. Family A G-Protein Coupled Receptors: an overview of structure-function relationships.
Annu Rev Biomed Sci 2009;11:T51-85. Family A G-protein coupled receptors (AGPCRs) form the
largest group of correlate receptors whose structure, a bundle of seven-trans-membrane (7 TM) helices,
may be activated thus becoming able to transduce a signal from the extracellular medium to the cytosol.
This activation may be constitutional, for instance due to permanent structural modifications, or be
physiologically triggered by agonist binding at an external and accessible specific site. Based on the
structures of agonists, AGPCRs may be divided according to pharmacological assays into many classes
of receptors, each one comprising many types or sub-types of proteins, as differentiated by specific
binding of inhibitors, all of them performing a multitude of functions. It is noteworthy that AGPCRs
have been more recently cloned and their sequences of amino acids determined in a large scale, a condition
that has allowed these receptors to be sorted by a new criterium. Sequence analyses have consistently
matched functional assays for classification of AGPCRs except for a certain number of functionally
unknown receptors which have been cataloged as orphan receptors. A colossal number of AGPCRs,
more than 10,000 sequences belonging to more than 1,000 different types of receptors, may nowadays
be multiply-aligned what has been enabling the determination of parameters of residue conservation and
characterization of special motifs along the structure of these proteins. There are at the present time,
high-resolution 3D structures for the following AGPCRs: inactive rhodopsin, retinal-free opsin, -
adrenoceptor and adenosine receptors. Among them, hodopsin structures are reliable enough to be used
as prototypes for analyses of residue conservation and mechanisms of activation of receptors, specially
at the level of the more conserved structure in the cytosolic half of their 7TM bundle.
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1. Introduction

G-protein coupled receptors (GPCRs) form a big superfamily of membrane-spanning proteins
linked to transduction of an extracellular signal across plasma membranes towards intracellular proteins
such as those of the G-protein system. Often found constitutionally activated and mostly being activated
by binding of a first-messenger (agonist), the receptors can also be triggered by light (opsins), odors
(odorant receptors), flavors (gustative receptors) and other types of stimuli.

GPCRs regulate the majority of intracellular processes, being their importance measured by
the number of medicines available (about 50% of the total) for treatment of multiple receptor-mediated
pathological occurrences in living beings. These receptors are ubiquitous since they are found in numerous
living species of all kingdoms, namely of animals, plants, fungi, prokaryotae (bacteria) and protoctista
(algae, molds, and protozoans). Precise relative numbers of receptors distributed in all these kingdoms
are unavailable yet, considering that studies about this subject are still in progress.

GPCRs are divided into many families according to functional properties and more recently
according to their amino acid sequences'. Family A-, B- and CGPCRs are more numerous but minor

I along the text and in figures, amino acid residues shall be identified by three-letter and single-letter codes,
respectively.
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groups as DGPCRs (fungal pheromone receptors) and EGPCRs (cAMP receptors) are also known.
Here, we are going to address only AGPCRs for which a greater deal of information is available. So far,
AGPCRs or rhodopsin-like receptors constitute the most numerous of GPCR families comprising the
most known receptors as bioamine, prostanoid, glyco-protein hormone, peptide (chemokine, angiotensin
II, bradykinin, endothelin, neuropeptide and others), opsins and most of the odorant receptors. It is
aimed at this review to address some relationships between structure and function of these receptors.
Besides, it is recommended to the readers the access to GPCRDB website (www.gpcr.org/7tm) where
data about GPCRS are more extensively presented (Horn et al., 2003).

2. Making GPCRs Known: First Studies

Long ago before cloning procedures started, structures of GPCRs had already been studied. In
fact, the oldest references found about this subject are from the late 70s and early 80s, and practically
deal with rhodopsin (and less often with -adrenoceptors) which is the receptor present at high density
in the retina rod cells and, for this reason, more likely to be purified at higher concentrations. In the 80s,
complete amino acid sequences of rhodopsins had already been determined by chemical procedures
(Hargrave et al., 1983; Ovchinnikov et al., 1983) as well as from cDNA (Ovchinnikov et al., 1988). As
a consequence, hypothetical 3D structures had been brought up for discussion thus enabling the
formulation of the first models about functioning of this protein (Ovchinnikov, 1982; Findlay & Pappin,
1986). Earlier reports about B-adrenoceptors had already emerged (Yarden et al., 1986).

However, only in the 90s, when the full development of gene recombination techniques had
been accomplished, GPCRs were revealed in a very large scale. The process was first slow but shortly
later it attained an astonishing pace so that a big superfamily of GPCRs right came into existence,
consisting of many families (A,B, C, etc), each one with many types of receptors and sequences defined
by specific amino acid profiles, all of them with a multitude of functions.

When enough numbers of GPCR sequences were available, the first procedure largely used to
study them was the multiple sequence alignment. Immediately, some basic features of these receptors
were revealed, as follows:

(1) The GPCR families could be recognized by a few aspects of amino acid profiles.
Each family of receptors has very conserved amino acid residues at well-defined
positions of structures, a pattern that was so systematically repetitive that a simple
observation of sequences turned out to be a quick and very reliable procedure to
identify these proteins (Oliveira et al., 1993).

(2) Hydropathic analyses (Kyte & Doolittle, 1982) of GPCR aligned amino acid
sequences revealed seven stretches of 20 to 30 amino acids, mostly aliphatic
residues intercalated with a few polar or even charged molecules. As the
hydrophobic stretches were long enough to span a membrane bilayer, it was
concluded that all these proteins were folded as a seven-trans-membrane-helix
(7TM I-VII or A-G) with polar and charged sequences forming terminal and
intermediate loop domains in contact with the extracellular and cytosolic aqueous
media.

(3) Early analyses could define the location of glycosylation (Fukuda et al., 1979)
and phosphorylation sites (Wilden & Kiihn, 1982) at the N- and C-terminal
segments of the GPCR sequences, respectively, thus leading to the conclusion
that the receptors have their primary structures beginning at the extracellular
side and ending at the cytosolic sides of the membranes.

(4) A significant event in GPCR research was that the sequence of rhodopsin and
opsins in general could be matched to the consensual sequence of AGPCRs. For
this reason, this receptor family was called rhodopsin-like receptors.
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(5) At this time, bacteriorhodopsins were already known displaying several features
found in rhodopsin. First, they were activated by light absorption through a retinal
moiety. Second, their high-resolution structures (Henderson et al., 1990) showed
a 7TM bundle surrounding a central cavity, with the extracellular half presenting
a retinal moiety forming a Schiff base (SB) bond with a helix VII lysine (Lys!)
residue. Both extracellular and cytosolic sides of the structure central cavity
were open to extra-membrane spaces.

(6) As rhodopsin and all opsins also had a Lys residue at the same relative position of
the bacteriorhodopsin helix VII, it was concluded that all these opsins could
make a similar Lys-linked SB and, as all AGPCRs, share the same 3D structure
of bacteriorhodopsin.

(7) Thus, during the 90’s decade, AGPCRs were approached as if they were structurally
and functionally similar to bacteriorhodopsin (Khorana, 1993). Mechanisms of
proton transport via hydrogen bond network found in this protein were applied
in order to interpret functional features of receptors (Maeda et al., 1997). Models
of AGPCR structures were systematically built by homology to bacteriorhodopsin
structure (Trumpp-Kallmeyer et al., 1992; Oliveira et al., 1993). All this happened
despite the fact that, as early as 1993 and shortly later, low-resolution structures
of rhodopsin had already been determined showing a differently-folded 7TM
bundle (Schertler et al., 1993; Unger et al., 1997).

(8) Delimiting the beginning of a new era for GPCR researches, high-resolution
structure of rhodopsin (2.8 A) was finally determined (Palczewski et al., 2000)
bearing a bacteriorhodopsin-like docking of retinal through a SB at the protein
helix VII Lys residue. On the other hand, the new structure showed some striking
differences in relation to bacteriorhodopsins such as: (1) the pattern of 7TM
bundle folding; (2) the unexpected structure of the the second extracellular loop
(EC2) arranged as a distorted hairpin placed inside the 7TM bundle and closing
any free communication between the structure central cavity and the extracellular
medium; (3) the existence of a 90° bend in the protein main chain right after
helix VII followed by a cytosolic helix VIII disposed parallelly to the membrane
interface, which confirmed previous prediction of structure arisen from
comparative sequence-structure studies of all AGPCRs (Oliveira et al., 1999).

(9) From this time on, studies of AGPCRs have been addressed using structures of
rhodopsins as templates. However, the determination of other receptor structures
along the last two years, opens the possibility that this picture is likely to change
soon.

(10) While this does not happen, a rhodopsin-like design has been used to mimic the
general fold of AGPCRs which consists of a bundle of seven membrane-spanning
(7TM) helices (I-VII) surrounding an ellipsoidal central cavity (Fig. 1A-1C).
The structure starts as an extracellular domain (N ) and ends as a cytosolic domain
(C), both of variable lengths, with the helices linked by three extracellular loops
EC1, EC2 and EC3 (in order, between II-III, IV-V and VI-VII pairs of helices)
and three cytosolic loops IC1, IC2 and IC3 (in order, between I-11I, III- IV and V-
VI pairs of helices).
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Figure 1. 7TM bundle of AGPCRs (Vriend, 1990). (A) I-VII stands for the
7TM helices and VIII is an additional cytosolic helix; N and C are the N- and
C-terminal ends of the structure in the extracellular and cytosolic media,
respectively. Positions of conserved residues used as references for alignment
are shown for all helices with the normalized numbers. A conserved disulfide
bond linking the top of helix III to EC2 loop, is also shown. Longitudinal
view (B) and cross-section (C) of the 7TM bundle of inactive rhodopsin
structure showing the relative positions of helices with the retinal inside of the
central cavity.

3. Structure of AGPCRs

3.1. Normalized numbering system

The numbering system for residue positions in proteins follows the general sequence of the
amino acids without considering regional distribution of specific protein domains. Thus, if two proteins
of the same class have different total numbers of residues due to insertions or deletions (indels),
comparative analysis of their sequences faces a very hard difficulty which can only be circumvented by
the adoption of a normalized numbering system based on structural patterns. In the case of AGPCRs,
the usual procedure for normalization of numbering is to define from known 3D structures, segments of
the sequences that form stable secondary structures (helices and turns) and to select as references for
each of these segments, a conserved residue position designated by a strategic number. The positions of
each segment are then numbered according to the respective reference. Among some available procedures
for numbering AGPCRs (Ballesteros et al., 2001), we shall adopt that used in GPCRDB (Horn et al.,
2003).

Positions of GPCRs are identified by three-digit numbers: the first digit (1-8) stands for the
helix or other adjoining domains of the sequences; the other two digits stand for the location of the
position in the respective segment in relation to the reference. As an illustration, Fig. 2 shows the
regular and normalized numbers for the positions in AGPCR (rhodopsin) sequence and the limits of the
helices and the loops. In the text, positions of rhodopsin and AGPCRs shall be identified by the three-
letter code name of the residue followed by two superscripted numbers, the normalized and the natural
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ones, being the second written within brackets. For instance, the position 55 in the rhodopsin sequence
(Fig. 2) is identified as Asn'3%¢%,

The system applied for numbering the rhodopsin sequence (designated as procedure 1) is used
to number the 7TM structure in the majority of AGPCRs which have referential conserved residues
identified. For the highly-variable extra-membrane segments of these receptors, a complementary
numbering scheme is adopted. Extra-membrane sequences of AGPCRs may suggest the presence of
special motifs (identifiable from inserted stretches of conserved amino acids) in some classes of AGPCRs.
In this case, provided a reference and a strategic number are selected, the procedure 1 is applied for
numbering the sequences. If no special motif is found, the segment is then numbered according to a
procedure 2 as follows. The segment of sequence in question is divided into two halves which are
numbered following the referential number of the corresponding adjoining helix. For N and C segments,
only the references of helices I and VIII are used, respectively. Unless when located up to about five
positions from boundaries of helices, the residue positions numbered according to the procedure 2 are
not suitable for comparative analyses since they could be part of quite different structures. The numbers
then used to identify them are useful for considerations pertaining a same class of proteins.

A special care in these numbering procedures is that whatever a motif is present in a sequence
segment of some receptor classes and a referential position is selected for procedure 1, the number of
this reference should not coincide with the numbers used in the numbering procedure 2 applied to the
same segment of other receptors without the motif.
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Figure 2. Sequence of bovine rhodopsin. Amino acid residues are shown in one letter
code: natural sequence numbers (blue) and normalized numbers (red); residues of
sequences included in multiple alignment of all receptors are in black; opsin-specific
sequences are in green; referential residues used for alignment and normalized numbering
are in red; the extensions of helices I-VIII and mostly frequently aligned sequences are
labeled by _s and *s,respectively.
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3.2. GPCR fold based on 3D structures

3D structures have been reported for the following AGPCRs: inactive (dark) rhodopsin
(Palczewski et al., 2000; Li et al., 2004; Okada et al., 2004), retinal-free opsin (Park et al., 2008) and
retinal-free opsin coupled to C-terminal peptide of Gat chain (Scheerer et al., 2008), squid rhodopsin
(Murakami & Kouyama, 2007), 3 -adrenoceptor (Warne et al., 2008), B,-adrenoceptor (Cherezov et
al., 2007; Hanson et al.2008) and adenosine A2a receptor (Jaakola ef al., 2008). All of them have
shown the general fold described initially for rhodopsin (Fig. 1A and 1B). A few reports about structure
determinations of BGPCRS, CGPCRS and others, are for extra-membrane domains (Muto et al., 2007,
Pioszak et al., 2008).

The structure of inactive rhodopsin (Li ef al., 2004; Okada et al., 2004) is herein used as a basis
for future analyses regarding AGPCRs. In a cross section of this structure, the broader sides of the
central cavity are flanked by helices II-III and VI-VII and the narrower sides are closed by helices I and
V (Fig. 1C). The helix IV is not part of the bundle since it is not making contact with the structure
central cavity. This cavity is accessible from the intracellular side despite the existence of interactions
linking the cytosolic ends of helices I, 11, III, V, VI and VII. The extracellular side is closed by the EC2
loop hairpin which lies inside the central cavity parallel to the membrane surface making interactions
with side-chains of helices. The most remarkable of these interactions is a disulfide bridge (Cys?!3110-
Cys*70U87) between EC2 loop and the top of helix III which is found in a large majority of AGPCRs (Fig.
3A). After helix VII, the main chain of rhodopsin structure is bent and continues as a cytosolic helix
(helix VIII) parallel to the membrane. Helix VIII is linked to helix VII, to the VII-VIII bend and to
helices I and II by side-chain interactions such as that involving Tyr”**®% and Phe8!®!¥. (Fritze et al.,
2003). This interaction together with other bond between helix IIT Arg*°!39 and helix VI Glu®®®*? (Fig.
3A) can contribute to keep the integrity of the 7TM bundle or the inactive state of AGPCRs (Ballesteros
etal.,2001).

A B

Lysozyme

Figure 3. (A) The structure of inactive rhodopsin shows in a longitudinal view
the retinal (magenta), the conserved disulfide bond (gold) and two basic
interactions between cytosolic ends of helices (red) which are known to
stabilize the inactive receptor. (B) Structure of 4,-adrenoceptor with a molecule
of lysozyme inserted in the IC3 loop. Note the EC2 loop (red) displaced from
the location observed in rhodopsin but keeping the conserved disulfide bond
(gold) with helix I, the N segment truncated and free, and the cytosolic bonds
(green) between the pairs of residues Arg**°139-Glus®?*) and Tyr734309-Phe810¢13
disrupted indicating that the receptor might be under a constitutively activated
form.
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Besides a 7TM bundle, the structures of B-adrenoceptors (Warne et al., 2008; Cherezov et al.,
2008; Hanson et al., 2008; Bokoch et al., 2010) and adenosine (Jaakola et al., 2008) receptors show N,
segments partially unfolded but keeping intact the conserved disulfide bridge between helix III Cys3!311
and EC2 loop Cys*"187 (see Fig. 3B for B-adrenoceptor). They also have the most N-terminal segment
(extracellular side) of helix I dissociated, a feature which, differently from the pattern observed in
rhodopsins, made the structure central cavity accessible from the external medium. Furthermore, also
the cytosolic mouth of the 7TM central cavity of B-adrenoceptors and adenosine receptors are also
open to the cytosolic medium, what is attested by disruptions of interactions between helix IIT Arg13%
and helix VI Glu®@*) or VII-VIII bend Tyr”*¢% and helix VIII Phe?!0?47.

These characteristics might a priori be associated with a condition of activated receptor since
they are observed in retinal-free opsin which, as it will be discussed below, is a constitutively activated
protein (Park er al., 2008). Another possibility is to assume that B-adrenoceptors exist under two
conformations, open or closed, in consonance with states in which the bond between helix ITT Arg4!3%
and helix VI Glu®®@*" s present or not (Dror ef al., 2009).

3.3. How receptors may be identified
AGPCRs may be identified according to the types of conserved residues and their positions in
the protein structure (see residues and numbers in red in Fig. 2):

(1) Asn'° at the C-terminal third of helix I;

(2) Leu*? at the N-terminal third of helix II, more often at 24 positions after the
helix I conserved Asn'*® residue; four positions after the helix II Leu?® position,
there is a conserved Asp?**;

(3) Trp*™ (or Phe*?) at the middle of EC1 loop, more often at 23 positions after the
helix II Leu*® position;

(4) Arg** residue at the C-terminal third of helix III, more often at 25 positions
after a conserved helix III Cys*" residue;

(5) Pro*® at the middle of IC2 loop, more often at 7 residues after the helix III
Arg*? position:

(6) Trp**° at the middle of helix IV, more often at 20 positions after the IC2 loop
Pro®® position;

(7) Cys*™® at the middle of EC2 loop, residue which makes disulfide bond with
helix III Cys*"* residue;

(8) Pro’? at the middle of helix V;

(9) Pro®® at the C-terminal third of helix VI,

(10) Pro™° at the C-terminal third of helix VII;

(11) Tyr**(Phe™*) at the bend between helices VII and VIII, more often at 3 positions
after the helix VII Pro”° residue;

(12) Phe®!%(or aliphatic side-chains) at the middle of helix VIII, more often at 10
positions after helix VII Pro™ residue.

3.4. Functional Classification

Procedures aiming at the identification and characterization of AGPCRs based on functional
criteria have been carried out since the beginnings of the pharmacological sciences. In a first stage,
substances were characterized as agonists and their specificity and efficiency were used to define classes
of receptors as adrenergic, muscarinic, dopaminergic and so on. Afterwards, a more refined phase was
reached in which receptors were discriminated at the level of types and subtypes with the use of receptor
inhibitors, most of them synthetic compounds. The extensive development of cloning procedures along
the 90s decade led AGPCRs to have their amino acid sequences determined and studied thus
complementing the receptor classification task. Nowadays, with a large numbers of receptors identified,
it is then possible to compare results coming from both experimental approaches and show the level of
correspondence between them.

The process of AGPCR identification has progressed over at least two different phases. After
an initial slow development probably by the lack of an adequate technology, a first boom of receptor
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discovery started about some decades ago with the identification of multiple categories of AGPCRs but
without a large increase of the number of receptors itself. In a second phase, coinciding with the
improvement of recombinant gene technology, there was an expressive impulse for genome projects
leading to an astonishing increase of the total number of receptors, however without increasing the
number of different classes of these proteins.

The explanation for these disparities is that in the first phase only few mammal species were
available for research, but despite of that, investigations could already identify most of the existing
classes of receptors. It was found in these cases that a same type of receptors taken from different
mammal species had sequences of amino acids with high identity chiefly in the 7TM bundle helices and
a very similar total length indicating absence of indels. Further, in the second phase, material from
multiple species of living beings, including vertebrates, invertebrates and even unicellular organisms,
were available for study thus allowing to show that the same receptor classes were present in organisms
of different taxonomic classes but with the difference that the sequences of these proteins were very
frequently longer than the corresponding sequences of mammal species due to many indels observed in
the N and C segments and EC1, EC3 and IC3 loops.

The classes (including types and sub-types) of AGPCRs obtained from a classification based
on sequences of amino acids are shown in the Table 1 [Appendix 1]°. Previously tested by pharmacological
assays, most of these receptors are identified by the functional names. Table 2 [Appendix 2]” shows
sequences of most of AGPCRs, but with residues aligned only at the 7TM helix segments. It is remarkable
the size of missing sequences shown within brackets, denoting the extension with which, along the
evolution, insertions were made in the extra-membrane regions of the receptors.

3.5. Multiple sequence alignment

Two decades ago, when studies on AGPCRs were still beginning, a supposedly conserved feature
of these receptors was that a long segment of their sequences, consisting of a full stretch of residues
from helix I to helix IV and separate sequences of helices V, VI, VII and VIII, were quite prone to be
easily aligned. In fact, in all receptors then available, this segment had the same length and the same
referential conserved residues placed at the same relative positions. However, following the booming
development of cloning studies on various living species over the last two decades, this framework has
considerably changed since new classes of AGPCRs, or previously undetected variations in the sequences of
old receptors, have been brought up for analysis at a consistently high pace. Altogether, as a consequence of
these data, a new general consensus emerged that there are no regions in AGPCR sequences, conserved
enough to be easily aligned, specially when a quite heterogeneous collection of receptors is analyzed.

Alignment of AGPCR sequences has been performed according to sequence-structure profiles
of maximal homology (MaxHom) (Sander & Schneider, 1991) built for different types and sometimes
sub-types of receptors. A MaxHom profile is a file in which each line contains information about alignment
for each position of the sequence. The first columns of the data correspond to the alignment of secondary
structures. It has been assumed that whatever helices were formed in a certain segment of the sequence,
no deletion or insertion of residues is admitted in the alignment. In order to drive the alignment according
to this rule, large numbers, meaning heavy penalties for accepting residue insertion or deletion, are
written in the first columns of the profile lines corresponding to positions where changes in the sequences
are forbidden. The same principle is used to select the type of residue side-chain. For each position of
the sequence, numbers proportional to fractions of the twenty amino acids found are added to the
subsequent columns of the profile corresponding line.

Proper algorithms can read these so built profiles and thus drive the process throughout the less
penalized pathway to attain a reliable, significant and representative alignments of sequences. The
criteria by which alignments are so defined are (1) absence of insertions or deletion of residues; (2)
match of fully conserved residues all over the alignment; (3) presence of correlated residue mutation
patterns characterized by conservation of residues in tandem along receptors of a same class; and mainly
(4) the matching between positions of the sequence and positions of the 3D structure.

*Appendix I: http://arbs.biblioteca.unesp.br/appendixes/appendix_1.pdf
®Appendix 2: http://arbs.biblioteca.unesp.br/appendixes/appendix_2.pdf
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Since the knowledge about AGPCR structures is limited yet, the alignment of quite heterogeneous
collections of sequences, namely those of all receptors or belonging to many different classes of these
molecules, can only be significantly aligned for short segments corresponding to helices and adjoining
loops (see rhodopsin positions identified by *s in Fig. 2). However, when more homogeneous series of
AGPCRs are set for analysis, as those consisting of types and subtypes of receptors, the alignment can
be extended to other regions of the sequences, sometimes attaining almost the fullness of them. In these
cases, the procedure turns out to be more a match by residue conservation than a match by structure.

The only way to fulfill the criteria of significance for the alignment of all AGPCRs, is to perform
this procedure through at least two steps: (1) Full sequences of types (sub-types) of receptors intended
to be analyzed, are separately aligned according to the corresponding profiles; (2) the separate aligned
sequences of the different types are joined and the segments of them whose alignments are likely to be
significant, are matched according to the references of conserved residues. These references are shown
in Fig. 2 for rhodopsin or AGPCR sequences and are the same selected for numbering procedures as it
will be discussed in next sections.

More than 10,000 sequences comprising helices and adjoining loops of all AGPCR classes
described (see above) were aligned by the two-step procedure (Table 3) [Appendix 3]°. In order to make
the alignments fully representative, the C-terminal three residue positions of helix II and the positions
of the entire C, segment were deleted since they were not found or their residues were not well-
characterized in some classes of receptors, such as C-X-C chemokine, chemokine-like, vasopressin,
endothelial differentiation (sphingolipid ) GPCRs (EDGs) and many other (specially orphan) receptors.

3.6. Aligment and numbering of special motifs

AGPCRs contain many probably-inserted sequence motifs in their extra-membrane segments
which are found in different and apparently-unrelated classes of receptors and require specific referential
positions for numbering. Profiles might be built with these references but proper weights must be attributed
to them in order to allow precise alignment of residues. Features of these special motifs which should be
presented soon in the new version of GPCRDB (Horn ef al., 2003), are shown here in a resumed form.

3.6.1. Nt segment and EC3 loop

Two short insertions of 5 to 10 residues may be found at the sequences of angiotensin I, bradykinin,
endothelin, chemokine, Cys-leukotriene, purinergic, some neuropeptide and other AGPCRs. The former
insertion is in the N, segment and the latter in the middle of EC3 loop, both containing a conserved Cys
residue supposedly forming a second extracellular disulfide bond (Fig. 4) [Appendix 4]°. In these AGPCR
classes, the numbering procedure 1 described above should be applied being the numbers 100 and 650
designated for the N and EC3 loop Cys residues.

Numbering N, segments of AGPCRs, others than those possessing a second disulfide bond,

should be applied with numbers below 100, as shown for rhodopsin and TSHR (Fig. 4 A) [Appendix 4],
in order to avoid overlapping with the numbers attributed to the insertion bearing Cys!®. For receptors
containing no EC3 loop insertion, the numbering is carried out by means of the procedure 2 described
above as shown for rhodopsin and TSHR (Fig. 4B) [Appendix 4]°.

3.6.2. Cytosolic helix VIII and helix VII-helix VIII bend

The characterization of a cytosolic helicoidal structure (helix VIII) together with the finding of
an EC2 loop hairpin, was an astonishing surprise of the rhodopsin structure. Despite being at first
considered an artifact due to crystal contact, the helix VIII was later equally found in other structures of
rhodopsin and other AGPCRs and thus, its existence was no longer matter of dispute.

From the observation of many thousands of AGPCR sequences in comparison with pertinent
features of rhodopsin structure, it has been suggested that the cytosolic segment of the sequence following
helix VII has some special characteristics as: (1) the main chain bend before the start of helix VIII; (2)
a very conserved residue of Tyr at two or three residues after the referential position of helix VII Pro’;

*Appendix 3: http://arbs.biblioteca.unesp.br/appendixes/appendix_3.pdf
dAppendix 4: http://arbs.biblioteca.unesp.br/appendixes/appendix_4.pdf
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and (3) the helix VIII (Fig. 5) [Appendix 5]¢. Thus, for numbering the region accordingly: (1) the end of
helix VII is set as the position 732; (2) the position 733 is set as a first insertion; (3) the conserved Tyr
residue is set as the referential position 734 for numbering the bend between helices VII and VIII; (4)
the positions 736, 737, etc, are set as other insertions before the starting of the cytosolic helix VIII (Fig.
5) [Appendix 5]e.

The segment corresponding to the helix VIII of rhodopsin is variable along the sequences of all
AGPCREs. It usually has a pair of conserved residues, FR, scarcely mutating to Y (or aliphatic residues)
and to Lys, respectively, but there are still a large number of the receptors whose sequences after Tyr’**
are not indicating the existence of a regular helix VIII at all (Fig. 5) [Appendix 5]¢. Numbering of
AGPCR helix VIII, within the length shown in Fig. 2 for rhodopsin, was performed by means of the
procedure 1 described above for receptors containing the FR pair (or mutant variants)with the number
810 assigned as reference for the aromatic residue and the number 806 for the starting position of the
helix.

Several classes of AGPCRs as opsins, adrenoceptors, EDG and other receptors display a pair of
Cys residues or a single Cys residue at the end of helix VIII (positions 819 and 820 in rhodopsin) (Fig.
5) [Appendix 5]¢. Once palmitoylated these residues can anchor at the membrane lipid moiety thus
forming a fourth cytosolic loop and keeping all extension of helix VIII at short distance from the
membrane bilayer. As discussed above for N, segment, numbering of C, segment of AGPCRs when
helix VIII and the Cys residues at the end of this helix are not detected, should follow the procedure 2
described above. In these cases, numbers above 820 should be used thus avoiding the overlapping with
numbers used in the procedure 1 applied to the helix VIIIL.

3.6.3. EC1 loop

Displaying a long history of residue indels, the EC1 loops of AGPCRs should be an accessible
and flexible part of the receptor structure (Fig. 6) [Appendix 6]". In most of non-olfactory AGPCRs,
EC1 loop has a referential conserved residue, Trp?” (less often of Phe and Tyr), in a B-turn as that seen
in the rhodopsin structure (Fig. 2). Also, at the top of helix III, there are two referential conserved
residues, Gly3!!, the first position of Helix III placed at three positions after Trp*° residue and Cys*'5, a
partner of a conserved disulfide bond of GPCRs placed at four positions from Gly*!'. Thus, receptors
with all these features should be numbered through the procedure 1 described above, first for EC1 loop
using the reference 270 and further following the regular numbering of helix III using as reference
Cys* or even Arg** (Fig. 6A and 6B) [Appendix 6]".

Some classes of receptors with the referential Cys*"°, and mostly with Gly’!!, are target for
several residue indels of variable lengths in positions before and after the reference Trp*”° (Fig. 6A)
[Appendix 6]". Glyco-protein hormone receptors (FSHR, LSHR, TSHR, GSH1 and GSH2) have an
insertion of 8 residues before the reference 270, forming a little domain which interact with the N,
domain of these receptors, being by this way involved in the mechanism of activation. These receptors
also have a deletion of one position after the reference 270. The Leu-rich-repeat (LGRs) and relaxin
receptors also present a glycoprotein-hormone-receptor-like insertion and deletion whereas endothelin
ET1 (or ETA) receptors have an insertion of five residues but after the Trp*® reference. Within the same
category of hormone receptors and LGRs, some prostanoid receptors (EP3, prostaglandins F, F2 and
F2a, and thromboxane A2) have insertions in the EC1 loop before and after the Trp*”° reference.

Also, along list of other receptors [neurotensins, orexins, ecdysis triggering hormone, melatonin,
prolactin releasing hormone, neuromedin U, PRX (pyrokinin) amide peptides, prokinetocinin, SREB
(super conserved receptor expressed in brain), serotonin lc, 2a, 2b, Sa, 5b and 7, dopamine D3 and D4]
have an insertion but only before Trp?™ reference. Other receptors such as histamine H4, Ile8, chemokine
C-C1, C-C2, C-C4, C-C5, C-C7, C-C8, C-C9 and C-C11, have a deletion of a single position before
Trp?”° (Fig. 6A and 6B) [Appendix 6]".

On the other hand, the remaining groups of AGPCRs. including olfactory, some prostanoid
(EP1, EP2, Prostaglandin I and Prostacyclin 12), adenosine and viral receptors, have the conserved
Cys*!5 position, scarcely the conserved Gly*!! position, but not the referential position of Trp*®. Thus, they

315 311

*Appendix 5: http://arbs.biblioteca.unesp.br/appendixes/appendix_5.pdf
'Appendix 6: http://arbs.biblioteca.unesp.br/appendixes/appendix_6.pdf
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should have their EC1 loop numbered according to the procedure 2 described above (Fig. 7) [Appendix 7]&.
Melanocortin, mas, cannabinoid, EDG, growth factor and tubulin receptors are devoid of the

Gly*!!, Cys®® and Trp* residues and have the space of EC1 loop occupied by variable number of

residue positions which are accordingly also numbered by the procedure 2 (Fig. 8). [Appendix 8]".

3.6.4. EC, loop

After the end of helix IV at the position 431, the sequence of opsins, muscarinic, &1-adrenoceptor,
serotonin 1A and 7, histamine H1-3, octopamine, adenosine, cannabinoid, EDG1-8 and other receptors
show an inserted motif of three or four residues ending with a conserved Trp. For numbering purposes,
Trp was used as reference 435 and the segment was identified with numbers varying from 432 to 435.
Following this short insert, the variable EC2 loop itself was then numbered by the procedure 1 described
above using the reference Cys*”° (Fig. 9A and 9B) [Appendix 9]'.

The EC, loop of olfactory receptors seems to be an expanded form of the loop observed in most
AGPCRs. It has more often three Cys residues, intercalated with sequences of non-conserved 9 residues
(Fig. 10) [Appendix 10]. Only the intermediate position is fully conserved and thus it has been identified
as the reference Cys*’’, a residue that makes a disulfide bond with helix III Cys'. The other two Cys
positions are designated by numbers 460 and 480.

For other AGPCRs (mas, melanocortin and tubulin) containing no conserved Cys residues at
the EC2 loop, the procedure 2 described above is adopted for numbering this extracellular region of
receptors (Fig. 11) [Appendix 11]*. The same procedure is applied for numbering IC1 (Fig. 12) [Appendix
12]"and IC3 (Fig. 13) [Appendix 13]™ AGPCR loops.

3.6.5. IC2 loop

The length of AGPCR IC2 loop is reasonably conserved presenting a very conserved residue of
Pro designated by the number 348 as referential position for numbering the segment of sequence in
question. This position is at 20 positions from the helix IV referential position Trp**® but variations may
occur as shown in chemokine receptors (Fig. 14A, 14B and 14C) [Appendix 14]". Some sequences
present an insertion between the helix III referential position Arg**? and Pro*?®. According to rhodopsin
structure, all along the N-terminal portion of IC2 loop, only at the end of helix III (corresponding to
rhodopsin Val*** in Fig. 14A) [Appendix 14]" is that residues might be added without producing sterical
hindrance. Thus an insertion was exactly set at the position 345 being the next position (346) the start of
the common IC2 loop sequence. Fig. 14A [Appendix 14]"shows the position 345 occupied by an additional
Cys residue in serotonin 4 receptors.

IC2 loop was early recognized in rhodopsin as target for extensive conformational changes
upon light activation. As this region is conserved in AGPCRes, it is presumed that the same mechanism
should be operative in most receptors of this family.

3.6.6. Glycosylation and phosphorylation sites

Numerous experimental findings have been showing that there is no consensual sequences in
phosphorylation sites of AGPCRs and that receptors can be multiply-phosphorylated at sites distributed
all over the intracellular regions of the receptors. It seems that the role of phosphorylation is to add a
general negative charge to the cytosolic loop end thus favoring the binding of adaptors (Tobin, 2008).
However, on the other hand, 3D structures of arrestin-phosphorylated-receptor complexes indicate that
the adaptor binding is preferentially directed to the most extreme C-terminal end of the receptor chain.

¢Appendix 7: http://arbs.biblioteca.unesp.br/appendixes/appendix_7.pdf
"Appendix 8: http://arbs.biblioteca.unesp.br/appendixes/appendix_8.pdf
iAppendix 9: http://arbs.biblioteca.unesp.br/appendixes/appendix_9.pdf
iAppendix 10: http://arbs.biblioteca.unesp.br/appendixes/appendix_10.pdf
*Appendix 11: http://arbs.biblioteca.unesp.br/appendixes/appendix_11.pdf
'Appendix 12: http://arbs.biblioteca.unesp.br/appendixes/appendix_12.pdf
"Appendix 13: http://arbs.biblioteca.unesp.br/appendixes/appendix_13.pdf
"Appendix 14: http://arbs.biblioteca.unesp.br/appendixes/appendix_14.pdf
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It is advisable that residues of Ser and Thr, involved in the phosphorylation process, should be identified
by special numbers (between 950 and 999) according the different classes of receptors. The same reasoning
may be indicated for numbering positions linked to glycosylation (numbers between 1-10).

4. Function in AGPCRs

4.1. Residue conservation patterns

Residue conservation patterns were characterized from aligned sequences by entropy-variability
analysis as described elsewhere (Oliveira et al., 2003a). A procedure aiming at eliminating redundancies
in sequence sampling, was used as summarized below. Aligned sequences presenting 95% or more of
residue identity all over the alignment positions were grouped and mean values of parameters for the
groups of sequences, instead of individual values for each sequence, were used in further calculations.
Weights whose values were proportional to the total number of sequences and inversely proportional to
residue variability, were assigned for each group.
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Figure 15. Entropy/Variability plot calculated for residue positions in multiple
sequence alignment of about 10,000 AGPCRs. Variability is the number of
different residues (1-20) found at each position. Entropy S (0.0-3.0) is given
by the equation S=-Y (i=1-20) f,(Inf,) where f, is the fraction of each amino
acid found at each position. In the numbers designating boxes, 11, 12, 22, 23
and 33, the first and the second digits express increasing ranges of V and E
values, respectively. Thus, 11 and 33 are boxes containing highly conserved
and highly variable residue positions, respectively.

Figure 16. Bovine inactive rhodopsin structure with a mapping of residue positions taken from multiple sequence
alignment of all AGPCRs and sorted in different boxes according with residue heterogeneity profiles obtained
from entropy/variability (EV) analysis (Fig. 15): (A) positions of EV boxes 11 (magenta) and 12 (red); (B) positions
of EV boxes 22 (gold); (C) positions of EV boxes 23 (green); (D) positions of EV boxes 33 (light blue).
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This procedure is indicated for very heterogeneous series of sequences as those formed by all
AGPCRs. More than 10,000 receptor sequences, the half of which consisting of olfactory receptors,
were aligned and the values of variability V and entropy E for each position of the alignment were
calculated and plotted against each one (Fig. 15: see legend for more technical details). In a whole, the
plot shows that the positions of the AGPCR alignment could be grouped by levels of residue heterogeneity,
according to different ranges of E and V values, into EV boxes 11, 12, 22, 23 and 33. Mapped in the
inactive rhodopsin structure (Li et al., 2004), these positions showed not a random but an oriented
distribution (Fig. 16A-16D):

(1) the most conserved positions of EV boxes 11 and 12 (magenta and red in Fig. 16A,
respectively) are internally located flanking the central cavity of the 7TM cytosolic half;
(2) the positions of EV box 22 (gold in Fig. 16B) with intermediate E and V values are located

at internal positions all along the 7TM bundle and specially in the middle of this structure;

(3) variable positions of EV box 23 (green in Fig. 16C) are also internally located flanking the
central cavity in the extracellular half of the 7TM bundle (at the retinal or agonist site); part
of these positions are on the external wall of the 7TM bundle forming an interface with the
membrane bilayer;

(4) the most variable positions of EV box 33 (light blue in Fig. 16D) are in both internal and
external locations of the extracellular and cytosolic domains adjacent to the 7TM bundle
ends. Positions mainly located at these terminal regions of the structure which failed to
fulfill the rule for significance and representativity in the alignment, are shown in blue in
Fig. 16A-16D. Table 4 [ Appendix 15]° shows for each of all AGPCR alignment positions, a
normalized position number, V and E values, the location in the rhodopsin structure and the
5 most prevalent amino acids found.

The 7TM bundle central cavity of AGPCRs is mainly flanked by internal faces of all helices
excepting helix I'V. There is an internal distribution of residue positions along helices I, II, III, V and VII
according to patterns of residue conservation: (a) some of the most conserved residues (EV box 11) and
the most variable residues (EV boxes 23 and 33) are mainly in positions of the cytosolic and extracellular
halves of these helices, respectively. Positions with intermediate residue conservation (EV boxes 12
and 22) are dispersed along the central region of helices I, III and V. The internal face of the helix VI is
an exception to this rule since it contains a few conserved residues which are in the middle of its
structure. Separated from the bundle itself, helix IV has most of its positions with variable residues of
EV boxes 23 and 33.

4.2. Binding sites

When well-known folds such as those of globin, serine-proteases and Go. chains were analyzed
by EV plots (Oliveira et al., 2003a), it was found that a functional unit could be identified along the
structure of these proteins with the conserved and variable positions forming, respectively, the main
site (heme site for globins and catalytic sites for serine-proteases or Gou GTPases) and modulator sites
(Ca**site in serine proteases, effector sites in Gow chains and sites for interfacing homologous chains in
hemoglobin dimers or tetramers).

In this scenario, the main site acts as an input gate through it binding of an external ligand can
start the activation of a protein functional unit. The protein class- or even type-specific modulator sites
are output gates by which messages may be transmitted to or received from surrounding functional
units. Various positions with intermediate E and V values are in the core of the structures enabling
mechanistic pathways so that through them, in the course of activation, signals might be bi-directionally
transmitted between the main site and modulator sites.

A straightforward way to understand these mechanisms is to assume that in most globular
proteins the incorporation of the functional sites and of the correlate amino acids followed a divergent
scheme (Fig. 17). The contact of an ancestral form of a protein fold with a ligand or with a ligand or a
certain environment can induce the formation of a main binding site thus defining a class (family) of the

°Appendix 15: http://arbs.biblioteca.unesp.br/appendixes/appendix_15.pdf
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protein. Later, along the evolution, samples of these ancestors are transported, perhaps during the phase
of cell differentiation, to different compartments of the biological system where by contact with different
environments and related ligands, they can enable the formation of secondary or modulator sites, each
one with a certain specificity and defining a sub-class (sub-families or types) of the protein.

ancestor class sub-class

family
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i A e

main
sites
3
main
and
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Figure 17. Divergent scheme for evolution of AGPCRs: 1* phase:
incorporation of a main site into an ancestral form of these proteins
thus giving rise to a family (AGPCR); 2™ phase: incorporation of
different modulator sites 1-3 into initial AGPCR forms, after these
molecules are transported to environments 1-3, thus giving rise to
sub-classes 1-3 of these receptors.

Figure 18. AGPCR binding sites shown in the structure of inactive rhodopsin (Li et
al., 2004). (A) The main site comprised of EV 11, 12 and 22 box positions (green)
and located at the cytosolic half of the 7TM bundle. (B) The agonist site comprised
of EV 23 and 33 box positions (green) and located at the extracellular half of the
7TM bundle (retinal site: see retinal in magenta). (C) Site for binding of nor-adrenaline
(magenta) in B-adrenoceptors comprising residues (red) in helices III (Asp*?? for
binding ligand amino group), V (Ser’?and Ser'¢ for making hydrogen bonds with
ligand phenoxyl groups) and VI (aromatic rings of Phe®! and Phe®* to stabilize the
ligand aromatic ring).
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Figure 19. Structure of inactive rhodopsin (Li et al., 2004). Pathways mostly com-
prised of AGPCR positions occupied by residues with intermediate level of conser-
vation (EV boxes 12,22 and 23) and some key very conserved residues (EV box 11),
all of them located in the central part of the 7TM bundle where they supposedly can
transport a signal between receptor agonist and main sites. (A) Common pathway for
most receptors; (B) pathway for glyco-protein hormone receptors; (C) pathway for
olfactory receptors: (D) pathway for rhodopsin (retinal in magenta). See Table 4
[Appendix 1]*for identification of positions within the EV boxes.

A similar interpretation may be formulated for results taken from EV analysis of AGPCRs (Fig.
15) (Oliveira et al., 2003b) allowing to conclude that there are also a main (family-identifier) site and
modulator sites in the structure of these receptors, common to all proteins and specific for their classes,
respectively. Signal elicited at the main site may be carried to the modulator site and vice-versa via
residues with intermediate EV values placed in between these sites. It should be noted that, in the
context of receptors, the agonist-mediated activation of receptors is determined by a signal initially
formed at the extracellular modulator site and further transmitted to the cytosolic main site.

The main site of AGPCRs corresponds to a common cluster of conserved polar residues such as
Asn0 Asp?* Asp®¥?, Arg*?, Asn’ and Tyr”** (Fig. 18A) including a part of a sodium allosteric site for
some receptor classes (Neve et al., 2001). Located at the cytosolic side of the 7TM bundle structure,
this site would transport the signal coming from the 7TM extracellular site to cell cytosolic factors such
as G-proteins, protein kinases, adaptors and others, and vice versa.

The most important modulator site, the agonist site, is at the extracellular side of the 7TM
bundle central cavity and corresponds to the retinal site in rhodopsin structure (Fig. 18B and 18C).
Interestingly, for AGPCRs with small agonist molecules (with the same dimensions and similar
configuration of retinal), the agonist site seems to overlap entirely the rhodopsin retinal site. The same
positions, or neighbor positions, in sites for different agonists seem to be functionally important for
binding with a difference that they are occupied by different residues thus giving rise to the different
specificities of multiple receptor classes (Fig. 18B) (Bywater, 2005). Data demonstrating this
correspondence are presented (Table 5) [Appendix 16]" whereas a scheme for a minimal site for
noradrenaline in adrenoceptors, built with part of these data, is shown in Figure 18C (Trumpp-Kallmeyer
et al., 1992). For larger AGPCR agonists such as peptides and proteins, it has been shown that besides
occupying the retinal site-like region of receptors, the agonist sites are spread to extracellular loops of
the structure (Hjorth er al., 1994; Lu et al.,1998; Gether, 2000; Fan & Hendrickson, 2005; Kristiansen,
2004; Costa Neto et al., 2000; Gimpl et al., 2008; Miura & Karnik, 1999; Santos et al., 2008; Leeb et
al., 1997; Leeb et al., 1997; Fathy et al., 2000; Kyle, 2000; Meng et al., 2000; Greenfeder et al., 1999;
Hoffmann et al., 2000; Bhertold et al., 1997; Blanpain et al., 2003; Gerber et al., 2001; Higginbottom
et al., 2005).

PAppendix 16: http://arbs.biblioteca.unesp.br/appendixes/appendix_16.pdf
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4.3. Intermediate pathways

Analyses of EV boxes 12, 22 and even 23 (Fig. 16A-16C) allowed us to delineate the residue
positions of AGPCRs which due to their location in the 7TM bundle, are involved in the formation of
possible intermediate pathways for signaling between the main and the modulator sites of these receptors.
As these positions have intermediate value of variability (number of different residues), the number of
different signaling pathways formed by them would be limited and non-specific, that is, a same pathway
would be found in different classes of receptors. Mutational studies have been able to confirm this
hypothesis by identifying a few residues forming intermediate clusters in the 7TM receptor bundle of
AGPCRs (Fig. 19A-19D and Table 6) [Appendix 17]¢ whose mutations may impair the signaling process
in different classes of these receptors as glyco-protein hormone receptors (Min et al., 2000; Angelova et
al., 2000; 2002; Urizar et al., 2005), opsins (Shieh et al., 1997; Han et al.,1998), angiotensin 11 AT1
receptor (Balmforth et al., 1997; Neve et al., 2001; Feng et al., 2005).

These results have been supporting a general hypothesis that activation of AGPCRs could be
carried out by means of a few different pathways each one specifically operating in groups of receptors,
irrespective of their specific agonists and cytosolic events (G-protein activation or phosphorylation)
they give rise to. Despite being attractive, this idea has not been kept consistent with new knowledge
about AGPCR activation mechanisms, recently learned from studies with rhodopsin, as it will be discussed
below.

4.4. Emergence of modulatory site and evolution

Aiming at knowing how modulator sites were incorporated along a divergent scheme (Fig. 17),
a comparative analysis of amino acid sequences in AGPCR classes was carried out. Groups of class-
specific sequences with increasing levels of residue heterogeneity were multiply-aligned and submitted
to EV plot analysis. As an illustration, maps of the positions occupied by the more conserved residues
are shown for the following series of receptors: all-AGPCRs (family level), AGPCR_subgroup 1 (family-
level with all AGPCRs except olfactory receptors), AGPCR_subgroup 2 (family level with all AGPCRs
except opsins and olfactory receptors), bioamine (sub-family level), adrenoceptor (class level), o-
adrenoceptor (sub-class level), o -adrenoceptor (type level) and o, -adrenoceptor (sub-type level) (Fig.
20A-20H).

In alignments of receptor sequences with high residue heterogeneity (all-AGPCRs and AGPCR
subgroups 1 and 2, in Fig. 20A-20C, respectively), few positions occupied by highly-conserved residues
are in the cytosolic halves of 7TM helices. In alignments of sequences belonging to receptors with
intermediate levels of residue heterogeneity or in the center of classification tree (for instance, sub-
family bioamine, class level of adrenoceptor and sub-class level of a-adrenoceptors in Fig. 20D-20F,
respectively), the highly-conserved residues are more often found at the cytosolic side and started being
also seen at the extracellular side of the structure. In alignments of receptor sequences with higher
residue heterogeneity such as type level of o -adrenoceptor and chiefly sub-type level of o, -adrenoceptors
(in Fig. 20G and 20H, respectively) the highly-conserved residues are found spread all over the 7TM structure.

These patterns confirm previous conclusions (Fig. 16A-16D) that there is a concerted amino
acid incorporation into the 7TM structure of AGPCRs as long as the sequences of receptors are being
adapted to the environment along a divergent scheme (Fig. 17). The more the receptors evolved along
this adaptation, the more their positions are occupied by conserved residues, firstly at the cytosolic half
of the 7TM central cavity, later at the extracellular half of this cavity and finally all over the structure.
In this context, the evolution may be directly monitored when two steps corresponding to the appearance
of two natural functions of receptors, agonist binding and Ga chain coupling, are considered (Watson
& Arkinstall, 1994). It is known that AGPCRs gain a site for specifically binding noradrenaline (or
adrenaline) at the level of adrenoceptors (Fig. 20E) which accordingly show a large density of conserved
residues at the extracellular side of their 7TM bundle (region of retinal site in rhodopsin). Also, the
ability to discriminate the types of G chains is acquired by receptors at the level of o -adrenoceptor
(Fig. 20G) at which most of the cytosolic positions are fully conserved.

9Appendix 17: http://arbs.biblioteca.unesp.br/appendixes/appendix_17.pdf
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Figure 20. Mapping in the inactive structure of rhodopsin of positions bearing very
conserved residues (EV boxes 11 and 12, in magenta and red, respectively) obtained
from multiple alignment of sequences of (A) all-AGPCRs, (B) AGPCR_subgroup 1
(without olfactory receptors), (C) GPCR_subgroup 2 (without opsins and olfactory
receptors), (D) bioamine receptors, (E) adrenoceptors, (F) a-adrenoceptors, (G) o -
adrenoceptors and (H) o, -adrenoceptors.

However, an enormous discrepancy is apparent from these considerations. The numbers of
conserved residues found in the extracellular half of adrenoceptor structure and in the cytosolic half of
o, -adrenoceptor structure are much larger than the numbers of residues experimentally identified to be
required for agonist binding and Gou chain coupling functions. For instance, for the former function,
this conclusion is quite clear if it is considered that a few residues are found constituting the agonist site
(Fig. 18C) (Trumpp-Kallmeyer et al., 1992), compared with a great deal of conserved residues revealed
at the extracellular side of adrenoceptor structure (Fig. 20E). For G-protein association, there are properly
no well-defined sites for binding but the same reasoning used for agonist site is plausible since only
receptor limited regions (cytosolic ends) are shown to play the coupling function (Ernst et al., 2000).

Thus, it has to be assumed in AGPCRs that an expressive fraction of residue positions found in
the surroundings of agonist and G-protein coupling sites have no function at all or are involved in other
functions than those related to agonist and G-protein coupling. This supposition would more likely be
true at the last of the transitions considered in the series of receptor sequences of Fig. 20A-20H, the
transition to the subtype level (o, -adrenoceptors in Fig. 20H) at which the large majority of positions
of the AGPCR structure becomes fully-conserved. In this case, residue conservation might in part be
related to receptor discriminative binding to non-natural antagonists which turned out to be the base for
their characterization and classification into types and sub-types.

4.5. Functional unit

In general, in a mingled system of biological molecules, a functional unit of proteins is in
contact with other functional units forming together a succession of messengers and effectors. For
instance, in a well-known chain of events, the membrane-spanning 7TM bundle structure of AGPCRs
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may be activated by a ligand coming from the external medium (first messenger) what would give rise
to a signal transmitted to cytosolic G-protein system. By this way, first effectors such as phospholipase
C, phospho-diesterases and adenylate- or guanylate-cyclases may be activated leading to an ultimate
regulation of cytosolic concentrations of inositol triphosphate (IP3) or cyclic nucleotides (second-
messengers) and consequently of many intracellular events.

As a functional unit, the AGPCR molecule consists as described above, of a main site and
modulator sites possibly connected by intermediate pathways. Schemes showing binding of many ligands
at AGPCR unit sites may be drawn (Fig. 21A-21C). The agonist A can bind at its specific (modulator)
site thereby triggering signaling which is efficiently transferred to the main site at the other side of the
structure and thus to the cytosolic second messenger level. If the signal so produced is not efficiently
transduced, the ligands (I instead of A) are non-productive even displaying high-affinity binding and
act as competitive antagonists by blocking the binding of true agonists to the respective site (state 'R
instead of R in Fig. 21B).

Ligands D may at distance (allosterically) regulate agonist A or competitive inhibitor I bindings
to the modulator agonist site, by interacting for instance with the main site surroundings at the cytosolic
half of the AGPCR structure, or with other modulator sites at the extracellular loops. As the signal
tranduction between the main site and the modulator sites are bi-directional, some ligands as Go. chains
can couple AGPCRs thus becoming able to remotely stabilize the complex between agonist but not
antagonist, and receptor agonist site (,*R but not 'R in Fig. 21B). As illustration, a quite instructive
example of this mechanism may be demonstrated in rhodopsin system. Once the signal produced by
light activation of this opsin arrives at its 7TM cytosolic ends, G proteins are coupled to them and the
signal bounces back to the extracellular side of its structure. This two-way transmission is interrupted
by Gouncoupling, as it occurs upon GTP binding, thus allowing the photo-regeneration of the receptor
(Ernst et al., 2000). External ligands may bind modulator sites, others than the classic agonist site, in
the extracellular loops of muscarinic receptors (Avlani et al., 2007) and AGPCRs in general (De Amici
et al., 2009).

Constitutive activation of AGPCRs (R to RE transition in Fig. 21B) occurs in the absence of
agonist and drives a portion of the receptors to an active state Re. If this state of the receptor is in the
presence of agonist A or of a competitive antagonist I, the complexes “R€ or 'R¢ would be formed ,
respectively, remaining to evaluate if the complex “RC is as active as or more active than the complex *R
and the complex 'R€ is as inactive as the complex 'R.

Binding of inverse agonist V at a modulator site which might be the agonist site itself, can
revert constitutive activation but only in complexes R“and | R€ leading to the formation of YR®and
5 R, respectively (Fig. 21C). This hypothesis is suggested by structures of 3-adrenoceptor (Cherezov
et al., 2007; Hanson et al., 2008) and adenosine (Jaakola et al., 2008) receptors, in which sites for
inverse agonists seems to overlap the true agonist site. This means that receptor forms, basically
constitutively activated and made inactive by means of inverse agonist binding, could not be activated
again by agonist binding site would be blocked. Definition and elucidation of this condition and other
parallel conditions require careful experimental analysis as it has been performed for AT1 receptors
(Miura et al., 2006).

A plausible hypothesis about evolution of AGPCR structure formulated in order to explain all
eventualities shown in Fig. 21B and 21C is that, before incorporation of any modulator site including
the agonist site, with the main site probably already installed, ancestral forms of AGPCRs would exist
with constitutive activation performed through the main site in contact with cell cytosol. The constitution
of agonist sites would occur later when the ligands were put in contact with the receptors, leading to
extinction of constitutive activity but under a special and likely advantageous condition. The receptor
would be now triggered towards activation but only in the presence of the specific agonist.
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Figure 21. Multiple interaction in AGPCRs. (A) The receptor is assumed to have three binding sites, the
main site (red box) with ability to interact with cytosolic factors, and two kinds of modulator sites, an
agonist site (blue box) with ability to interact with an antagonist I. an agonist A or an inverse agonist V, and
a putative site supposedly located at the extracellular medium (brown box) with binding specificity to a
ligand D. Regulated by binding of these ligands, these sites can interfere with one another. (B) Diagram for
multiple interaction in AGPCRs. The interactions of ligands with the agonist site are shown in columns: the
first and third lines of the diagram contain all receptor states with agonist site bound to antagonist I and
agonist A, respectively. The first two columns contain inactive receptor states in the absence of agonist (R
states) whereas in the third and fourth columns the receptors are constitutively activated (R states). The
second column states are in equilibrium with the first column D-bound states. The third column states are
in equilibrium with fourth column D-bound states. (C) Constitutively activated states with free agonist
sites (R° and R°states) may have these sites bound to ligand V, a supposed inverse agonist, and so their
activity may be eliminated.

!

cytosolic ligands

Thus, the agonist site is a special domain specifically created at a certain moment in the receptor
structure by inductive fit to the agonist molecule, leading ultimately to control of the mechanisms of
activation. Interestingly, action of inverse agonists deactivating constitutive activation in AGPCRs by
probably binding at the agonist site or surroundings (as suggested in receptor structures: Cherezov et
al.,2007; Hanson et al., 2008; Jaakola et al., 2008), might be similar to the effects due to the appearance
of this modulator site but with a major difference. The inverse agonist binding leads to elimination of
constitutive activation but without recovering the site capability to bind its specific ligand thus regaining
control of its own function of activation. This is an additional obscure point in the scheme of receptor
activation mechanisms that requires further experimentation for elucidation.

4.6. Conservation patterns and 3D structure

The expressive number of different amino acid sequences and 3D structures of proteins available
have allowed along the last decade a great deal of more extensive and comprehensive studies about
these macromolecules (Caetano-Anollés et al., 2009). The most important consequence of this new era
is that more realistic conclusions have been emerging about sequence-structure relationships. Intriguing
observations showing that two different sequences may share a same fold, started to be found so often
that old definitions stating that amino acid sequence dictates the structure (Anfinsen, 1973), had to be
totally reformulated. In fact, the proteins are now characterized as homologs when they have a same
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fold and belong to a same family (contain very conserved residues at certain positions) or analogs when
they have a same fold but different sequences thus belonging to different families (Russell ez al., 1998a).
In consonance with these findings, there is nowadays the consensus that 3D structures of proteins are
more conserved than sequence of amino acids and thereby new interpretations for these relationships
have to be found (Holm & Sander, 1996; 1997, Grishin, 1997, 2001).

It would be too drastic to consider that amino acid sequences have no relation at all with the
type of fold which a protein acquires for instance when left in aqueous environment. Under this condition,
the protein would be folded upon an ideal energetic minimum with most hydrophobic residue side-
chains placed in the more internal positions of the structure and polar and charged residue side-chains
in contact with the solvent. In case the solvent is changed in the external medium, it is expected that the
distribution of residues would be changed accordingly because this is a trend which is followed by all
molecules upon evolution.

However, there are two conditions in which amino acid sequences and structure in proteins
may certainly be related.

(1) The relative position of less voluminous residue side-chains in the amino acid

sequences is a factor that would specify the type of fold which a certain sequence
may acquire. This factor is based on the principle that the small residues are
required in the core of the structure in order to sterically allow the fold itself.
But bulky residue side-chains are also required for folding of proteins at the
boundaries of the structure core to block the entry of solvent thus implying that
the small residue side-chains cannot be prevalent. Thus, the number of different
types of folds which depends on the number of small chains and on their positions
in the sequences, would have to be small compared to the huge numbers of
sequences (Russell ef al., 1998a; 1998b)

(2) The presence of conserved (or functionally-conserved) positions in certain
positions of the fold is also a vital factor to determine the structure. By aligning
amino acid sequences of homologs, according to their positions with conserved
residues, and superposing their respective 3D structures, one may observe that
perfect correspondence of structure is more systematically found at domains
containing one or more conserved residues. Also, no insertion of residues seem
to be accepted at these regions (Russell & Ponting, 1998). As reason for these
relationships, it has been postulated that conserved residues may be usually
performing side-chain interactions thereby stabilizing the local secondary and
tertiary structures. In analogs the sequences change but the structures are kept,
a condition that seems to be linked to the fact that different but functionally-
conserved residues (all with ability to perform some kind of side-chain
interactions) are found in the different domains of the proteins all of them with
ability to equally stabilize the structures (Russell et al., 1998a; Mirny &
Shakhnovich, 1999).

As referred above, there are nowadays some high-resolution 3D structures of AGPCRs, including
rhodopsins (inactive and retinal free opsin),[-adrenoceptor and adenosine receptors, but two years ago,
when only the structure of inactive (dark) rhodopsin was known, debates were common aiming at
knowing if the general structure of AGPCRs followed the opsin fold with a complete 7TM bundle
configuration.

Today it is known that oi-adrenoceptor and adenosine receptors form an opsin-like 7TM bundle
but displaying some structural disagreements with rhodopsin in the extracellular halves of some helices
and loops. Taking advantage of this previous knowledge, it is now opportune to make predictions of
how the still-undetermined structure of AGPCRs would be as a function of the patterns of residue
conservation obtained from alignment of all receptors. Fig. 22A and 22B show that the positions with
high residue conservation (EV boxes 11, 12 and 22) are in the cytosolic half of the 7TM bundle, mostly
at the internal faces of helices in contact with the central cavity.
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Considering the relationships between structure and residue conservation discussed in previous
paragraphs, this finding strongly suggests that the 7TM configuration of the cytosolic half of the 7TM
bundle central cavity should be kept for most receptors. On the other hand, the extracellular half of the
bundle (region of agonist site) and the extra-membrane loops are likely to have their structure changed
according to the agonist structure and environmental factors. In the case of helices, it is important to
emphasize that in the all-AGPCR alignment the helices IV and VI also showed variable sequences
along the full extension of their structures thus announcing beforehand that they might also have variable
structures in many receptor classes. In this case, variation of structures would mostly mean interruption
of the helix by formation of bulges, and change of its relative location in the 7TM bundle.

In the case of extracellular loops, there would be restrictions to changes in the structure of EC-
2 loop of many AGPCRs, due to the presence of a very conserved disulfide bond linking the top of helix
III to the loop (Fig. 1A and 3A). Sequence insertions are the most notable variations found in the loops
of AGPCRs that are consequence of inductive fit mechanisms driven by ligands and other environmental
factors on the structure of these receptors.

Figure 22. Inactive structure of AGPCRs. Mapping of positions occupied by
very conserved residues of EV box 11 (magenta), 12 (red) and 22 (gold): (A)
longitudinal view and (B) cross-section of the same structure.

5. Activation of AGPCRs

5.1. General concepts

Activation of AGPCRs is promoted by modifications on the structure of receptors starting at
the extracellular half, propagating across the 7TM bundle and ending at the cytosolic ends. For most
receptors this physiological process is transitory since it is elicited by agonist binding at the specific
modulator site in the extracellular half of the 7TM bundle but can be started by light stimulation as in
opsins. These AGPCRs have a special prosthetic group, the retinal, previously docked at the agonist site
under an isomeric cis form which can undergo a light-modulated cis-trans-isomerization and thus start
the activation mechanism.

Activation of AGPCRs is followed by the transference of a message to cytosolic effectors what
triggers a chain of events leading to a ultimate effect. The two most studied pathways of events driven
by AGPCRs are activation of G protein chains of different types and all effectors linked to them, and
receptor phosphorylation by protein kinases, followed by binding of adaptors as arrestins and others,
and cellular internalization. These pathways seem to be interdependent and somewhat interconvertible
(Maudsley et al., 2005; Perez & Karnik, 2005; Wei et al., 2003) sometimes requiring the simultaneous
participation of all receptor cytosolic ends (Yu et al., 2002; Natochin et al., 2003). They may still be
specifically selected by factors inherent to the structure of agonists (Miura et al., 1999; Bartl et al.,
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2005; Le et al., 2002) and non-specifically by environmental factors (Maudsley e al., 2005).

The agonist-dependent selectivity of effects derived from AGPCR activation has nowadays
been regularly studied in opsins and a few other systems of receptors. Indeed, syntheses of retinal
derivatives obtained by chemical modifications at different positions of the original moiety have been
succeeded in order to produce agonists with ability to change the equilibrium between the states that
form the pathways of opsin activation (Bartl et al., 2005; Liideke et al., 2005; Vogel et al., 2005;
Bhattacharya et al., 2008). In the system of AT1 receptor and the octapeptide-agonist angiotensin II
(Asp!-Arg?-Val3-Tyr*-Ile3-His®-Pro’-Phe?), activation by native peptide binding can trigger activation of
G, machinery, a process that is regulated by agonist residues Tyr* and Phe® Miura et al., 1999). On the
other hand, binding of Ala4- or Ala8-angiotensin II can lead receptor to successive events such as
phosphorylation by protein kinases, binding to arrestin and internalization (Feng et al., 2005; Kalatskaya
et al., 2004; Perez and Karnik, 2005; Maudsley et al., 2005; Wei et al., 2003).

AGPCRs may also be constitutively activated (absence of agonist) by permanent modifications
of their own structures or other receptor-coupled proteins, usually produced by residue mutations.
Constitutive activation usually denotes a condition in which the receptor is able to activate Ga chains
but it is also seen driving the phosphorylation pathway. It can be elicited by changes in the receptor
structure or surrounding environment along the entire pathway of activation (Pauwels & Wurch, 1998).

For instance in a pathway leading to phosphorylation, mutations of residues in the receptor
cytosolic ends or in the protein kinase structure leading to reduction of the catalysis rate, may increase
the levels of receptors available thus producing relative increase of constitutive Go. chain activity by a
mechanism at distance.

In the region between the agonist site and cytosolic ends, signal transduction is performed
leading receptors to be stabilized under an activated state. If mutations are made in this region and
higher stabilization of this state is reached, a condition of constitutive activation may be installed now
through a mechanism directed to the signaling mechanism itself.

Analysis of the mechanisms leading to activation of AGPCRs is nowadays extremely facilitated
due to the great deal of kinetic and structural information about rhodopsin activation obtained from
spectroscopic assays, crystallization and determination of 3D structures (Schertler, 2005). The extension
with which this knowledge can be applied to other receptor classes is measured in maps of residue
conservation built from multiple alignment of all-receptor sequences on the structure of rhodopsin.
These maps show that residue conservation is in the internal positions of the structure cytosolic half and
heterogeneity is seen in the extracellular side. Thus, activation occurring at the extracellular half of the
structure 7TM bundle would have to be mediated by receptor-class-specific mechanisms whereas, on
the other hand, it would have a same mechanism for all receptors when occurring at the cytosolic half of
the structure.

5.2. Activation of rhodopsin

5.2.1. Activation may be monitored from rhodopsin and retinal-free opsin structures

The first determined structure of rhodopsin (dark opsin) is an inactive form of AGPCRs
(Palczewski et al., 2000; Li et al., 2004) but the retinal-free opsin (Park et al., 2008) is constitutively
activated when helix VII Lys’»®9 (Fig. 23A-23C; see Fig. 2 for numbers of positions) is mutated to
negatively-charged or neutral residues (Glu or Gly) (Zukhovsky et al., 1991; Li et al., 1995; Rim &
Oprian, 1995; Shi et al., 1998]. Thus, it might a priori mimic an active structure of these receptors.

Retinal-free opsin with free Lys’>®% (Fig. 23A) is inactive but can recover activity when
incubated and regenerated with retinal (Bhattacharya ez al., 1992). Lys723(296)Glu(Gly) mutant of
opsin is constitutively activated and may acquire physiological activity in the presence of light when
regenerated with retinal (Zhukovsky et al., 1991). The existence of constitutive activity in mutated but
not in wild forms of retinal-free opsin, might be associated with a simple mechanism. A free Lys at the
helix VII 723(296) position of wild retinal-free opsin would simply make a salt bond with the y-carboxyl
of helix III Glu*"®"¥ (Fig. 23A) or EC2 loop Glu**'8) (Fig. 23B) whereas upon Lys723(296)Glu mutation
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(Fig. 23C) this occurrence is ruled out.

Interestingly, in agreement with this hypothesis, Gly231(90)Asp or Ala719(292)Glu mutations
drive rhodopsin to constitutive activity (Rao et al., 1994; Rim & Oprian, 1995) perhaps because the
introduction of negative side-chains at these positions leads to an effect similar to that due to Glu’>3@®
(Fig. 23D). The bond between Lys’>®% and Glu*¥!!¥ or Glu*4!8D would link the extracellular half of
helix VII to the top of helix III or to the EC2 loop thus keeping compact these domains of the opsin
which otherwise would be loose. It seems that a somewhat disordered structure in the extracellular half
of 7TM bundle of opsins favors the activation of these proteins. Owing to this fact, the retinal-free
opsin structure (Park et al., 2008) bearing a Lys723(296)Glu mutation was used as a template for
studying activation of rhodopsin.

Figure 23. Structures of retinal-free opsin showing the EC2 loop hairpin in green. Note the
disrupted interactions in the cytosolic ends of the structure between the pairs of residues, Arg**135-
Glu®®@*D and Tyr734(306)-Phe®1%C13 indicating an activated form of protein. (A) Despite it, an
inactive-like form of the protein may be assumed in the interface between 7TM loop and EC2
loop, with interactions between helix VI Tyr®*!?% and EC2 loop Glu**18D, and between helix
VII Lys7@9 and helix IIT Glu*'31% (see red arrow). (B) A metarhodopsin I-like form of opsin
would be formed by making Lys’>@® interact with EC2 loop Glu**!#)(see red arrow), thus
releasing the side-chains of Tyr®?!@® and Glu**!!®, (C) The Lys723(296)Glu mutation would
break the previous bond by a charge repulsion effect (red dotted line). (D) Gly231(90)Asp and
Ala(719)292) mutations (see residues in red) may promote a similar effect, including due to the
formation of a bond between Lys’?®® and Asp?'®° residues.

Inactive rhodopsin was compared to retinal-free opsin by superposing the structures of these
proteins and measuring the distances between their corresponding main chain atoms (N, C, O, Ca). A
special preliminary requisite was that the superpositions had different initial templates, that is, the
procedures would have to be centered not only on the whole opsin structure but also on different 7TM
bundle domains (helices), separately. This protocol is likely to identify whether the full structures of
opsins or parts of them are similar in a dependence on the templates used. For instance, (1) if the
structures of inactive rhodopsin and retinal-free opsin are on the whole very different, procedures based
on small regions of the proteins, as isolated 7TM helices, may eventually produce good superpositions
but limited to the regions of templates; (2) if the inactive and active opsins have similar overall structures,
superpositions are perfect even using templates spanning all over the molecules; (3) if parts of the opsin
structures are similar, only superpositions based on templates of these regions are succeeded.

The hypothesis of item 3 above was found to be true as indicated experimentally. In fact, by
superpositions of inactive rhodopsin to retinal-free opsin were satisfactory only when helices 111, IV
and V were used together, or in pairs, as templates. Superpositions centered on helices I, II, VI and VII
led at sparse results. When isolated helices were used as templates, satisfactory superpositions were
only found for the respective helix. However, when helices I, VI and VII were made templates together,
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the superpositions of these three helices plus that of helix II were better but the superpositions of
helices III, IV and V were now entirely unmade.

These studies enabled us to split the opsin 7TM bundle into two continuous blocks, the first
consisting of helices III, IV and V (group 1) and the second of helices I, II, VI and VII (group 2) (Fig.
24A and 24B). A plausible interpretation of these results is that both inactive rhodopsin and retinal-free
opsin have a conserved conformation in their 7TM bundle block formed by group 1 helices but different
conformations in the structure block formed by group 2 helices. Thus, if inactive rhodopsin and retinal-
free opsin are, respectively, the initial and final states of opsin activation, the conformational changes
occurring along the steps of this mechanism, would rather occur in the group 2 block of the 7TM bundle
structure (blue in Fig. 24B).
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Figure 24. (A) Ca traces taken from superposed retinal-free (green) and inactive (blue) opsins according
to a procedure centered in helices of group 1 (III, IV and V), Note that superposition for helices of group
2 (I, I, VI and VII) is imperfect all over the extension of helices. (B) Cross-section of the 7TM bundle of
retinal-free opsin showing helices of groupsl1 (blue) and 2 (green).

5.2.2. Conformational changes on retinal-free opsin relative to inactive opsin

Ca traces (Fig. 24A) shows that the conformational changes supposedly linked to activation of
opsins, are lateral displacements of the entire extension of group 2 helices (I, II, VI and VII) and some
adjoining loops of the retinal-free opsin in relation to the corresponding domains of the inactive rhodopsin,
while group 1 helices (III, IV and V) and adjoining loops, including the N-terminal half of loop V-VI,
are less moved or are practically kept still.

Considering the 7TM bundle structure shown in Fig. 24B, one may figure out that, upon the
postulated activation, half of the inactive rhodopsin 7TM bundle comprising group 2 helices and some
intermediate loops, are laterally moved specially at the cytosolic ends (Fig. 25). For instance, direct
measurements in superposed structures of inactive rhodopsin and retinal-free opsin (Fig. 24A, 24B and
25) show that the averaged shifts are of 7-9 A in the C-terminal segment of loop V-VI and N-terminal
segment of helix VI; 4.5 A in the cytosolic ends of VII, VIII and loops and of 3 A in the cytosolic end of
helix II. Thus, along an evolution going from inactive to active forms of opsin (retinal-free structure),
expressive expansion of the 7TM bundle is rather produced in the cytosolic ends of helix VI, in the
interface between the cytosolic ends of helices VI and VII and between the cytosolic end of helix VII
and the helix VIIIL.
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Figure 25. Ca traces taken from superposed retinal-free
(green) and inactive (blue) opsins. Side view of the 7TM
bundle structure showing helices of group 2: I, II, VI, VII
and VIII plus helix V as reference. In the hypothesis now
under consideration, blue and green stand for inactive and
activated forms of opsins, respectively. Thus, the lacking of
superposition indicates movemtns of helices upon activation.
Helices V perfectly superposed are the references.

5.2.3. Features of activation in rhodopsins

Opsin conformational changes leading to activation may be spectroscopically monitored since
along this process the retinal has maximal values and wavelenghts of absorption changed. For instance,
products observed in the process of rhodopsin light-mediated activation have maximal absorptions at
500 nm (rhodopsin itself), 480 nm (metarhodopsin I MI) and 380 nm (metarhodopsin II MII) (Matthews
et al., 1963). As a consequence of this experimental advantage, studies of rhodopsin activation have
attained an advanced stage as denoted by the detailed description available for the mechanism of activation
of this protein (Knierim et al., 2007). Here, a summary of this mechanism is reproduced as follows.

In the inactive structure of rhodopsin, the retinal site is stabilized by bonds between a protonated
SB and helix IIT Glu*'8"® (Kim et al., 2004), and between loop IV-V hairpin Glu**!8D and helix VI
Tyr®21@6® (Li et al., 2004) (bonds 1 and 2 in Fig. 26A, respectively). Following retinal light-mediated
11-cis-all-trans isomerization, some short lifetime opsin states evolve in the system, before rhodopsin
MI state is formed upon breaking of the two bridges above (Yan et al., 2002; Ruprecht et al., 2004;
Schertler, 2005). As a consequence of this change, the retinal SB link has its position changed so that it
is now stabilized by its interaction with loop IV-V Glu**!8D (indicated by arrow in Fig. 26B) being the
helix VI released from connection with the EC2 loop IV-V hairpin.

Large changes in the environment around the SB drive a transition of rhodopsin structure from
a MI state to a MII state of rhodopsin. Kinetical studies (Knierim ef al., 2007) have revealed the precise
order of events in this process. It starts with SB deprotonation in which SB pK is seen decaying step-
wisely from about 16.0 to 2.5 and follows with a motion of helix VI all over the 7TM bundle structure.
Finally, it ends with a proton uptake by Glu***!3¥ residue in the cytosolic end of helix III due to a pK
decay linked to the helix motion and breakage of previous interactions between cytosolic ends (compare
the state of these interactions in Fig. 26B and 26C). Metarhodopsin MII is the active state of rhodopsin
which is believed to couple G-proteins (Hamm er al., 1988; Kisselev et al., 1999: Ernst et al., 2000) and
be target for phosphorylation (Maeda et al., 2003). Whether a same form of MII is related or not to these
two events is matter for discussion in next sections.

The mechanism described for rhodopsin is believed to be common for activation of all opsins
and thus the bridge involving Glu**!8) and protonated SB cannot be so relevant to regulate M1/ MII
equilibrium as described for rhodopsin since the residue in question is not fully conserved along the
sequences of other opsins (Ludeke et al., 2005). In red or green visual pigments, Glu*4!8D is mutated to
His**(8D and is part of a chloride site that, via binding of this ion, can discriminate colour by regulating
the light wavelenght absorbed by the opsin upon activation (Wang et al., 1993).
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These additional facts allow to conclude that the mechanism of opsin activation is more general.
Formation of MII state, involving previous SB deprotonation, has a high activation energy and thus it is
a process that requires broad conformational changes supposedly occurring at the retinal pocket and
other regions of the 7TM bundle. These changes probably result from the isomerization itself. Results
from Nuclear Magnetic Resonance studies (Ahuja et al., 2009) reveal that upon light activation the
extracellular third of helix V and the EC2 loop are substantially moved. Also, the all-trans-retinal is
inserted into the 7TM bundle cavity; its B-ionone ring reaches the cytosolic half of the structure (Ahuja
et al., 2009) and thus might be a vital factor to driving the motion of helices. Anyway, conformational
changes thus produced are transmitted to the other side of the 7TM bundle leading to extensive
displacements of the structure cytosolic ends (Altenbach et al., 2008).

5.2.4. Structure of retinal-free opsin is consistent with the mechanism of rhodopsin activation

Two features of retinal-free opsin structure may be perfectly matched to events of rhodopsin
activation. First, the helix VII Lys’2@® side-chain (free in the absence of retinal) is found shifted
towards the IV-V loop Glu**18D residue due to the lateral movement of group 2 helices (I, VI and VII)
(Fig. 24A and 25) thus mimicking the exchange of salt bridges observed with SB in rhodopsin light-
mediated activation. Second, the space amid cytosolic ends is significantly enlarged in retinal-free
opsin as denoted by increases of Arg0(39-Glut®@+) and Tyr7**(06-Phed!%G13 distances in relation to
inactive rthodopsin, from 8.7 A to 14.7 A and from 7.4 A to 10.4 A, respectively (compare distances of
corresponding residues in the cytosolic ends of inactive rhodopsin and retinal-free opsin in the bottom
of Fig. 26A and 26B, respectively). Thus, many conditions that would be expected as products of light-
activation of opsins are right developed upon simple withdrawal of retinal.

Given the higher conservation of residues in the cytosolic regions of the AGPCR 7TM bundles,
the expansion of structure at these regions may be a common feature of most of the receptor classes
(Oliveira et al., 2007). In fact, the stability of the Arg***139-Glu%°?*? galt bridge between the cytosolic
ends of helices III and VI (Ballesteros et al., 2001), and even of the Tyr’3*3%)-Phe8!%¢!3 aromatic-ring
interaction between the cytosolic end of helix VII and helix VIII (Fritze et al., 2003), are crucial for
keeping the AGPCRs inactivated (Fig. 3A, 26A and 26B).

A B C

Figure 26. Structures of rhodopsin in which retinal is drawn in magenta, the EC2 loop hairpin in
green, residues bound to retinal or making interactions between cytosolic ends in gold, aromatic
side-chain interacting with retinal in red. (A) Inactive form (Li et al., 2004) showing interactions
between EC2 loop Glu*®*18) and helix VI Tyr®2@%® (interaction1) and between the cis-retinal
Schiff base and helix IIT Glu*'®¥(interaction 2). Cytosolic interactions (below) between helix
III Lys**(39 and helix VI Glu?*"®% orbetween helix VII-helix VIII bend Tyr*®"** and helix VIII
Phe®*®19 are intact. (B) A hypothetical form of rhodopsin created by pulling the 7TM bundle
helices away from each other (Oliveira et al., 2007). Due to retinal displacement produced by
isomerization, the interaction 1 of previous figure was disrupted and the Schiff base is now
bound to EC2 loop Glu**!#) (see arrow). Cytosolic interactions (below) are now disrupted. (C)
Retinal-free opsin (Park et al., 2008). The free Lys’>®®is making salt-bridge with EC2 loop
Glu*418)_ Cytosolic interactions (bottom of the figure) are also disrupted.
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5.2.5. A same state or different states of activated rhodopsin may drive G-protein activation
and phosphorylation

The cytosolic loops IC2 and IC3 of AGPCRs contain sites for coupling cytosolic proteins and
are certainly regions where extensive conformational changes occur in the course of the activation
(Hamm et al., 1988; Altenbach et al., 1996; Ernst et al., 2000; Ballesteros et al., 2001; Ridge et al.,
2006). The IC3 loop is found already accessible in inactive rhodopsin and its accessibility is significantly
increased in retinal-free opsin (Fig. 25) thus reinforcing the idea that it is vital in signaling mechanisms.

Two pathways are described driving interactions of AGPCR cytosolic ends with cytosolic
proteins, the first leading to activation of G-protein system (release of GDP from Ga chains of types
t,s,q and others and separation of the respective Gy complexes) and the second one enabling the
protein kinase attack mainly to the C-terminal tail of receptor with consequent creation of sites for high-
affinity binding of adaptors as arrestins (Hofmann et al., 1992; Pulvermiiller et al., 1993; Han et al.,
2001; Luttrell & Lefkowitz, 2002: Kisselev et al., 2004), and finally for receptor internalization (Nabi
& Le, 2003; Mousavi et al., 2004).

A problem relative to these interactions that remains to be solved is whether a same
conformational state of activated AGPCRs, or different states of these proteins, would have to be formed
in order to give rise to G-protein activation and receptor phosphorylation. In case of rhodopsin, it has
been demonstrated from spectroscopic studies that MII is the form leading to activation of Godchain
(Hamm er al., 1988; Kisselev et al., 1999; Ernst et al., 2000; Herrmann et al., 2004; Knierim et al.,
2007; Scheerer et al., 2008) and other forms exist with ability to couple G protein but with different
efficiencies in order to promote GDP release (Morizumi et al., 2005). However, if this problem is thus
well tested and documented at the side of G protein activation events, it is, on the hand, less visited at
the phosphorylation side.

Cell experiments planned to study activation-mediated phosphorylation of rhodopsin were at a
first stage unstable so that contradictory results were initially obtained showing either that a single MII-
like conformation is driving both G protein activation and phosphorylation pathways (Bhattacharya et
al., 1992; Li et al, 1995; Rim & Oprian, 1995) or the reverse condition on which different rhodopsin
states are needed for both of these post-activation events (Robinson ez al., 1994). This last result coincides
with results from specific experiments carried out with other AGPCRs (Perez & Karnik, 2005) and
specially angiotensin II AT1 receptors (Thomas et al., 2000).

It is difficult by means of initially rudimentary experiments to check the validity of the two
hypotheses but more precise spectroscopic techniques applied to solubilized rhodopsin have allowed
important advances in these studies. In the process of MII formation, a previous finding showing that
there is an equilibrium between two forms of activated rhodopsin, called MII, and MII, (Arnis & Hofmann,
1993), could be more recently analyzed with more details (Herrmann ez al., 2004). The opsin MII_ has
SB already deprotonated but not helix VI moved and proton associated by Glu**"3at the bottom of
helix II1. The opsin MII, has the motion of helix VI and and proton uptake processes completed (Ernst
etal.,2007). As it has been verified that helix VI motion and proton uptake are required for Go coupling
to the opsin (Arnis ef al., 1994), one may conclude that MII, is the more likely form of activated opsin
related to G-protein activation. But a crucial question still remains. Would the MII opsin the specialized
form of this protein with ability of triggering the phosphorylation pathway?

A way to address this problem is to focus attention on the broad structural changes occurring at
the cytosolic ends of AGPCR 7TM bundle upon agonist-mediated activation. The analysis of retinal-
free opsin structure (Parker et al., 2008) as a prototype for opsin activation, reinforced previous
assumptions (Oliveira et al., 2007) that activated AGPCRs have their cytosolic ends moved away from
each other, with notable displacements of helices VI and VII that ultimately lead to breakage of
interactions between helix IIT Arg**°13% and helix VI Glus®?4? (Ballesteros et al., 2001), and helix VII-
helix VIII bend Tyr**®®and helix VIII Phe®'°C'3 (Fritze et al., 2003) (See Fig. 26A and 26C).

Thus, it is plausible to assume that upon rhodopsin activation, the breakage of interactions
between helices III and VI (first interaction above) might exactly express the helix VI motion step in the
mechanism of MII formation, that ultimately drives the system to the G-protein activation pathway.
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When, for reasons not analyzed yet, the process of conformational changes linked to rhodopsin activation
is oriented towards the second interaction between helix VII and the 7TM bundle itself (second interaction
above), the phosphorylation pathway would be favored. Interestingly, there are indications that the
breakage of the interaction between Tyr’**%and helix VIII Phe’!%®!'¥ can produce a realignment of
helix VIII, relative to the 7TM bundle, that is deleterious for the mechanism of G-protein activation
(Fritze et al., 2003) but is extremely favorable for phosphorylation as long as it might release the C-
terminal tail of receptors for attack by protein kinases.

5.2.6. Structural modifications of retinal or agonists in general select post-receptor-
activation pathways

The selection of G-protein activation and phosphorylation pathways based on the side of the
7TM structure that is more modified by conformational changes upon activation, is quite attractive.
More interesting is the possibility that this way of selecting post-receptor-activation events might be
dictated early by agonist binding to the specific site at the extracellular side of the 7TM bundle structure.
A great deal of quite reliable information consistently point to this hypothesis.

In case of rhodopsin, if chemical changes are made in the retinal structure, mainly in its ionone
ring, a condition of partial agonist emerges characterizing upon light activation a shift of MI/MIIL
equilibrium towards the inactive MI (Bart et al., 2005; Vogel et al., 2005). No data are available yet
regarding the status of the phosphorylation pathway elicited upon light activation of rhodopsin docked
with modified retinal molecules.

In other AGPCRs for which the activation is mediated by larger molecules as peptides and
proteins, it has been verified that the total agonistic activity results from the sum of selective effects
determined by binding of specific regions of the agonist to receptor. For instance, as it has been already
referred to above, in AT1 receptors for angiotensin II Gaq chain activation is due to binding of Tyr4 and
Phe8 side-chains (Miura et al., 1999), a condition that is not required for activating phosphorylation
(Thomas et al., 2000). Analogs or homologs of angiotensin II, devoid of aromatic rings due to selective
mutation or remotion, are only able to trigger phosphorylation and internalization pathways (Le ef al.,
2000; Feng et al., 2005). By applying this reasoning to the rhodopsin system, one may argue that the
region of retinal ionone ring might be a probable candidate to elicit activation of Gad chain whereas
parts of retinal which might be linked to increment of opsin phosphorylation remain to be determined.

Unfortunately, to the best of our knowledge, no precise information about relationships between
structures of agonist and efficiency to trigger activation of G-protein or phosphorylation, have been
reported for other systems of AGPCRs. Thus, a more comprehensive discussion of this subject will
have to wait for the conclusion of specific experiments.
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