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Abstract: G protein-coupled receptors (GPCRs) interact with an extraordinary diversity of ligands by means of their extracellular 

domains and/or the extracellular part of the transmembrane (TM) segments. Each receptor subfamily has developed specific sequence 
motifs to adjust the structural characteristics of its cognate ligands to a common set of conformational rearrangements of the TM 

segments near the G protein binding domains during the activation process. Thus, GPCRs have fulfilled this adaptation during their 
evolution by customizing a preserved 7TM scaffold through conformational plasticity. We use this term to describe the structural 

differences near the binding site crevices among different receptor subfamilies, responsible for the selective recognition of diverse 
ligands among different receptor subfamilies. By comparing the sequence of rhodopsin at specific key regions of the TM bundle with the 

sequences of other GPCRs we have found that the extracellular region of TMs 2 and 3 provides a remarkable example of conformational 
plasticity within Class A GPCRs. Thus, rhodopsin-based molecular models need to include the plasticity of the binding sites among 

GPCR families, since the “quality” of these homology models is intimately linked with the success in the processes of rational drug-
design or virtual screening of chemical databases. 

1. INTRODUCTION 

 G protein-coupled receptors (GPCRs) are one of the largest 
protein families in vertebrates [1], and they are able to recognize 
and respond to an extraordinary chemical and structural diversity of 
extracellular signals, from odors and tastes to neurotransmitters, 
from peptides to ions, from hormones to photons [2]. In addition, 
they are the target of about 40% of the prescribed drugs [3, 4] and 
of around 25% of the top-selling drugs [5]. GPCRs, thus, constitute 
one of the most attractive pharmaceutical targets for designing new 
ligands with therapeutic benefits. Phylogenetic analyses show that 
human GPCRs form five main families: rhodopsin (Class A or 
family 1), secretin (Class B or family 2), glutamate (Class C or 
family 3), adhesion, and frizzled/taste2 [1]. Specialized databases of 
GPCRs can be found at http://www.gpcr.org/7tm [6] and http:// 
www.iuphar-db.org. 

 To date, the only crystal structure available is that of the 
inactive state of rhodopsin [7-11]. Rhodopsin is formed by an 
extracellular N–terminus of four -strands, seven transmembrane 
helices (TM1 to TM7) connected by alternating intracellular (I1 to 
I3) and extracellular (E1 to E3) hydrophilic loops, a disulfide bridge 
between E2 and TM3, and a cytoplasmic C–terminus containing an 

-helix (HX8) parallel to the cell membrane. Statistical analysis of 
the residues forming the TM helices of the rhodopsin family of 
GPCRs shows a large number of conserved sequence patterns [12], 
which suggests a common transmembrane structure. In contrast, the 
extracellular N-terminus, cytoplasmic C-terminus and loop 
fragments are highly variable in length, aminoacid content, and 
presumably in structure among Class A receptors. Thus, the 
putative structural homology between rhodopsin and other GPCRs 
probably does not extend to the extracellular domain, which is 
highly structured in rhodopsin, blocking the access of the 
extracellular ligand to the core of the receptor [13]. In addition, the 
TM segments of rhodopsin, and probably of other Class A GPCRs, 
are far from being ideal -helices [14]. The deformations in the 
helical structure are due to 'unusual' proline-induced kinks, 
resulting in local openings of specific helical turns, which relocate 
certain residues of structural and/or functional relevance. Complex 
networks of polar interactions, including intramolecular water 
molecules, stabilize these local distortions [9, 10, 15-19]. 
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 The sequence conservation in the TM domain of Class A 
GPCRs has been used by Ballesteros & Weinstein [20] to define a 
general numbering scheme, where the position of each residue is 
described by two numbers: the first (1 through 7) corresponds to the 
helix in which the residue is located; the second indicates its 
position relative to the most conserved residue in that helix, 
arbitrarily assigned to 50. These conserved residues are Asn55

1.50
 

(100%) (residue number in the bovine rhodopsin sequence and the 
general number in superscript), Asp83

2.50
 (94%), Arg135

3.50
 (96%), 

Trp161
4.50

 (96%), Pro215
5.50

 (77%), Pro267
6.50

 (100%), and 
Pro303

7.50
 (96%). These patterns are easily identifiable on a 

multiple sequence alignment and allow easy comparison among 
residues in the 7TM segments of different receptors. This generic 
numbering scheme is employed all through the manuscript. 

 Drug discovery has traditionally made progress by a 
combination of random screening and rational design [3, 21]. In 
practice, the latter approach has often been frustrated by the scarcity 
of structural experimental data that define the properties of the 
biological target. Nowadays, this situation is starting to change due 
to the significant increase of detailed 3D structural information 
deposited in the Protein Data Bank [22]. In the field of GPCRs, the 
publication of the structure of rhodopsin clearly opened a new era 
[23]. This structure allows the use of homology modeling 
techniques for building three-dimensional models of other 
homologous GPCRs [24, 25]. We have previously proposed that the 
different Class A receptor families have developed a remarkable 
degree of structural plasticity in order to adapt their recognition 
properties to the chemical diversity of the various ligands [14, 26]. 
In this review we are going to expand these results, describing in 
detail the differences between the transmembrane bundle of bovine 
rhodopsin and other Class A GPCRs. This plasticity of the binding 
sites among GPCR families is ultimately responsible for the 
selective affinity of a drug for a given receptor, and, thus, it is 
relevant for structure-based drug design, as the “quality” of the 
homology models is intimately linked with the success of the 
design approach. 

2. MOLECULAR DYNAMICS SIMULATIONS AS A TOOL 
TO STUDY SPECIFIC STRUCTURAL FEATURES OF 

TRANSMEMBRANE HELICES 

 The effect of specific sequence motifs on the structure of TM 
helices can be effectively studied using molecular dynamics 
simulations of poly-alanine helices containing the motif under study 
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in an explicit hydrophobic environment [27]. We have shown that 
methane molecules provide an environment able to reproduce the 
structural characteristics of membrane-embedded proteins [28]. The 
ensemble of TM structures obtained in the simulations can be 
clustered into conformationally related subfamilies using, for 
instance, the program NMRCLUST [29], to select representative 
structures. These representative structures can be further analyzed 
with the program HELANAL [30]. Bend and twist angles are two 
relevant parameters to define the distortion of a helix. The bend 
angle is defined as the angle between the axes of the cylinders 
formed by the residues preceding and following the motif that 
induces the distortion in the helix, and measures large-scale 
structural distortions. The twist angle analyzes helical uniformity, 
and is related to local changes in the geometry [30]. This parameter 
is interpreted as follows: an ideal -helix, with approximately 3.6 
residues per turn, has a twist of approximately 100º (360º/3.6); a 
closed helical segment has less than 3.6 residues per turn, and a 
twist>100º; finally an open helical segment has more than 3.6 
residues per turn, i.e. a twist<100º. This local effect is ultimately 
translated in a change in the orientation of the aminoacid 
sidechains, which can be of structural or functional importance in 
the context of the protein. This technique has been used to study the 
structural features of TM2 and TM3 in chemokine receptors [31, 
32] or TM3 in amine receptors [33]. 

3. DIFFERENCES AND SIMILARITIES IN THE 
TRANSMEMBRANE BUNDLE OF GPCRS 

 GPCRs interact with an extraordinary diversity of ligands by 
means of their extracellular domains and/or the extracellular sides 
of the transmembrane segments. As the process of ligand 
recognition will largely depend on the specific receptor subtype, 
there is a low degree of sequence conservation among GPCR 
families at these extracellular domains [12]. Conversely, the 
processes of recognition and activation of a small number of G 
proteins involve the cytoplasmic ends of the transmembrane bundle 
and the cytoplasmic C-terminal tail of the receptor. As a result, the 
most conserved residues in the rhodopsin-like family of GPCRs are 
clustered in the central and intracellular regions of the receptor [12]. 
This sequence conservation pattern suggests that each receptor 
subfamily has developed specific sequence motifs to adjust the 
structural characteristics of its cognate ligands to a common set of 

conformational rearrangements of the helices near the G protein 
binding domains. We have previously suggested that GPCRs have 
fulfilled this adaptation during their evolution by customizing a 
relatively preserved scaffold through conformational plasticity [26]. 
We use this term to describe the structural differences among 
different receptor subfamilies within the extracellular side of the 
transmembrane bundle, near the binding site crevices, responsible 
for recognition of diverse ligands among different receptor 
subfamilies. 

 We want to describe in this section how different sequence 
patterns are translated into receptor plasticity. Therefore, we are 
going to compare the sequence at specific key regions of the 
transmembrane bundle of bovine rhodopsin with the sequences of 
other GPCR subfamilies.  

3.1. Transmembrane Helix 2 is Key in Determining the 
Conformation of the Extracellular Part of the Receptor 

 The currently available crystal structures of rhodopsin [7-11] 
show that TM2 runs parallel to TM3 from the cytoplasmic side of 
the transmembrane bundle to approximately three turns below the 
beginning of the first extracellular loop, at position 2.57. At this 
point TM2 bends 33º [10] towards TM1, and leans away from TM3 
(Fig. (1)). Two successive Gly residues at positions 2.56 and 2.57, 
present in 90% of the rhodopsin vertebrate type 1 receptors but 
absent in other rhodopsin-like GPCRs, cause this distortion of TM2. 
In particular, the C -H group of Gly

2.57
 forms a hydrogen bond with 

the backbone carbonyl of the residue at position 3.27 in TM3 (Fig. 
(2); red line). This type of C -H•••O=C hydrogen bond has been 
show to be an important determinant of stability in membrane 
proteins [34]. Interestingly, in addition to the strong kink, TM2 
opens at the 2.55-2.58 turn, accomodating more than 3.6 residues 
per turn (twist < 100º as calculated by the HELANAL program 
[30]). This opening of the helix induces an unusual intramolecular 

–helical hydrogen bond network. Ideal -helices are stabilized by 
hydrogen bonds between the carbonyl oxygen of residue at position 
i and the N–H amide group at position i+4, in the following turn of 
the helix. However, in rhodopsin, the carbonyl group at position 
2.53 interacts with the N-H amide at positions 2.57 and 2.58 (i.e. 
both i+4 and i+5), the 2.54 carbonyl with the 2.59 N-H (i+5), and 
the 2.57 carbonyl with the 2.61 N-H (i+4) (Fig. (2); yellow lines). 
Thus, carbonyl groups at positions 2.55 and 2.56 lack their N-H  

 

 

 

 

 

 

 

 

 

 

Fig. (1). Detailed view of the TM1-TM3 region, shown as cylinders, in the structure of bovine rhodopsin (PDB id: 1GZM) (Panel A, view from the 

extracellular side; Panel B, lateral view). Computer simulated TM helices (tube ribbon) containing polyAla (control, white), Pro at positions 2.57 (dark green), 

2.59 (light green), and 2.60 (light blue), and the Thr2.56-X-Pro2.58 motif (dark blue), superimposed on the cytoplasmic end of TM2. Pictures were created with 

PyMOL [57]. 
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Fig. (2). Detailed view of the rhodopsin structure at the TM2-TM3 interface. 

The C -H group of Gly2.57 forms a hydrogen bond with the backbone 

carbonyl of the residue at position 3.27 in TM3 (red line). TM2 contains, in 

this region, an unusual intramolecular –helical hydrogen bond network: 

the carbonyl group at position 2.53 interacts with the N-H amide at positions 

2.57 and 2.58 (i.e. both i+4 and i+5), the 2.54 carbonyl with the 2.59 N-H 

(i+5), and the 2.57 carbonyl with the 2.61 N-H (i+4) (yellow lines). The 

local opening of TM2 is stabilized by the interaction between Thr2.59 and 

Thr2.60 with the backbone carbonyls at position 2.55 and 2.56, respectively 

(green lines). 

 

counterpart. Rhodopsin vertebrate type 1 receptors also contain two 
highly conserved (83%) consecutive Thr residues at positions 2.59 
and 2.60. The short side chain of Thr is capable to hydrogen bond 
the backbone carbonyl in the previous turn of the helix, inducing 
and/or stabilizing distortions in TMs [35]. Specifically, Thr

2.59
 and 

Thr
2.60

 interact with the backbone carbonyls at position 2.55 and 
2.56, respectively (Fig. (2); green lines). The interactions of both 
Thr residues with these carbonyls stabilize this extreme 
conformation of TM2 in rhodopsin. In summary, rhodopsin 
contains a GGxTT motif that distorts TM2 and induces a family-
specific TM2-TM3 interface (see below). The absence of this motif 
in other rhodopsin-like GPCRs reveals the extracellular region of 
TM2 and TM3 as an example of local structural variability in the 
rhodopsin family (conformational plasticity).  

 Fig. (3) shows a multiple sequence alignment of TM2 in 
various Class A GPCRs, including rhodopsin. The primary struc-
ture of TM2 is highly conserved in its cytoplasmic side at positions 
2.40 (N:40%; D:10% of the sequences), 2.42 (F:39%; Y:28%), 2.45 
(N:51%; S:29%), 2.46 (L:91%), 2.47 (A:74%), 2.49 (A:58%), 2.50 
(D:94%), 2.51 (L:60%), and 2.52 (L:60%) [12]. This conservation 
pattern suggests a common structural and functional role of the 
intracellular domain of TM2 in the rhodopsin-family of GPCRs. In 
contrast, the aminoacid sequence is strongly divergent at the 
extracellular side. For instance, there are several Pro residues at the 
2.57 (2%), 2.58 (41%), 2.59 (37%), and 2.60 (4%) positions [12] 
capable of introducing structural changes. Pro residues are  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Multiple sequence alignment of TM2 of various human Class A 

GPCRs [6]: biogenic amine (ADRB2_HUMAN), peptide (angiotensin, 

AG2R_HUMAN; chemokine, CCR5_HUMAN; opioid, OPRD_HUMAN; 

vasopresin, V1BR_HUMAN), glycoprotein hormone (TSHR_HUMAN), 

rhodopsin (OPSD_HUMAN), prostanoid (prostaglandin, PE2R1_HUMAN; 

prostacyclin, PI2R_HUMAN), gonadotropin-releasing hormone (GNRHR_ 

HUMAN) and melatonin (MTR1A_HUMAN) receptors. The highly 

conserved residues in the cytoplasmic region of TM2 are shadowed in blue, 

with their position in the sequence shown at the bottom of the alignment. 

Clearly, the extracellular region is less conserved, and features different 

family-specific motifs (boxed in red) with their positions shown at the top of 

the alignment: the Gly2.56Gly2.57 motif of the rhodopsin family; Pro2.57 in 

prostaglandin receptors; Pro2.58 (forming part of a Thr-X-Pro motif) in 

peptide receptors; Pro2.59 in prostanoid, gonadotropin-releasing hormone and 

amine receptors; Pro2.60 in vasopressin-like receptors; and the Pro2.57-X-

Pro2.59 motif in melatonin receptors. The putative structural effects of these 

sequence motifs are shown in Fig. (1). The figure was created with Jalview 

[58]. 

 

normally observed in TM helices [36] where they induce a 
significant distortion named Pro-kink [37]. The steric clash between 
the pyrrolidine ring of Pro and the carbonyl oxygen of the residue 
in the preceding turn [38] induces a bend angle of approximately 
20º in the helical structure [27]. Specifically, prostaglandin E2 
subtype EP1 receptors contain Pro at position 2.57 (see Table 1). To 
determine the consequence that Pro

2.57
 might have on the structure 

of these receptors we superimposed a computer simulated TM helix 
[27, 28] containing Pro at position 2.57 to the highly conserved 
intracellular domain of TM2 (Fig. (1)). It can bee seen how the kink 
induced by Pro

2.57
 (dark green) orients the extracellular moiety of 

TM2 away from the helical bundle. On the other hand, 41% of 
Class A GPCRs have Pro at position 2.58. Statistical analysis of the 
aminoacids present in the vicinity of Pro

2.58
 shows that almost in all 

receptors there is a Ser or Thr side chain in the i-3/i+3 range (see 
Table 2 in [27]). In particular the Thr

2.56
-X-Pro

2.58
 (X being a non-

conserved residue) sequence motif is the most abundant, present in 
71% of the Pro

2.58
-containing receptors. For instance, it is highly 

conserved in angiotensin, chemokine, and opioid receptors (Fig. 
(3)). The sole presence of Pro

2.58
 would orient the extracellular end 

of TM2 towards TM3 and away from TM1 (results not shown). 
However, the presence of Thr in the Thr

2.56
-X-Pro

2.58
 motif 

increases the helical bend angle by about 7-10° [27], causing the 
extracellular side of TM2 to lean even more toward TM3 and 
slightly toward the center of the bundle [31] (dark blue helix in Fig. 
(1)). In contrast, 37% of the receptors (biogenic amine, olfactory, 
prostanoid and gonadotropin-releasing hormone receptors, see 
Table 1 and Fig. (3)) contain a Pro residue at position 2.59, which 
induces a bend helix in the direction of TM1 (light green helix in 
Fig. (1)). Finally, Pro

2.60
-containing receptors (as beta adrenergic 

types 3 and 4, vasopressin-like and thyrotropin-releasing hormone 
receptors, see Table 1 and Fig. (3)) would bend TM2 away from the 
helical bundle (light blue helix in Fig. (1)). It is worth to note that 
melatonin receptors possess both Pro

2.57
 and Pro

2.59
 (Table 1 and 
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Fig. (3)); thus, TM2 in this subfamily will probably adopt a 
different conformation that those proposed in Fig. (1). 

 In conclusion, the extracellular part of TM2 provides a 
remarkable example of conformational plasticity within Class A 
GPCRs, where each family has developed a particular sequence 
motif to adapt this region to its structural and functional require-
ments. Fig. (1) exemplifies this effect by showing representative 
structures of helices without Pro aminoacids (white), Pro at 
positions 2.57 (dark green), 2.59 (light green), and 2.60 (light blue), 
and the Thr

2.56
-X-Pro

2.58
 motif (dark blue), superimposed on the 

cytoplasmic end of TM2 of the rhodopsin structure. Clearly, the 
different aminoacid sequence in the extracellular side of TM2 in 
rhodopsin and other homologous GPCRs is translated into 
structural divergences in this region of TM2 and, consequently, the 
nearby TM3 (see below). 

3.2. The Interface Between Transmembrane Helices 2 and 3 

 TM3 mediates a helix-helix interaction with TM2 through the 
backbone carbonyl of the residue at position 3.27 and the C -H 
group of Gly

2.57
 (Fig. (2)), specific of the opsin family. Most of the 

other members of the rhodopsin family of GPCRs possess at this 
2.57 position a bulky -branched or -branched aminoacid (Leu, 
39%; Val, 14%; Ile, 3%) [12] that prevents the interaction with the 
3.27 carbonyl. Therefore, it seems reasonable to suggest an 
alternative TM2-TM3 interface for GPCRs containing this bulky 
side chain at position 2.57, or containing Pro residues in TM2 (see 
above). We propose that TM2 in other GPCRs possesses a different 
conformation compared to rhodopsin, resulting in the subsequent 

relocation of TM3 (Fig. (4)). Fig. (5) shows the content in Pro, Gly, 
Ser, or Thr residues at the 3.22-3.52 positions of TM3 in Class-A 
GPCRs. The virtual absence of Pro residues in this helix suggests 
that the conformational plasticity might be dominated by the action 
of other aminoacids. Notably, Gly and Ser or Thr residues are  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Structural plasticity of TM2 and TM3 in Class A GPCRs. The TM 

helices of rhodopsin are shown in white. Alternative geometries for TM2 

and TM3 in amine receptors (green), due to the presence of Pro2.59 in TM2 

and Ser/Thr residues in TM3 [26]; and in peptide receptors (red), due to the 

presence of the Thr2.56-X-Pro2.58 motif in TM2 and the subsequent relocation 

of TM3 [32]. 

Table 1. Sequence Motifs in TM2 of Class A GPCR Subfamilies (as in GPCRdb [6]), with a Subfamily Conservation Greater than 

~50% 

 Gly
2.54

 Gly
2.56

/Gly
2.57

 Pro
2.57

 Pro
2.58

 Pro
2.59

 Pro
2.60

 

Amine 44(1)
 0 0 0 88 6(5)

 

Peptide 1 0 0 63 21 5(6)
 

Hormone protein 100 0 0 0 0 0 

(Rhod)opsin 0 30(3)
 0 7 15 11 

Olfactory 2 0 0 0 98 1 

Prostanoid 0 0 11(4)
 0 62 0 

Nucleotide-like 45(2)
 0 0 55 47 0 

Cannabis 0 0 0 0 0 0 

Platelet activating factor 0 0 0 100 0 0 

Gonadotropin-releasing hormone 0 0 0 0 100 0 

Thyrotropin-releasing hormone & Secretagogue 0 0 0 33 0 67
(7)

 

Melatonin 0 0 100 0 100 0 

Viral 0 0 0 81 0 0 

Lysosphingolipid & LPA (EDG) 97 0 0 0 0 0 

Leukotriene B4 receptor 0 0 0 100 0 0 

Class A Orphan/other 18 0 0 43 20 2 

(1) Acetylcholine receptors lack Pro2.59 but feature Gly2.54. Histamine receptors have these two residues simultaneously. 
(2) 100% conserved in adenosine receptors, in addition to Pro2.59. 
(3) 100% conserved in vertebrate type 1 opsins. The rest of vertebrate opsin family has either Gly or Ser residues at position 2.56 or 2.57. 
(4) 100% conserved in prostaglandin E2 subtype EP1 receptors. 
(5) 100% conserved in beta adrenoreceptors types 3 and 4. 
(6) 100% conserved in vasopressin-like receptors. 
(7) 100% conserved in thyrotropin-releasing hormone receptors. 
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relatively prevalent at different parts of TM3. Ser and Thr residues 
have been shown to induce or stabilize distortions in trans-
membrane segments due to the additional hydrogen bond formed 
between the O -H moiety of the side chain and the peptide carbonyl 
oxygen of the preceding helical turn [35]. Moreover, the additional 
flexibility in the helix due to the presence of Gly residues (because 
of the lack of the side chain) might reinforce this effect. The fact 
that Ser/Thr and Gly are spread over TM3 rather than strongly 
conserved at a certain positions suggests structural differences 
among different Class A GPCR families in TM3.  

 Within this family, TM3 is structurally conserved at the 
cytoplasmic end of the helix. In this region, TM3 contains the 
highly conserved (D/E)

3.49
R

3.50
(Y/W) motif [39], bulky 

hydrophobic residues at positions 3.43 (L:74%; I:10%; V:6%) and 
3.46 (I:58%; L:15%; M:15%; V:8%), and a hydrophilic residue at 
position 3.39 (S:75%; T:6%) [12]. Thus, as for TM2, these 
structural and possibly functional similarities suggest that, while the 
cytoplasmic side is conserved, the extracellular side will present 
family-dependent conformations. This concept is of special 
relevance, since TM3 is located at the center of the transmembrane 
bundle and forms, together with TMs 2, 5, 6, and 7, the binding-site 
crevice for extracellular diffusible ligands [40]. 

 More than 90% of GPCRs contain a disulfide bridge between 
TM3 and the E2 loop connecting TM4 and TM5. The high 
variability of the E2 loop with respect to length (from 4 to more 
than 50 residues [12]) and aminoacid composition suggests a non-
conserved structure of the loop, which would result in a different 
interface at the extracellular side of TM3-TM5 in different GPCR 
families. It has been suggested for the dopamine D2 receptor that 
TM3 is bent towards TM5 to account for the spatial constraint 
imposed by the short loop of four residues between the Cys 
engaged in the disulfide bridge with TM3 and TM5 [41]. In 
addition, we have suggested [33] that Thr

3.37
, 85% conserved in the 

neurotransmitter family of GPCRs, is responsible for the relocation 
of TM3 towards TM5 to facilitate the known interaction of 
aminergic ligands with Asp

3.32
 in TM3 and a series of Ser/Thr 

residues at positions 5.42 and 5.43 in TM5 [16] (Fig. (4)). 
Similarly, we have shown for chemokine receptors that the bending 
of TM2 toward TM3, in its outer half, due to the Thr

2.56
-X-Pro

2.58
 

motif, is tolerated in the context of the CCR5 helical bundle as the 
result of the relocation of TM3 toward TM5 [32] (Fig. (4)). 

3.3. Local Opening of Transmembrane Helix 5 

 Despite the presence of the highly conserved Pro
5.50

 (77% 
conserved in Class A GPCRs), TM5 has a bend angle of only 13º 
[10], significantly lower than the average Pro-kink induced angle of 
20º [27]. In order to remove the steric clash between the pyrrolidine 
ring of Pro

5.50
 and the carbonyl oxygen at position 5.46, TM5 is 

opened at the 5.45-5.48 turn (>3.6 residues/turn, twist < 100º). The 
5.46 carbonyl oxygen adopts an unusual conformation that is 
stabilized by the interactions with Glu

3.37
 (present in only 4% of the 

sequences) and Leu
3.40

 (L, 9%; V, 25%; I, 42%) (Fig. (6A)). Fig. 
(6B) compares TM5 of rhodopsin (red) with a helix featuring a 
standard Pro-kink (gray). Importantly, the opening of the helix at 
the 5.45-5.48 turn modifies the orientation of the aminoacid side 
chains at the extracellular domain, which point towards a different 
position. This distortion is of key structural and functional 
importance. For instance, the residue at position 5.42 (part of the 
binding-site in the N-formyl, C3a, and C5a peptide receptors [42, 
43] or amine receptors [44], among others [40] would be incorrec-
tly oriented towards the lipid environment if TM5 was modeled as a 
regular Pro-kinked helix (Fig. (6B), gray). In contrast, the opening 
of the helix properly positions this side chain towards the binding 
site crevice (Fig. (6B), red). These data suggest that TM5 shares a 
common conformation in Pro

5.50
-containing GPCRs. The question 

arises whether TM5 of other GPCRs lacking this Pro, for instance 
glycoprotein hormone and cannabinoid receptors, have evolved an 
alternative structural mechanism to adopt a conformation similar to 
rhodopsin. 

3.4. The Interface Between Transmembrane Helices 6 and 7 

 TM6 of rhodopsin presents the most pronounced kink in the 
TM bundle (~35º [10]) and, moreover, it is opened at the 6.46-6.49 
turn (>3.6 residues/turn, twist < 100º) (Fig. (7)). This severe 
distortion is energetically stabilized through two structural and 
functional elements involved in GPCR activation. First, Pro

6.50
 of 

the highly conserved CWxPx (Y/F) motif introduces a flexible 
point in TM6 facilitating this extreme conformation. The Pro-kink  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Content (in %) of Pro (black), Gly (gray), or Ser/Thr (white) residues in TM3 of Class A GPCRs [12]. 
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Fig. (6). A. Detailed view of the interface between TM3 and TM5 in 

rhodopsin. The opening of TM5 at the 5.45-5.48 turn is depicted as a coil. 

The unusual conformation of the backbone carbonyl at position 5.46 is 

stabilized by an interaction with Glu3.37 (yellow line) and a steric hindrance 

with Leu3.40 (white dots). B. Comparison between the structures of TM5 in 

rhodopsin (red) and a TM helix featuring a standard Pro-kink (gray). The 

helices are superimposed at the intracellular part. The opening at the 5.45-

5.48 turn (shown as a coil) properly positions the side chain at position 5.42, 

part of the binding site crevice in several families, towards the TM bundle. 

 

distortion of TM6 disrupts the intramolecular hydrogen bond 
between the carbonyl group at position 6.47 and the N-H amide at 
positions 6.51 (Fig. (7)).  

 The structure of rhodopsin [10] reveals a water molecule 
located between TM6 and TM7 (Wat#1), which acts as a 
counterpart of these groups, linking the backbone carbonyl at 
position 6.47 with the backbone N–H amide at position 6.51. In 
addition, this water molecule interacts with the backbone carbonyl 
at position 7.38 (Fig. (7)). Importantly, 60% of Class A GPCRs 
contain a non-bulky aminoacid at position 7.42 (A:40%; G:20%), 
creating a small cavity between TM6 and TM7 that allows the 
accommodation this water molecule. An additional 24% of GPCRs 
(as cannabinoids or acetylcholine receptors) contain a small and 
polar side chain (S:13%; T:7%; C:4%) at this position. We 
hypothesize that this polar side chain further stabilizes the carbonyl 
oxygen at position 6.47 through an extra hydrogen bond interaction. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Detailed view of TM3 (dark red), TM6 (orange), and TM 7 (blue) 

in rhodopsin. The strong distortion at Pro6.50 is stabilized by a water 

molecule (wat1), which links the backbone carbonyl at position 6.47 with 

the backbone N–H amide at position 6.51. In addition, this water molecule 

links TM6 and TM7 through the interaction with the carbonyl at position 

7.38. The small side chain of Ala7.42 creates a small cavity between TM6 

and TM7 that allows the accommodation this water molecule. The distortion 

of TM6 is further stabilized by the ionic interaction between Glu6.30 in TM6 

and the Glu3.49-Arg3.50 pair in TM3. 

 

Therefore, we suggest that this complex, highly packed, and 
probably functional interface between TM6 and TM7 is conserved 
in most Class A GPCRs. However, a bulky -branched or -
branched aminoacid (Leu, 4%; Val, 1%; Ile, 3%) [12] is present in, 
for instance, in the melanocortin and orexin families of GPCRs, 
suggesting a structural difference in this region. 

 The second element that stabilizes the strong distortion of TM6 
is the ionic interaction (“ionic lock”) between Asp/Glu

6.30
 in TM6 

and the Asp/Glu
3.49

-Arg
3.50

 pair of the (D/E)R(Y/W) motif in TM3, 
which links the cytoplasmic ends of these two helices in the 
inactive state of several GPCR families [15, 45, 46] (Fig. (7)). This 
ionic lock provides the energy required to maintain the extreme 
conformation of TM6 (see below). Disruption of the ionic lock [15, 
47, 48], aided by the protonation of Asp/Glu

3.49
 [49], induces 

conformational changes at the cytoplasmic side of TM3 and TM6 
[50], considered to be an essential step in the process of GPCR 
activation.  

3.5. The Interface Between Transmembrane Helices 3 and 6 

 While the (D/E)R(Y/W) motif in TM3 is highly conserved in 
Class A GPCRs, the acidic residue at position 6.30 is only present 
in 32% of the sequences (D, 7%; E, 25%). Other receptors may 
have evolved a comparable mechanism using different residues. For 
instance, opioid receptors feature a Leu in 6.30, so the role of 
Glu

6.30
 is likely to be played by Thr

6.34
 through a similar although 

specialized set of intramolecular interactions with Arg
3.50

 [51]. 
Notably, many GPCRs contain a basic residue at this 6.30 position 
(34%; K, 18%; R, 16%), which precludes a direct interaction with 
Arg

3.50
. These receptors will probably possess a totally different 

network of interhelical interactions at the intracellular side that 
remains to be identified. 
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4. CONCLUSIONS 

 Recent studies in GPCR pharmacology have lead to the 
development of new concepts in the field of drug discovery [52]. 
Specifically, collateral efficacy describes the ability of some ligands 
to selectively induce some of the receptor functions (activation of G 
proteins, interactions with other proteins, dimerization, phos-
phorylation, desensitization, or internalization) but not others. In 
addition, permissive antagonism is the property of an antagonist to 
block some but not all receptor-mediated signals. These ideas can 
be linked to GPCR structure through the concept of receptor 
plasticity. A number of studies have provided convincing evidence 
that GPCRs co-exist in different conformations, strongly suggesting 
an inherent flexibility [53-56]. Specific sequence motifs provide 
this degree of flexibility to TM helices, resulting in a range of 
receptor conformations [26]. Thus, ligands can selectively 
recognize particular conformations of the TM bundle triggering 
specific properties. 

 Rhodopsin crystal structures have shown that the helices 
comprising the TM bundle are far from being ideal -helices. TM 
helices containing Pro are also distant from standard Pro-kinked 
helices. These distortions are energetically stabilized through 
complementary intra- and inter-helical interactions involving polar 
side chains, backbone carbonyls and, in some cases, specific 
structural and functional water molecules embedded in the TM 
bundle. 

 Clearly, homology models of GPCRs developed for rational 
drug-design or for virtual screening of chemical databases, need to 
include the conformational plasticity of the receptor. On one hand, 
some of the structural peculiarities of rhodopsin will be present in 
the receptor under study, either because the specific sequence motif 
is conserved in the receptor being modeled, or because its family 
has evolved a compatible mechanism to stabilize a similar structure. 
Otherwise the putative family-specific structural dissimilarities 
relative to rhodopsin, must be explicitly modeled. Without any 
doubt, inclusion of experimental results improves the reliability of 
the computer models. These tailor-made models are conceptually 
opposed to automated model building techniques, which do not take 
into account family-specific structural peculiarities. Thus, the 
available crystal structures of rhodopsin are a double-edged 
weapon: while they provide a realistic template for homology 
model building of Class A GPCRs, they can also lead to an over-
simplification of GPCR structure. Clearly, one single template 
cannot explain the rich diversity of GPCR function. 
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