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Chapter 1 
Introduction 
 

 

1.1. Bioinformatics: a different approach to biology 
 

Decades of biochemical experiments have produced a wealth of biological 
data. As an example, the 2003 edition of the Federation of American 
Societies for Experimental Biology annual meeting (Experimental Biology 
2003, San Diego (CA), April 11-15, 2003) hosted around 7500 contributions 
(1). Moreover, the recent genome sequencing projects are generating a vast 
quantity of biological information. For instance, on the May 1st 2003 version 
of the GOLD (Genomes OnLine Database. 
http://wit.integratedgenomics.com/GOLD/) there are 717 genome projects 
reported, with 139 published complete genomes and 578 ongoing projects. 

The application of computers for the analysis and interpretation of this 
great amount of data is defined as Bioinformatics. This discipline is, by 
nature, an interdisciplinary field, which brings together biologists, computer 
scientists, chemists, physicists and mathematicians. Due to its success in 
the analysis of genomic and proteomic data, bioinformatics has become a 
basic tool essential for management of information in modern biology and 
medicine. 

Bioinformatics is a very broad discipline that has been divided in three 
main applications (2): 

a) connection between all different forms of data gathered by new high-
throughput techniques such as systematic sequencing, expression 
arrays, yeast two-hybrid and high throughput screenings. This 
application of bioinformatics is referred as data mining, and is 
considered the mainstream bioinformatics. 

b) tool to study specific biological problems, through its integration in 
the daily work of molecular biologists, using the growing set of 
methods available in the World Wide Web. 

c) management and representation of highly complex biological 
information, as the simulation of cellular systems or molecular 
interaction networks, and to the study of fundamental biological 
questions, such as protein folding or mechanisms of protein 
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function. The contribution of bioinformatics to these areas is related 
to the development of concepts in theoretical molecular biology. 

 

This thesis is framed in this later aspect of bioinformatics, the study of 
particular biological systems as the source of inspiration that guides the 
formation of general ideas from specific cases to general principles. In 
particular, the theoretical study of the influence of certain amino acids on 
the structure and dynamics of the secondary structure elements of proteins 
has been applied to homology modelling of G protein-coupled receptors and 
to the study of their mechanisms of activation. 

 

 

1.2. Protein structure 
 
1.2.1. Protein structure and function 
Protein synthesis is carried out in the ribosomes (3). In this process, known 
as translation, the amino acids are incorporated into the protein according 
to the mRNA template. The polypeptide chain must then fold into the 
appropriate three-dimensional conformation, which results from 
interactions between the side chains of their constituent amino acids. All 
the information required for a protein to adopt the correct three-
dimensional conformation is provided by its amino acid sequence. This was 
established by Christian Anfinsen's experiments demonstrating that 
denatured RNase can spontaneously refold in vitro to its active 
conformation (4). However, it has been shown that in the cell the folding of 
proteins is mediated by the activity of chaperones, which catalyze protein 
folding by assisting the self-assembly process, without conveying any 
additional information for the proper folding (3). 

So then, there is a close relationship between the three-dimensional folding 
of a protein and its function. At the same time, this folding is encoded in the 
primary sequence of the protein. So, although there is a great leap between 
the simple list of amino acids (or nucleotides in the gene) and how the 
protein works, the information about the function is buried in that one-
dimensional list. 
 

1.2.2. From primary to secondary structure 
The amino acid sequence of a protein's polypeptide chain is called its 
primary structure. Different regions of the sequence form local regular 
secondary structures, such as α-helices or β-strands. Packing such 
structural elements into one or several compact globular domains forms the 
tertiary structure. The final protein may contain several polypeptide chains 
arranged in a quaternary structure. By formation of such tertiary and 
quaternary structure amino acids far apart in the sequence are brought 
close together in the three dimensions to form a functional region, an active 
site. Although the complexity and irregularity of the structure of proteins, 
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there are regular features the most important of which is their secondary 
structure. 

But, how are these secondary structures formed? Although the process of 
protein folding is not yet fully understood, it has been shown that the main 
driving force for folding water-soluble globular protein molecules is to pack 
hydrophobic side chains into the interior of the molecule, thus creating a 
hydrophobic core and a hydrophilic surface (3). However, the main chain, 
which is highly polar, must also fold into the interior. These main chain 
polar groups must be neutralized by hydrogen bond formation in a 
hydrophobic environment. This problem is solved by the formation of 
regular secondary structures within the interior of the protein. Such 
secondary structure is usually one of two types: α-helices or β-sheets. Both 
types are characterized by having the main chain NH and CO groups 
participating in hydrogen bonds to each other. 

Although membrane proteins were considered "inside-out" proteins, in the 
sense that they would have a core of polar residues surrounded by 
hydrophobic residues facing the apolar core of the membrane, that is, the 
reverse of the characteristics found in water-soluble proteins, it has been 
shown that this is not the case. Neither polar nor hydrophobic residues 
show any bias for the exterior or the interior of a transmembrane domain. 
Packing of α-helices in membranes is better understood by maximization of 
van der Waal's forces, rather than by a general segregation of 
hydrophobicities driven by lipid exclusion (5-7). 

 

1.2.3. Elements of secondary structure: structure of α-helices 
α-helices as structural elements of proteins were first described by Linus 
Pauling in 1951, who predicted its structure on the basis of accurate 
geometrical parameters derived from the results of crystallographic analyses 
of the structures of a range of small molecules (8). This prediction was 
completely verified from the high resolution structure of myoglobin (9). 

α-helices in proteins are found when a stretch of consecutive residues all 
have the φ and ψ backbone dihedral angle pair approximately  -60º and �
50º, corresponding to the allowed region in the bottom left quadrant of the 
Ramachandran plot (3) (Fig. 1.1). The α-helix has 3.6 residues per turn with 
hydrogen bonds between C=O of residue i and NH of residue i-4 (Fig. 1.2). 
Thus, all NH and CO groups are joined with hydrogen bonds except the first 
NH groups and the last CO groups at the ends of the α-helix. As a 
consequence, the ends of α-helices are polar. α-helices vary considerably in 
length in globular proteins ranging from four of five amino acids to over 40 
residues, with an average length of around 10 residues, corresponding to 
three turns. Since the rise per residue of an α-helix is 1.5 Å along the 
helical axis, this corresponds to about 15 Å from one end to the other of an 
average α-helix. The α-helices observed in proteins are almost always right-
handed. All the hydrogen bonds in an α-helix point in the same direction so 
the peptide units are aligned in the same orientation along the helical axis. 
Since a peptide unit has a dipole moment arising from the different polarity 
of NH and CO groups, these dipole moments are also aligned along the 
helical axis. The overall effect is a significant net dipole for the α-helix that 
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gives a partial positive charge at the amino end and a partial negative 
charge at the carboxyl end of the α-helix.  
 

1.2.4. Proline residues in α-helices 
Proline is unique among the natural aminoacids, as its side chain is bonded 
to the preceding peptide bond nitrogen forming a pyrrolidine ring (10) (Fig. 
1.3). This ring imposes rigid constraints on the φ backbone dihedral angle, 
which is fixed at the preferred α-helical value, -60º. The ψ angle is more 
flexible but hindered, with two preferred regions, corresponding to the 
values of φ=-55º and +145º (11). These regions correspond to the cis/trans 
conformations of the peptide bond. It is worth to note that Pro is the only 
residue for which the cis peptide bond in energetically accessible (10). 

In α-helices the backbone dihedral angles of Pro are shifted to φ = �61º and 
ψ = �35º (10). The more negative values of φ help to reduce the steric clash 
between the Cα hydrogen of the preceding residue and the carbonyl carbon 
of the proline, while the shift to more positive ψ value helps to reduce the 
steric conflict between the Cα of the preceding residue and the carbonyl 
oxygen of the proline. In addition, the bulky pyrrolidine ring restricts the 
available conformational space of adjacent residues in an α-helix. The φ 
backbone dihedral angle of the residue preceding proline presents higher 
values than those two positions before the Pro residue. At the same time the 
corresponding ψ values tend to show an inverse correlation: the ψ angle in 
the residue which precedes the Pro changes to more negative values, to 
minimize the bad contacts between Cβ of the residue before the proline and 
Cδ of the proline, which helps to accommodate the proline ring (Fig. 1.4). 
These changes in the angles of residue at the i-1 position result in an 
upward movement of the proline ring away from the carbonyl at the i-4 
position, while the shifts involving residue at the i-2 position causes a 
lateral clockwise movement away from it, resulting in a global kink (Pro-
kink) of the helix in that point. The angle by which helices bend due to the 
presence of Pro has been estimated to be around 20º (12-16). Moreover, the 
presence of the pyrrolidine ring induces a local opening in the α-helix at the 
Pro-kink turn (Fig. 1.5). 

Another helix destabilizing feature is that the Pro nitrogen lacks a proton, 
as it is covalently bonding the Pro side chain. This way this amide nitrogen 
cannot participate in a hydrogen bond to a neighbouring carbonyl group. In 
helical segments, this situation frees up the carbonyl group four residues 
away for participation in a hydrogen bond interaction. In addition the 
backbone hydrogen bond between the i-3 carbonyl and the i+1 amide is also 
disrupted, due to the presence of the bulky pyrrolidine ring (11) (Fig. 1.3). 
Furthermore, the oxygen atom of the C=O of the residue preceding Pro is 
more electronegative than those preceding other amino acids, with the 
result that this carbonyl group has an enhanced tendency to accept and 
form strong hydrogen bonds (17). 

Although prolines disrupt the structure of α-helices, they are frequently 
found in the in the putatively α-helical transmembrane segments of multi-
spanning integral membrane proteins that function as receptor subunits or 
transporters (11;17;18). 
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The effects of prolines in a transmembrane helix (TMH) can be categorized 
as structural and/or dynamic (17). Structural roles include purely static 
effects such as those arising from a kinked helix. For instance, proline 
residues serve to generate bent helices that may suit specific packing 
motifs.  Moreover, this putative structural role may be related to electronic 
effects that stem from increased local polarity. Dynamic roles describe the 
participation of Pro in conformational change. 

In view of these exceptional properties it is not surprising that proline tends 
to be a conserved residue among homologous proteins and plays a role in 
protein structure and function. For instance, it has been suggested that 
some prolines may be actively involved in the regulation of transmembrane 
proteins (19-24). 

 
1.2.5. Ser and Thr residues in α-helices  
Ser, Thr and Cys residues have short polar side chains with a strong 
hydrogen bond potential. In these residues, the gauche � (g-), gauche + (g+) 
and trans (t) staggered side chain conformations are strongly preferred 
relative to the eclipsed conformations (25). In the context of an α-helix, 
these conformations have different properties. For instance, g- and g+ 
conformation of Ser and Thr are capable to hydrogen bond the backbone 
carbonyls at positions i-3 or i-4 in the previous turn of the helix (Fig. 1.6), 
while a Cys residue in its g+ conformation can hydrogen bond the carbonyl 
at the i-4 position. However, the g- conformation is forbidden for the Cys 
residue, due to the steric clash between the Sγ atom and the carbonyl at the 
i-3 position. On the other hand, t conformations are not capable to establish 
intrahelical hydrogen bonds (Fig. 1.6). Moreover, the methyl group at the 
gamma position of a helical Thr residue in the t conformation would clash 
with the backbone carbonyl at the i-3 position, which prevents this 
conformation in the context of a helix. Thus, in transmemebrane helices, 
where the hydrogen bond capability of these polar residues must be 
somehow satisfied, g- and g+ conformations of Ser and Thr and g+ of Cys 
are more common that t conformations. 

These properties of Ser and Thr residues may help to explain that they are 
regularly found at TMH, although not so well conserved as the strongly 
polar residues. For instance, patterns of multiple Ser and Thr residues at 
the helix interface have been shown to be important in mediating and 
stabilizing the interactions between TMH through a series of side chain 
hydrogen bonds (26;27). Ser and Thr can also have an important role in 
membrane protein folding, stabilizing the formation of helical oligomers 
(28). In addition, when involved in a hydrogen bond with nearby backbone 
carbonyls, Ser and Thr have been shown to promote a bending in TMHs, 
possibly facilitating conformational changes in membrane proteins (29). 
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1.3. G Protein-Coupled Receptors (GPCRs) 
 

1.3.1. The GPCR family 
Genome sequencing projects have identified the GPCR superfamily as one of 
the largest classes of proteins in mammalian genomes (30). For instance, 
preliminary analysis of the human genome has revealed up to 600 GPCRs 
(31;32). In addition, GPCRs are scored as the most common family in the 
human proteome at the Proteome Analysis Database of the European 
Bioinformatics Institute, with more than 800 sequences (see 
http://www.ebi.ac.uk/proteome/HUMAN/interpro/top15f.html). GPCRs 
mediate the transmembrane signal transduction in response to ligands of a 
great structural diversity, as hormones, peptides, nucleotides, amino acids, 
neurotransmitters, Ca2+ or light (33), with distinct binding modes (34). 
Moreover, GPCRs are the principal signal transducers for the senses of sight 
and smell (35). In addition, GPCRs are important drug targets as evidenced 
by the fact that approximately 50% of marketed drugs treat diseases by 
targeting GPCRs (36). 

Based on specific sequence homologies, GPCRs can be divided into several 
subfamilies (37;38) Recently, using phylogenetic analyses of the human 
genome, these receptors have been classified into five main familes: 
glutamate, rhodopsin, adhesion, frizzled/taste2, and secretin. The 
rhodopsin family, which is the largest, is subdivided into four main groups 
(105) (Fig. 1.7). The number of families could increase, as a large number of 
genes encoding new GPCRs for which no natural ligand are known, the so-
called orphan receptors, are being identified through the on-going genome 
sequence projects. 

GPCRs are able to regulate the activity of heterotrimeric guanine-nucleotide 
exchange factors, the G proteins (33). G proteins are composed of three 
subunits: α, β and γ, and the different G proteins are named after their α 
subunits. According to their sequence homology, the Gα subunits can be 
classified into four main subtypes: αs, αi/o, αq11 and α12 (39). In the inactive 
state of the receptor, the G protein interacts with its cytoplasmatic region. 
Studies of point mutations, receptor chimeras and partially deleted 
receptors indicate that the sites for G protein coupling and activation are 
mainly in the third intracellular loop, but also in the second intracellular 
loop and in the C-terminal domain (40). The activation of the receptor 
induces conformational changes in the α subunit of the G protein, which 
lead to the release of GDP and the binding of GTP. Subsequently, the G 
protein dissociates into the alpha and beta-gamma subunits, which can 
modulate several cellular signalling pathways. For instance, Gi inhibits 
adenylyl cyclase and activates phopholipase C and potassium channels, Go 
inhibits calcium channels and stimulates potassium channels and 
phospholipase C and Gs stimulates adenylyl cyclase and calcium channels 
(40). It has also been suggested that GPCRs could act using other signalling 
cascades (33). A whole GPCR family can couple to one particular G protein 
subtype (for instance, all opioid receptors couple to Gi/o), but different 
members of one family can also couple to different G protein subtypes (for 
instance, the muscarinic receptors couple to Gi/o or Gq (40)). It is also 
possible that some receptors exert their function via several G protein 
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subtypes. For instance, the TSH receptor activates Gs, Gq, Gi and G12 (41). 
This promiscuity depends not only on the properties of the receptor, but 
also on the relative amounts of ligand, receptors and G proteins (42). 

 
1.3.2. Mechanism of activation of GPCRs 
Activation of GPCRs is commonly discussed in terms of the extended 
ternary complex model, which proposes that the receptor exists in 
equilibrium between two states: the inactive state (R) and the active state 
(R*) (43) (Fig. 1.8). GPCRs are kept in its inactive conformation through a 
network of constraining intramolecular interactions (33;35), and 
spontaneous release of some of these interactions can lead to the co-
existence of different conformations of the receptor (44). Some of these 
conformations will correspond to active forms of the receptor, which can 
bind the G protein with high affinity and, thus, induce its activation. The 
active forms of the receptor can be stabilized by the binding of full or partial 
agonists and by the interaction with the G protein through specific 
interactions. GPCRs ligands are classified according its influence on this 
equilibrium: agonists stabilize R*, inverse agonists stabilize R, while 
antagonists don�t change the equilibrium rate. 

Some GPCRs present a significant basal signal in the absence of agonist, a 
so-called constitutive activity, which is caused by a small proportion of the 
receptor population in the R* active state (43;45;46). Studies on the β2-
adrenergic receptor (47) show that constitutively activated mutants of this 
receptor present a higher degree of conformational flexibility, which is 
attributed to the disruption of stabilizing conformational constraints of the 
receptor.  

However, this simple two-state model may not be able to explain all 
properties of GPCR activation (48). For instance, recent studies point to the 
existence of different states of the native form of the receptor (44). It has 
also been shown that different ligands can stabilize distinct conformations 
of the active state (49). In summary, the process of activation is a highly 
complex process, which may involve multiple conformational states of the 
receptor, the ligand and the G protein. The different conformations of the 
receptor will differ in the arrangement of the transmembrane bundle. For 
instance, extensive mutagnesis and biochemical experiments in rhodopsin 
as well as a variety of other GPCRs suggest that during the process of signal 
transduction specific interactions between the agonist and the receptor are 
translated into changes in the network of interactions of specific residues 
which lead to a rearrangement of the transmembrane bundle, specially in 
the relative orientations of TMH3 and TMH6 (50;51). These movements of 
TMHs are then thought to affect the conformation of G protein-interacting 
intracellular regions of the receptor and thus uncover previously masked G 
protein-binding sites on the second, third and fourth cytoplasmatic loops, 
leading to activation of the G protein (52-56). In this way, the signal 
progresses from the extracellular side through the transmembrane bundle 
to the intracellular domain. 
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1.3.3. Three-dimensional structure of GPCRs 
The low natural abundance of GPCRs and the difficulty in producing and 
purifying recombinant protein has hindered obtaining high-resolution 
structures through X-ray crystallographic studies. Only one member of the 
family, bovine rhodopsin, has been crystallized so far (57). From the 
analysis of this single structure, three structural models of bovine 
rhodopsin are available at the Protein Data Bank (PDB), at 2.8 Å (PDB 
identifiers 1F88 and 1HZX) and at 2.6 Å (PDB identifier 1L9H) (58). These 
high resolution structures have altered deeply the study of GPCRs, yielding 
the first detailed mechanisms of how rhodopsin propagates its signal 
(59;60). The structure of GPCRs consists in a single polypeptide unit that 
forms seven membrane-spanning domains, plus an eight helix which lies 
approximately parallel to the plane of the membrane and perpendicular to 
the helical bundle, with an extracellular N-terminus and a cytoplasmic C-
terminus. The seven TMHs are joined through three cytoplasmatic and 
three extracellular loops (Fig. 1.9). While small molecular weight ligands 
bind within the core formed by the TMHs, binding sites for peptides and 
protein agonists include the N-terminus and extracellular loops joining the 
transmembrane domains (Fig. 1.10). 

Many models of GPCRs have been published over the last years. Low 
resolution structures of rhodopsin, obtained from electron diffraction of 
two-dimensional crystals, combined with data from biochemical and 
biophysical experiments, as site-directed mutagenesis, crosslinking, spin 
labelling and scanning accessibility, lead to a three-dimensional model (61) 
which predicted successfully the arrangement and relative orientation of the 
transmembrane domains (around 3 Å of root mean square deviation for 
approximately 200 alpha carbons of the transmembrane bundle) (59). As 
this model included explicitly the patterns of conservation of other GPCRs, 
its high accuracy suggests that the transmembane bundle structure is 
conserved among GPCRs. By contrast, the loops and termini are more 
divergent in amino acid sequence and probably in three-dimensional 
structure. It is expected that extracellular domains will be highly variable 
among GPCRs because they are involved in ligand recognition. On the other 
hand, cytoplasmatic loops, involved in the interaction with the G protein, 
would present a higher degree of conservation, as there only exist a few G 
protein subtypes. 

From August 2000, the availability of the three-dimensional structure of 
bovine rhodopsin (57) allows the use of homology modelling techniques for 
the building of three-dimensional models of GPCRs. Homology modelling is 
a computer-assisted method used to obtain a three-dimensional model of a 
protein with an unknown structure. It is based on the use of the structure 
of rhodopsin as a template and on the amino acid sequence alignment 
between rhodopsin and the target GPCR.  
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But there are a number of reasons that make rhodopsin a peculiar GPCR: 

• it is a light receptor that has an inverse agonist as a ligand 

• it possesses a low degree of homology with other GPCRs 

In addition, there is wide diversity within the GPCR family. This way, the 
straightforward use of the rhodopsin template will not be sufficient to 
accurately predict the structure of any GPCR. 

 

1.3.4. GPCRs dimerization 
Models that describe the interaction of GPCRs with G proteins are generally 
based on the assumption that these receptors exist as monomers. However, 
there is growing experimental evidence that GPCRs can exist as complexes. 
For instance, a number of Class C GPCRs have been shown to form dimers 
in the plasma membrane, as the calcium-sensing receptor (62), the GABAB 
receptor (63-65), and the metabotropic glutamate receptors (66). The 
strongest support for heterodimerization in GPCRs comes precisely from the 
studies on these GABAB receptors. It has been found that co-expression of 
GABAB(1a) and GABAB(2) is explicitly required for proper trafficking to the cell 
surface (67), and that a physical interaction is needed to generate 
functional receptors (63-65;68;69). Experimental results suggest that the 
binding of GABA to GABAB(1a) causes GABAB(2) to bind to and activate the G-
protein (70;71). In addition, many class A rhodopsin-like receptors, 
including the dopamine D2 receptor (72-78), the β2-adrenergic receptor 
(79;80), the sphingosine-1-phosphate receptor (81) or the oxytocin and 
vasopressin V1a and V2 receptors (82) have been also proposed to form 
dimers. Heterodimerization in Class A GPCRs has been reported either in 
closely related receptors, for instance, between kappa and delta opioid 
peptide receptors (83) or between mu and delta opioid peptide receptors 
(84;85), or distantly related receptors, as between α2-adrenoreceptors and 
muscarinic acetylcholine type 3 receptors (86), dopamine type 2 receptors 
and somatostatin subtype 5 receptors (87), β2-adrenoreceptors and delta 
opioid peptide receptors (88;89), β2-adrenoreceptors and kappa opioid 
peptide receptors (88) or angiotensin type 1 receptors and bradykinin type 2 
receptors (90). Interestingly, this last interaction has been proposed to be 
involved in regulation of blood pressure in vivo. Finally, members belonging 
to different families have also been shown to be physically associated, for 
instance adenosine type 1 receptors, from the Class A, with metabotropic 
glutamate type 1 receptors, from the Class C (91). 

The structural mechanism for cross-talk between receptors in a dimeric 
complex is not known yet. Two hypotheses have been proposed for GPCR 
dimerization: domain swapping and contact dimerization (92;93). In the 
context of contact dimerization, different types of interactions have been 
proposed between the units of the dimer. For instance, these interactions 
may involve the extracellular domain, as in calcium-sensing receptors (94), 
or in metabotropic glutamate type 1 receptors. In this case, the 
crystallographic structure of the extracellular domain show that it appears 
as a dimer, and a conserved cysteine residue plays an important role in the 
dimerization (95). In other dimers, as between β2-adrenoreceptors and 
dopamine type 2 receptors (80), hydrophobic, hydrogen bond and/or ionic 
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interactions between regions of the TM bundle are proposed to stabilize the 
association. In some particular cases, the dimer interface has been 
identified. For instance, the extracellular end of the fourth transmembrane 
(TM4) segment in the dopamine D2 receptor  (96), or the GxxxG motif in 
TM6 in the β2-adrenergic receptor (80). Finally, interactions between the 
cytoplasmatic COOH-terminal region have also been proposed for GABAB 
receptors (63-65;68;69). It is also possible that in some cases interaction 
between multiple domains is required for dimerization. Computational 
studies have proposed a number of different potential interfaces (92;97;98), 
but these have not yet been experimentally verified.  

Very recently, closely packed rhodopsin dimers organized in arrays have 
been observed in native membranes using infrared-laser atomic-force 
microscopy (99) (Fig. 1.11b). The same authors have proposed a semi-
empirical model of the higher-order structure of rhodopsin where the 
intradimeric contacts involve helices IV and V, the formation of rhodopsin 
dimer rows is facilitated by contacts between helices I and II and the 
cytoplasmic loop connecting helices V and VI, and contacts between rows 
are on the extracellular side and involve helix I. In addition, a theoretical 
model of the transducin-rhodopsin dimer complex is proposed (Fig 1.11a) 
(100). 

In conclusion, considerable evidence suggests that GPCRs form homomeric 
and heteromeric dimers in vivo, and that dimerization of some GPCRs leads 
to important changes in receptor function (101, 102). Dimerization might be 
required in some families to produce active receptors, while in other cases, 
it might be associated with different signalling routes that those induced by 
monomers. However, it is not clear if dimerization is a mechanism common 
to all GPCRs. 
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1.4. Objectives 
 

In this thesis, bioinformatic tools will be used to study the influence of 
certain aminoacids on the geometry of α-helices. In Chapter 3.1, the 
influence of Ser and Thr residues on the structure of TMHs is studied 
through the analysis of structural databases. In Chapter 3.2 this study is 
focused to Pro-containing α-helices, and their dynamic behaviour is studied 
using molecular dynamics simulations. In addition, the putative structural 
or functional role of Ser/Thr and Pro helical motifs is studied through the 
analysis of sequence databases. In Chapter 3.3 some of our hypothesis are 
investigated through an additional molecular dynamics study, and they are 
experimentally tested in collaboration with the Institut de Recherche 
Interdisciplinaire en Biologie Humaine et Nucléaire (IRIBHN), Université 
Libre de Bruxelles, by the group of Prof. G. Vassart and Prof. M. Parmentier. 
Finally, in Chapter 3.4, our structural hypotheses are used to build a three-
dimensional model of the chemokine CCR5 receptor. This model is also 
experimentally tested in the IRIBHN. 

 

In summary, this thesis analyzes the effects of single Ser/Thr residues and 
Ser/Thr and Pro combinations on the three-dimensional structure of 
GPCRs, using a set of bioinformatic tools as protein sequence analysis, 
protein structure database search and analysis and molecular dynamics 
simulations. Our theoretical results are used to design experiments to gain 
insight in the three-dimensional structure of GPCRs. 
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Chapter 2 
Methods 
 

This section is aimed to review briefly a few general aspects of some of the 
bioinformatics tools used within this thesis. The particular methodology 
used in each specific case study is detailed in the �Results� chapter under 
each section of �Methods�. 

 

 

2.1. Homology modelling of GPCRs 
 

In homology modelling techniques, a protein sequence with unknown three-
dimensional structure is mapped against a known structure of one or 
several similar proteins. Therefore the known structure is used as a 
template for modelling the unknown structure of the target protein. This 
method is based in assuming that the template and target proteins will have 
reasonable structural similarity as long as they have similar origin and 
function (1;2). 

In homology modelling of GPCRs, the three-dimensional structure of bovine 
rhodopsin (3) is used as a template. Only the structure of the 
transmembrane bundle is likely to be conserved in the Class A of GPCRs, so 
only the coordinates of the TMHs, as in the rhodopsin crystal, have been 
used in the homology modelling procedure. Therefore, the sequence of the 
transmembrane region of the target receptor is superimposed in this 
template. The superimposition is done using the amino acid sequence 
alignment between rhodopsin and the target GPCR (4), and using as 
anchors the position of the highly conserved motifs in each TMH (Fig. 2.1). 

Following this procedure, a model for the three dimensional structure of the 
backbone is built. Then, the sidechains of the conserved residues between 
rhodopsin and the target receptor are left in the same conformation that in 
the crystal, while the non-conserved sidechains are placed according a 
backbone dependent library of side chain conformations (5). During the 
placement of the sidechains each rotamer is chosen so it is not clashing 
with nearby sidechains. However, this automatized procedure can lead to 
some non-optimal interactions. Therefore, this initial model is first checked 
manually in order to be sure that some key interactions are kept (for 
instance, the interaction between the conserved Asp/Glu3.49 and Arg3.50). 
Each individual receptor will have a set of interactions proposed in base of 
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biochemical or biophysical studies, which can be satisfied in this initial 
model by adjusting manually the side chain conformations. 

Then, the positions of this side chains are optimized using an energy 
minimization protocol, which will lead the system to the nearest energy 
minimum, basically through the optimization of van der Waals and 
electrostatic interactions. Around 500-1000 steps of minimization will 
usually suffice to reach a local energy minimum. 

With this protocol we have built an initial model of the target receptor, 
which consists in the rhodopsin backbone with an initial configuration for 
the side chains. It is important to note that, if this initial model is used as a 
starting point in a molecular dynamics study, many of the side chain 
conformations are likely to be kept, so it is important to check this initial 
structure in some detail. 

 
  

2.2. Principles of molecular dynamics 
 

Dynamic properties of the transmembrane α-helices have been studied 
using molecular dynamics (MD) simulations. MD is a technique to compute 
the equilibrium and transport properties of a classical many-body system 
(6;7). The potential energy of the system could, in principle, be solved from 
the electronic structure of the atoms. However, in the case of complex 
molecular systems, the Born-Oppenheimer approximation is applied, i.e., 
electronic motions are included implicitly in the parameterization and the 
potential energy is calculated only as a function of nuclear positions. Then, 
the motion of the constituent particles is considered to obey the laws of 
classical mechanics. In practice, Newton�s equations of motion are solved 
for a model system until it is equilibrated, i.e., its properties no longer 
change with time. This technique is used to study large systems, as nucleic 
acids or proteins, with tenths of thousands of atoms, far above the 
capabilities of current computer implementation of ab-initio or semi-empiric 
methods. 

A MD algorithm comprises the following steps (7): 

a) read in the parameters (initial temperature, number and characteristics 
of the particles which compose the system, �) 

b) set initial positions and velocities of all the particles. Velocities are 
assigned from a Maxwell-Boltzmann distribution at the initial 
temperature of the system. If this temperature is 0 K, the velocities will 
be calculated from the forces instead 

c) compute forces on all particles. If there are no external influences, each 
atom moves according to the influence of the rest of the atoms of the 
system. The force on each atom is calculated as the negative gradient of 
the potential energy function 
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where Fi is the force on the atom ith and N=number of atoms. 

 

In order to calculate the energy of the system we need a potential energy 
surface as a function of certain coordinates of the system. This potential 
energy surface is calculated using molecular mechanics. In this procedure, 
the potential energy on each atom is split in the contribution of bonded and 
non-bonded atoms (8) (Fig. 2.2). 

E = Ebonded + Enon-bonded 

However, the exact term describing the potential energy may vary with each 
particular system. For instance, extra terms accounting for the planarity of 
improper angles or specific constraints can be used. 

The bonded term includes atoms connected by one (bond term), two (angle 
term) or three (dihedral term) consecutive bonds: 

Ebonded = Ebond + Eangle + Edihedral 

The bond and angle term are described as harmonic oscillators: 

∑ −=
bonds

bbond bbkE 2
0 )(  

where b is the distance between atoms, b0 is the equilibrium bond length 
and kb is a force constant. 

∑ −=
angles

angle kE 2
0 )( θθθ  

where θ is the angle between atoms, θ0 is the angle of equilibrium and kθ is 
a force constant. 

The dihedral term is represented as a cosine expansion: 

( )( )∑ −+=
dihedrals

dihedral nkE 0cos1( φφφ  

where φ  is the value of the dihedral angle, φ 0 is the equilibrium value, kφ  
is a force constant affecting the barrier height and n the multiplicity 
(number of minima in the function as the bond is rotated 360º). 

 

The non-bonded term of the potential energy includes electrostatic and van 
der Waals interactions between pairs of atoms. 

Enon-bonded = Eelectrostatic + Evdw 

Electrostatics is described using a Coulombic term: 

∑
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where qi and qj are the point charges, rij is the distance and ε is the 
dielectric constant of the medium. 
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The van der Waals interaction, which accounts for the forces of repulsion 
and dispersion between atoms, is represented using a Lennard-Jones term: 
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where Aij and Bij are the strength parameters for repulsion and dispersion, 
respectively, which are related to the �hardness� of the atoms, the depth of 
the energy well and the respective van der Waals radii of the particles. 

 

The calculation of the pairwise interactions in the non-bonded term of the 
potential energy is the most time-consuming part of MD algorithms, as the 
time needed for evaluation of the forces scales as N2, where N is the number 
of atoms of the system (7). However, there are techniques to speed up the 
evaluation of forces. For instance, in order to limit the number of pairs, cut-
off distances, usually combined with smoothing functions, can be defined 
for both electrostatic and van der Waals terms. As van der Waals 
interactions are of a short-range nature, the use of a cut-off is a good 
approximation. But electrostatics is, by nature, a long-range interaction and 
the use of a cut-off can lead to inaccuracies (9;10). On the other hand, 
when periodic boundary conditions have been defined for the system, the 
Ewald summations method can be used. This method takes into account 
explicitly the all the electrostatic interactions in the infinite array of periodic 
replicas of the central simulation cell, so the electrostatic term is, in 
principle, exact. The periodicity and symmetry of the system are used to 
express the electrostatic potential as two summations that are convergent 
(7). This method is computationally expensive, but the gain in accuracy in 
the calculation of the energy is worth it. The Ewald method is usually 
implemented using the Particle Mesh Ewald method (11;12), where the 
sums are calculated via fast Fourier transforms.. 

As seen in the above formulaes, potential energy is determined by a number 
of parameters (b0, kb, θb, kθ, �), which are determined experimentally (for 
instance bond parameters can be estimated from IR, Raman and microwave 
spectra, or from electronic and X-ray diffraction patterns) or using quantum 
mechanics calculations (for instance for the calculation of electrostatic 
charges). 

 

d) When all forces between particles have been computed, we can integrate 
Newton�s equations of motion. Positions and velocities of the atoms are 
allowed to evolve according to the Newtonian equation of motion. 
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where ri(t) is the position of the atom ith at the time t. 

The differential equations of motion are integrated numerically using an 
algorithm according to which the particle positions and velocities are 
updated. The integration algorithms are usually based in Taylor 
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expansions, as the Verlet algorithm, which is fast and exhibits a little long-
term energy drift. 
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The estimate of the new position contains an error that is of order ∆t4. The 
Verlet algorithm does not use the velocity to compute the new position, but 
it is derived from knowledge of the trajectory using a central distance 
formula. 
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which is only accurate to order ∆t2. 

Thus, using this algorithm, velocity and position of each particle after a 
certain time step can be calculated from the last velocity and position. 

 

c) and d) steps are repeated until the system has been simulated during the 
desired length of time.  

 

If we assume that the ergodic hypothesis applies to the system that we are 
studying, many properties of the system, as energy, heat capacity, 
temperature or pressure, can be calculated at each time step of the 
simulation. The ergodic hypothesis states that if we wish to compute the 
average of a function of the coordinates and momenta of a many-particles 
system, the mean value of the property is equivalent to the average of this 
property during time. So, to measure a property in a MD simulation we 
must be able to express it as a function of the positions and momenta of the 
particles in the system, and study the evolution of the system during a long 
enough time 

 For instance, the temperature of the system can be calculated from the 
velocities, using statistical mechanics: 
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where N is the number of atoms, (3N-n) is the number of degrees of freedom, 
kB is the Boltzmann constant and vi(t) is the velocity of the atom i at the 
time t. 

The MD simulations using the methane box environment (see Chapter 2.3) 
are carried out in an NVT ensemble, which is characterized by a constant 
number of particles, constant volume and constant temperature. 
Temperature is kept constant coupling the system to a heat bath using the 
Berendsen algorithm, which re-scales the velocities at each simulation step. 
On the other hand, periodic boundary conditions are needed to carry out a 
MD simulation in constant volume. When the system is solvated using an 
explicit solvent, it is necessary to define a box which contains all the atoms 
of the system. This box, which is usually a parallelepiped, is copied in each 
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direction, so the origin cell is surrounded by copies of itself simulating an 
infinite system. While the motions are computed only for the central box, 
the calculation of pairwise interactions may involve atoms of the 
surrounding boxes. A particular particle in different boxes is under the 
same forces, so it moves in the same way and, if a particle leaves the unit 
box, it will enter by the opposite side. The solvent box has to be large 
enough to avoid interactions between solutes in different boxes. Moreover 
the use of periodic boundary conditions permits the reduction of abnormal 
behaviour of the particles at the boundaries. Finally, if pressure has to kept 
constant, the positions are re-scaled using a factor related with the 
isotermic compressibility. 

The integration time step, ∆t in the above expressions for the calculation of 
positions and velocities, is the increment of time between each new force 
calculation over each particle. It has to be short enough to make the 
correction tems in the Taylor expansions as small as possible, thus 
ensuring the validity of numeric integrations. In addition, a short time step 
avoids large force variations between two consecutive steps, which would 
lead to high velocities and a system blow-up. However, the time step affects 
inversely the real time needed to perform the simulation, as if it is 
decreased, the number of force calculations will increase.  Moreover, if has 
to be large enough to effectively sample the phase space. The fastest 
motions determine the size of the time step in the system, which are the 
bond vibrations. The SHAKE algorithm (13) removes this bond stretching 
freedom, allowing a larger time steps to be used. Typical values for the time 
step are in the order of femtoseconds (10-15 s). In our simulations we use a 2 
fs time step 

 

Molecular dynamics simulations have some inherent drawbacks. Due to the 
small scales of time used in this technique (~ ns) simulations of certain 
processes are not possible: 

a) those which need long simulation times, such as the encounter 
between a ligand and its receptor 

b) fast but relatively infrequent processes, such as the rotation of an 
aminoacid side chain 

c) processes which involve the creation or disruption of covalent bonds 

 

 

2.3. The methane box as a model for the membrane core 
 

As we are studying only the transmembrane region of membrane receptors, 
the environment of our model system corresponds to the core of the cell 
membrane. This apolar environment has been mimicked using a box of 
methane molecules with a density about half of the membrane core. This is 
the maximum density which could be reached to have stable MD 
simulations, and corresponds to the density of methane molecules at its 
equilibrium distance (14). This approximation was chosen because it leads 
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to relatively small systems (~20000 atoms) and because of the relatively 
easy setup and equilibration process of the methane box. We have shown 
that this environment, when combined with the use of the Ewald method to 
compute the electrostatic term of the energies, leads to a correct description 
of the geometrical properties of trasmembrane helices (14). It has to be 
noted that this environment forces the use of constant volume algorithms 
when periodic boundary conditions are required. 

In order to prepare the system for MD simulations, the following procedure 
is followed. First, the initial model of the transmembrane region of the 
receptor is solvated in a cubic box of methane molecules, with a size of  
~60×36×36 Å (around 1600 methane molecules).  

 

This system is subjected to a pre-equilibration protocol consisting in: 

• energy minimization of the solvent. 

• equilibration of the solvent with 50 ps of molecular dynamics. The 
solvent is heated from 0K to 300K in 35 ps, and then it is simulated 
for further 15 ps at this temperature 

• energy minimization of the whole system. 

 

Although the methane box environment has shown its utility in the study of 
transmembrane region of membrane receptors, it has some important 
inherent drawbacks: 

• we are neglecting the influence of the phospholipid polar heads and, 
probably more important, of the water, in the zone of transmembrane 
regions near to the extracellular or cytoplasmic interface 

• because of the nature of the methane box approximation, we are not 
taking into account the loops, N-terminal and C-terminal regions of 
the receptor. Although the modelling of these regions is far less 
straightforward than the TM bundle, and the models including them 
may be highly speculative, these regions have to be taken into 
account in order to model the structure or function of the whole 
receptor with more reliability.  

 

For this reason we have recently started to use models of explicit lipidic 
bilayers using POPC as model phospholipid. Using ~90 POPC molecules and 
~10000 water molecules we have a system size of  ~70×60×80 Å, with a 
total of ~45000 atoms. Although these systems are larger, they can take 
advantage of special fast routines used for the simulation of water 
molecules. The modelling of the loops, N-terminal and C-terminal regions of 
the receptor will be tailor-made for each GPCR studied. 
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Abstract 
The relationship between the Ser, Thr, and Cys side�chain conformation (χ1 
= g�, t, g+) and the main chain conformation (φ and ψ angles) has been 
studied in a selection of protein structures that contain α�helices. The 
statistical results show that the g� conformation of both Ser and Thr 
residues decreases their φ angles and increases their ψ angles relative to 
Ala, used as a control. The additional hydrogen bond formed between the Oγ 
atom of Ser and Thr and the i�3 or i�4 peptide carbonyl oxygen induces or 
stabilizes a bending angle in the helix 3�4° larger than for Ala. This is of 
particular significance for membrane proteins. Incorporation of this small 
bending angle in the transmembrane α�helix at one side of the cell 
membrane results in a significant displacement of the residues located at 
the other side of the membrane. We hypothesize that local alterations of the 
rotamer configurations of these Ser and Thr residues may result in 
significant conformational changes across transmembrane helices, and 
thus participate in the molecular mechanisms underlying transmembrane 
signalling. This finding has provided the structural basis to understand the 
experimentally observed influence of Ser residues on the conformational 
equilibrium between inactive and active states of the receptor, in the 
neurotransmitter subfamily of G protein�coupled receptors. 
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3.1.1. Introduction 
Wide ranges of biologically active substances, such as neurotransmitters, 
elicit their action through signal transduction pathways that involve 
membrane proteins like G�protein coupled receptors (GPCRs). The 
membrane�bound domain of GPCRs adopts the conformation of a bundle of 
seven transmembrane helices (TMH) (1;2). Pharmacological and 
mutagenesis studies (see (3) for a review) have shown that 
neurotransmitters bind, at the extracellular side of the membrane, with 
their protonated amine to the conserved Asp3.32 (nomenclature of (25)), in 
TMH 3. Similarly identified (3) are a series of conserved Ser residues (Ser5.43 
and Ser5.46), in TMH 5, which act as hydrogen�bonding sites for the 
hydroxyl groups present in the chemical structure of many 
neurotransmitters. The molecular function of constitutively active receptors 
(5;6) and transgenic mice with receptor over expression (7) provides direct 
evidence that GPCRs exist in equilibrium between inactive and active states. 
Spectroscopic studies (see (8) for a review) have suggested the movement of 
TMH 3 and TMH 6 during the formation of the active form of the receptor. 
Moreover, it has recently been shown that the Ser residues in TMH 5 do not 
only provide a docking site for the agonist, but also control the equilibrium 
of the receptor between both conformational states (9). Deletion of these �
OH groups from the β2�adrenergic receptor (Ala replacement of Ser5.43 and 
Ser5.46) decreases the constitutive activity of the receptor (9). Therefore, the 
side chain of Ser has a significant effect on the conformation of the helix 
and in consequence of the receptor. 

A pioneer survey of protein α�helices in �hydrophilic� and �hydrophobic� 
environments revealed that additional hydrogen bonds between the peptide 
carbonyl oxygen to a solvent molecule produce a significant change in the 
main chain torsion φ and ψ angles and in the curvature of the helix (10). It 
has also been shown that Ser, Thr, and Cys residues might form an 
intrahelical hydrogen bond between the Oγ (or Sγ) atom and the i�3 or i�4 
carbonyl oxygen (11). This hydrogen bond interaction between side�chain 
and main chain atoms is feasible in the χ1 = gauche� (g�) or χ1 = gauche+ 
(g+) conformation (12). It does not occur in the χ1 = trans (t) conformation. 
We aim to explore the possibility that this intrahelical hydrogen bond of the 
polar side chain of Ser, Thr, and Cys could change the conformation of the 
α�helix. This would provide the structural basis to understand the 
experimentally observed influence of Ser on the conformational equilibrium 
between inactive and active states of the receptor (9). We have analyzed the 
relationship between the Ser, Thr, and Cys side chain conformation (the 
torsion χ1 angle) and the main chain conformation (the torsion φ and ψ 
angles and bend angle) in two independent samples of protein structures. 
First, in the four available helix bundle membrane protein structures: 
bacteriorhodopsin (13), cytochrome c oxidase (4), the photosyntethic 
reaction center (14), and the potassium channel (15). Second, in a selection 
of soluble proteins that contains α�helices. 
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3.1.2. Methods 
 

Membrane protein structures 
The atomic coordinates of H. Halobium bacteriorhodopsin (PDB access 
number 2brd, 3.5 Å resolution), bovine cytochrome c oxidase (1occ, 2.8 Å), 
R. Sphaeroides photosyntethic reaction center (1aij, 2.2 Å), and S. Lividans 
potassium channel (1bl8, 3.2 Å) were obtained from the Brookhaven Protein 
DataBank (16). The coordinates of the residues corresponding to 
transmembrane helices 1�7 of 2brd; 2�3, 7, 9, 12, 14�15, 19�20, 23, 28�30, 
32�35, 41, 54, 59�60, and 63�66 of 1occ; 2, 5�6, 11, 13, 17, 22�23, 28, 31�
32, and 34 of 1aij; and 1 and 3 of 1bl8, in the HELIX annotation of the PDB 
files, were extracted for analysis. This results in a total of 45 TMHs. These 
TMHs were split into amino acid stretches of 12 residues long with Ala 
(standard α�helix used as control), Cys, Ser, or Thr at the 8th position. 
Stretches with Pro residues in the sequence were removed from the 
database. The side�chain conformation of Ser, Thr, and Cys was categorized 
into g� (0°<χ1<120°), t (120°<χ1<240°), or g+ (240°<χ1<360°) depending on 
the value of the torsional χ1 angle. The following distribution of residues and 
conformations were observed: Ala (48), Cys (4; g+: 4, t: 0, g�: 0), Ser (34; g+: 
16, t: 5, g�: 13), and Thr (41; g+: 32, t: 0, g�: 9). 

 

Soluble protein structures 
Iditis 3.1 (Oxford Molecular) was used for the selection of protein structures 
in the Brookhaven Protein DataBank (16). The chosen α�helices possess: i) 
a resolution of 2.0 Å or better; ii) 12 residues length with either Ala, Cys, 
Ser, or Thr at the 8th position; and iii) no Pro residues in the sequence. If 
two α�helical segments have more than 80% sequence identity (if 10 or 
more than 10 residues out of 12 are identical) only the structure with best 
resolution was considered. This systematic search provided the following 
distribution of residues and conformations: Ala (730), Cys (66; g+: 46, t: 20, 
g�: 0), Ser (245; g+: 129, t: 74, g�: 42), and Thr (247; g+: 211, t: 2, g�: 34).  

 

Statistical analysis 
The torsion angles of the backbone of the residues at positions 8, populated 
by Ala, Cys, Ser, or Thr (φi and ψi); 7 (φi�1 and ψi�1); 6 (φi�2 and ψi�2); 5 (φi�3 and 
ψi�3); and 4 (φi�4 and ψi�4) were calculated for statistical analysis with SAS 
6.11 (SAS Institute, Cary, NC). One�way analysis of variance plus a 
posteriori two�sided Dunnett's T tests was employed for contrasting the 
calculated torsion angles in Ser, Thr, and Cys residues in the g�, t, and g+ 
rotamer conformations with the control Ala in both membrane and soluble 
proteins.  No statistical differences were observed in the torsion φi�1, φi�2, φi�3, 
φi�4, ψi�1, ψi�2, ψi�3, and ψi�4 angles in both membrane and soluble proteins. 
The only exceptions (2 out of 112 comparisons) were found in φi�3 in Cys/g+ 
and ψi�4 in Thr/g+ for soluble proteins (results not shown). These two 
exceptions were not further considered because of the lack of consistency 
among residues, conformational classes, or protein type. 
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The bend angle of the amino acid stretches of 12 residues long was 
calculated from the two axes that minimize the distance to the main chain 
atoms of residues 1�4 and 9�12 (17). One�way analysis of variance plus a 
posteriori one�sided Dunnett's T tests was employed to contrast if the bend 
angle of Ser, Thr, and Cys residues in the g�, t, and g+ rotamer 
conformations is greater than the control Ala in the sample of soluble 
proteins. 

The χ2 distribution was employed to compare the frequencies of residues 
and conformations in membrane and soluble proteins.  

 

3.1.3. Results 
Table 3.1.1 summarizes the means and standard deviations for the 
backbone φi and ψi dihedral angles of α�helices containing Ala (standard α�
helix used as control) and Ser, Thr, and Cys residues in the three possible 
rotamer conformations: g�, t, and g+. The histograms in Fig. 3.1.1 depict 
the mean values and the lines extending from the bar represent the 
standard deviation of φi (panels a and b) and ψi (panels c and d) dihedral 
angles. The results are presented for membrane (panels a and c) and 
soluble (panels b and d) proteins. The difference in degrees (∆) relative to the 
control Ala (black solid bar in Fig. 3.1.1) is also shown in Table 3.1.1. 

 

The g– conformation 
The g� conformation significantly decreases φi (∆ of �4.3°) and increases ψi (∆ 
of 10.1°), relative to Ala, in membrane proteins (Table 3.1.1). Moreover, the 
effect caused by both Ser and Thr is similar in magnitude. Ser/g� decreases 
φi in �3.6° and increases ψi in 11.1°, whereas Thr/g� decreases φi in �5.4° 
and increases ψi in 8.7° (Table 3.1.1 and Figs. 3.1.1a and 3.1.1c). However, 
these differences relative to Ala, calculated independently for Ser/g� and 
Thr/g�, are significant from a statistical point of view only in ψi. The lack of 
statistical significance of φi is attributed to the smaller number of points in 
the split Ser/g� (13 structures) and Thr/g� (9 structures) categories than in 
the total g� (22 structures) category (Table 3.1.1). Thus, in order to reinforce 
this finding of the influence of the g� conformation in both φi and ψi angles, 
we have undertaken a similar analysis in soluble proteins for which larger 
number of high resolution structures are available (see methods). The g� 
conformation of Ser and Thr residues in soluble proteins has a statistically 
significant effect in both φi and ψi (Table 3.1.1). Notably, the magnitude and 
direction of the effect is the same as observed in membrane proteins. The g� 
conformation of Ser and Thr decreases φi (∆ of �3.4° and �6.5°, respectively) 
and increases ψi (7.7° and 6.2°), relative to Ala (Table 3.1.1 and Figs. 3.1.1b 
and 3.1.1d). Similar behaviour in φi and ψi cannot be observed in the Cys 
residue since no experimental data is available in either membrane or 
soluble proteins. The g� conformation of Cys is totally forbidden because of 
the steric clash between the Sγ atom and the carbonyl oxygen of residue i�3 
(12). 

The conformation of the α�helix, driven by the g� conformation of Ser or Thr 
is illustrated in Fig. 3.1.2. Fig. 3.1.2a shows the conformation of a poly-Ala 
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α�helix (red) and a poly-Ala α�helix with a single Ser or Thr (blue) residue in 
between. The location of either Ser or Thr in the α�helix is shown 
throughout the Cα�Cβ bond. The helices were constructed with the average 
φi and ψi angles reported in Table 3.1.1 for Ala (�60.9° and �44.4°) and the 
g� conformation (�65.2° and �34.3°) in membrane proteins. Clearly, the g� 
conformation induces a bending angle in the helix (see below). Incorporation 
of this bending angle at one side of the cell membrane results in a 
significant displacement of the residues located at the other side of the 
membrane. The magnitude of the relocation might be estimated from the 
models depicted in Fig. 3.1.2a. Thus, the distance between the alpha�
carbon positions, in the straight helix (red) and the bent helix (blue), is 3.3 
Å for an amino acid located 15 residues away from Ser or Thr.  

Figs. 3.1.2b and 3.1.2c show the crystal structure of helix 32, which 
contains Thr277 and Thr279 in g�, from the photosyntethic reaction center 
and helix 1, which contains Thr33 also in g�, from the potassium channel, 
respectively. To emphasize the structural consequences of the g� 
conformation, the transmembrane α�helices were superimposed to an ideal 
α�helix (red). The backbone atoms of the amino acids from i (the residue in 
g�) to i�4 are shown as balls and sticks, whereas tube ribbons represent the 
rest of the backbone atoms (Fig. 3.1.2c). Remarkably, the presence of these 
polar residues in the g� conformation modifies the direction of the α�helix. 
The additional intrahelical hydrogen bond formed between the side chain 
OHγ of Ser or Thr and the i�3 or i�4 peptide carbonyl oxygen of the 
preceding turn seems to produce this effect (10). Fig. 3.1.2c also shows a 
detailed view of this hydrogen bond network in the potassium channel. The 
average hydrogen bond Oγ···Oi�3 and Oγ···Oi�4 distances (see broken lines in 
Fig. 3.1.2c) are 3.4 Å and 3.5 Å in membrane proteins and 3.1 Å and 3.5 Å 
in soluble proteins, respectively. Thus, the Oγ atom is located between Oi�3 
and Oi�4, closer in average to  Oi�3. However, the small difference between 
the Oγ···Oi�3 and Oγ···Oi�4 distances and the absence of the Hγ atom in the 
crystal structures does not allow identifying to which carbonyl oxygen the 
OHγ side chain preferentially hydrogen bonds. 

 

The g+ conformation 
The g+ conformation is the most abundant rotamer conformation in both 
membrane and soluble proteins (Table 3.1.1). Thus, the statistical contrasts 
between Ala and g+ possess higher statistical power than between Ala and 
g� or t. Despite this fact, the g+ conformation produces a statistically 
significant change only in ψi of Thr in soluble proteins (∆ of �3.0°, Table 
3.1.1 and Fig. 3.1.2). The lack of consistency of this variation among protein 
type and the other residues (Ser and Cys) does not led us to conclude that 
an α�helix with Ser, Thr, or Cys in the g+ conformation leads to a different 
conformation than an α�helix with Ala. 

 

The t conformation 
The hydrogen bonding capacity of either Ser, Thr, or Cys must be satisfied, 
in a hydrophobic environment like the cell membrane, by the hydrogen 
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bond interaction, in either the g+ or g� conformation, with the carbonyl 
oxygen in the preceding turn of the helix (11). Thus, only 5 residues in the t 
rotamer conformation are found in membrane proteins. This lack of 
structures prevents the statistical analysis on membrane proteins. The t 
conformation produces in soluble proteins a statistically significant change 
in ψi, without modifying φi (Table 3.1.1 and Figs. 3.1.2b and 3.1.2d). Thus, 
both Cys and Ser residues in the t conformation decrease, relative to Ala, ψi 
by �5.0° and �2.8°. No statistical differences are obtained for Thr because 
only 2 cases are found in the analysis. The steric clash between the methyl 
group and the carbonyl oxygen of residue i�3 (11) explains the lack of Thr 
residues in this conformation. The conformation of the α�helix caused by 
Ser in t conformation (green, φi of �62.7° and ψi of �44.0°), compared with 
the g� conformation (blue, �66.5° and �33.5°) and the ideal poly-Ala (red, �
63.1° and �41.2°) are illustrated in Fig. 3.1.2d. The fact that φi does not 
change and the smaller change in ψi produced by the t conformation, 
relative to the g� conformation, is reflected in the reported structures. The 
α�helix with Ser in t (green) is comparable to Ala α�helix (red). However, it is 
important to note that the obtained changes in ψi, in g� and t 
conformations, occur in opposite directions (increases in g� and decreases 
in t, relative to Ala), which result in a bend of the helices pointing toward 
different positions in space (Fig. 3.1.2d). 

 

Bend angle 
Bend angles of the helices are calculated from the two axes that minimize 
the distance to the main chain atoms of the residues at the beginning and 
the end of the helix (17). Thus, only 4 residues (12 atoms) at the beginning 
and the end of the helix are employed in the calculation of the axes. 
Therefore, a small variation in the undersized number of main chain atoms 
results in an intermediate variation in the helical axis and a large variation 
in the calculated bend angle. This effect is very noticeable in membrane 
proteins because of the low-resolution structural information available and 
the limited number of them. Therefore the analysis of bend angle is 
presented only for soluble proteins. Figure 3.1.3 and Table 3.1.2 shows the 
means and standard deviations for the bending angle calculated from high�
resolution crystallographic structures. Notably, the g� conformation 
significantly increases the bend angle (∆ of 3.8°), relative to Ala. No 
statistical differences are observed for the g+ (∆ of 0.5°) or t (∆ of �0.4°) 
conformations. The observed statistical significance for the g� conformation 
is not preserved when the analysis is independently done for Ser/g� and 
Thr/g� despite the magnitude of the differences continues similar to the g� 
category: Ser/g� increases the bend angle 4.3° and Thr/g� 3.2° relative to 
Ala. The smaller number of points in the Ser/g� and Thr/g� categories 
seems responsible for this lack of significance. 
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3.1.4. Discussion 
The ability of all naturally occurring amino acids to form a turn when 
placed in the middle of a transmembrane helix has recently been measured 
(18). The observed rank order for turn�stabilizing tendencies are Asn = Arg 
= Pro (1.7) > Asp = Glu = His = Lys = Gln = (1.6) > Gly (1.3) > Ser = Trp (0.7) 
> Cys = Ile = Tyr (0.6) > Ala = Met = Val (0.5) > Leu = Phe = Thr (0.4). 
Clearly, there are two sets of residues with either high (≥ 1.3) or low (≤ 0.7) 
turn propensity. Charged or polar residues induce a turn (≥ 1.3), whereas 
hydrophobic residues plus Ser, Thr and Cys remain α�helical (≤ 0.7). 
Moreover, statistical analysis of transmembrane sequences has shown that 
the most frequent amino acids are Leu > Ile > Val > Ala > Phe > Gly > Ser > 
Thr (19). These amino acids comprise more than two�thirds of the total. 
Thus, Ser and Thr are regularly found in transmembrane segments. 
Consistent with these findings, the ratio of Ala:Ser:Thr:Cys residues found 
in the present survey of protein α�helices is 12 : 8.5 : 10.2 : 1 in membrane 
proteins and 11.1 :3.7 : 3.7 : 1 in soluble proteins. Ser and Thr residues 
occur almost as often as Ala in membrane proteins and three times less in 
soluble proteins. In addition, the ratio of g+ : g� for Ser and Thr residues 
are 1.2 : 1 and 3.5 : 1 in membrane proteins and 3.1 : 1 and 6.2 : 1 in 
soluble proteins, respectively. There is a noticeable increase of the 
population of g� conformation if the α�helix is embedded in a hydrophobic 
environment like the cell membrane. Notably, Ser possesses as many side 
chains in g� as in g+ in membrane proteins. These findings suggest a 
structural role of Ser and Thr residues in transmembrane segments. We 
have shown that the presence of Ser and Thr residues adopting the g� 
conformation correlates with a significant bending of the α-helix at this 
locus. Therefore, we hypothesize that local alterations of the rotamer 
configurations of these Ser and Thr residues may result in significant 
conformational changes across transmembrane α-helices, and thus 
participate in the molecular mechanisms underlying transmembrane 
signalling. 

It should be noted that the statistical correlation found between Ser and 
Thr adopting the g- conformation and helix bending does not clarify 
whether the Ser/Thr side chain induces or stabilizes the observed helix 
bending. However, we would favour the causal relationship between side 
chain to main chain hydrogen bonding and helix bending, following the 
argument put forward by Blundell et al. (10). The authors compared the 
180o angle of a linear NH···O=C α-helical backbone hydrogen bond that 
occurs in a straight helix, with the 120o of the same angle in a bifurcated 
(NH, HOH)···O=C hydrogen bonding when a water molecule also hydrogen 
bonds the backbone carbonyl. This difference in the hydrogen bonding 
angle would explain the characteristic bending observed in high resolution 
α-helical structures, where the water exposed face is bent (120o) relative to 
the more straight (180o) buried face of the helix (10). For the case of the Ser 
and Thr side chains, the side chain hydroxyl moiety may play a similar role 
as the water hydroxyl, inducing a similar bifurcated (NH, OH)···O=C 
hydrogen bond with an angle of 120o that would, by itself, induce a local 
bend in the α-helix. 
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We suggest that Ser5.43 and Ser5.46 in the β2�adrenergic receptor, which 
provide the docking site for the agonist (see above), adopt the g� 
conformation, in the absence of the extracellular ligand. Possibly, Ala 
replacement of Ser5.43 and Ser5.46 by site�directed mutagenesis changes the 
conformation of helix 5, from the bent helix (Ser/g� in blue, see Fig. 3.1.2d) 
to the straight helix (Ala in red). This would explain the influence of these 
Ser residues in helix 5 on the conformational equilibrium between inactive 
and active states of the receptor (9). Moreover, substitution of two Ser 
residues, located three residues apart and thus in the same face of the 
helix, augments the magnitude of the relocation of helix 5 by Ala 
substitution. 

Finally, we would like to remark the structural consequences derived from 
the hydrogen bond formation between the neurotransmitters and the Ser 
residues in helix 5. Ser must adopt the t conformation, if it acts as 
hydrogen bond donor, in the process of hydrogen bonding to the hydroxyl 
moieties of the ligand. Thus, ligand binding might require the 
conformational transition of Ser from the g� (see α�helix in blue in Fig. 
3.1.2d) to the t (green) conformation. This process of rotation around χ1, 
from g� to t, induces a change in the direction of the helix toward different 
positions in space (see above and Fig. 3.1.2d).  

It is important to note that Ala replacement of Ser5.43 and Ser5.46 
(conformational transition from Ser/g� in blue to Ala in red, see Fig. 3.1.2d) 
decreases the levels of intracellular cAMP (9). In contrast, ligand binding to 
Ser5.43 and Ser5.46 (conformational transition from Ser/g� in blue to Ser/t in 
green, see Fig. 3.1.2d) increases the levels of intracellular cAMP (9). This 
opposite effect cannot merely be understood from these reported 
conformational changes of helix 5. Thus, ligand binding might trigger more 
complex processes that finally lead to the active form of the receptor. It has 
been suggested that agonists of the β2�adrenergic receptor also induce 
conformational changes in transmembrane domains 3 and 6 (20). Moreover, 
the ligand might produce unfavourable changes (21) in the receptor binding 
site that triggers the significant change in the conformational properties of 
the receptors that are transmitted to the intracellular site (22).  

This statistical analysis on the influence of Ser and Thr residues to the 
curvature of α�helices has provided the structural basis to understand the 
mechanism by which the Ser residues in helix 5 in the neurotransmitter 
family of GPCR control the equilibrium between inactive and active states of 
the receptor. Because our findings are based on general principles of 
protein structure, it is conceivable that Ser and Thr residues on α-helices of 
other integral membrane proteins, such as gap junctions (23), may also 
participate in the conformational changes underlying transmembrane 
signalling. 
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Abstract 
The conformation of Pro-kinked transmembrane helices containing Ser or 
Thr residues, in both g+ and g- rotamers, has been studied by molecular 
dynamics simulations in a hydrophobic environment. Analysis of the 
simulations shows that (S/T)P and (S/T)AP motifs in the g+ rotamer and the 
TAP and PAA(S/T) motifs in the g- rotamer induce a bending angle in the 
helix that is ~5-12º larger than a control Pro-kinked helix. The additional 
hydrogen bond formed between the OγH group of Ser/Thr and the peptide 
carbonyl oxygen in the preceding turn of the helix, together with the 
additional flexibility provided by the adjacent Pro, seems to cause the 
observed effect. Notably, the formation of the hydrogen bond between the 
OγH group of Ser and the carbonyl oxygen at position j-3, as observed in SP 
and SAP motifs in the g- rotamer, induces a bending angle that is ~15-30º 
larger and alters the direction of the helix. This change in direction is 
attributed to the closing of the helix at the Pro-kink, as illustrated by the 
increase of the twist angle relative to the control Pro-kinked helix. In 
contrast, (S/T)AAP and PA(S/T) motifs, in both g+ and g-, and PAA(S/T) in 
g+ rotamers decrease (~3-6º) the bending angle of the helix by either 
reducing the steric clash between the pyrrolidine ring of Pro and the helical 
backbone, or by adding a constrain in the form of a hydrogen bond in the 
curved in face of the helix. The large number of occurrences of Ser/Thr 
residues in combination with Pro found in both a database of 
transmembrane helices and a database of rhodopsin-like G protein-coupled 
receptors suggest that membrane proteins incorporate these motifs for 
functional purposes.  

 

 

Keywords: transmembrane helices, proline-kink, serine, threonine, 
molecular dynamics, membrane proteins, G protein-coupled receptors. 
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3.2.1. Introduction 
Membrane receptors and channels are integral membrane proteins 
composed of several transmembrane (TM) α-helices that assemble through 
tertiary or quaternary structures to form a bundle that crosses the lipid 
bilayer (1;2). Biological function of these proteins involve conformational 
rearrangement of this transmembrane bundle. For example, it is thought 
that activation of G protein-coupled receptors (GPCRs) require rigid-body 
motions of several if not all TM helices (3). Such conformational changes 
require local flexibility in α-helices, which can, for instance, be provided by 
proline residues within the helix (4). Although Pro has the least helix-
forming tendency (5) and the highest turn�stabilizing tendency in the 
membrane (6) of all naturally occurring amino acids, Pro residues are 
normally observed in TM helices (7) where they usually induce a significant 
distorsion named Pro-kink (8). The break is produced in order to avoid a 
steric clash between the pyrrolidine ring of Pro (at position i) and the 
carbonyl oxygen of the residue in the preceding turn (position i-4) (9) 
leading to a bending of the helical structure (10). Furthermore, the absence 
of the backbone N�H group in Pro prevents the formation of the hydrogen 
bond with the backbone carbonyl oxygen of residue i-4. The role of the N-H 
group is partly fulfilled by the CδH atoms of Pro, which hydrogen bond a 
backbone carbonyl oxygen usually located three, four, or five residues 
preceding the Pro (9). This type of Cδ�H���O=C interaction can help to 
stabilize the local break. Moreover, due to the distorsions of the Pro-kink, 
the Ni+1-H���O=Ci-3 hydrogen bond is frequently disrupted, and the Ni-1-
H���O=Ci-5 hydrogen bond is sometimes replaced by the Ni-1-H���O=Ci-4 
hydrogen bond (9). Therefore, in the context of an α-helix, Pro not only 
induces a break in the helix, but it also destabilizes the hydrogen bond 
network that normally stabilizes the secondary structure. As a result, Pro 
introduces a flexible point in the α-helix which could be of functional 
importance for membrane proteins (11). 

 

We and others have shown that, in transmembrane proteins, specific 
sequence motifs preceding the Pro can provide structural properties for α-
helices that are significantly different than those of a regular Pro-kink 
(12;13). These motifs include Ser and Thr residues in the vicinity of the Pro, 
which induce a structural modification of the Pro-kink through hydrogen 
bonds of their polar sidechains. Experimental studies involving site-directed 
mutagenesis of the residues forming these motifs have demonstrated the 
functional importance of the Ser and Thr residues in Pro-containing α-
helices (12-14). 

 

Therefore the question arises as whether combinations of Ser/Thr and Pro 
are generically used as structural modulators in integral membrane 
proteins. To address this issue we have systematically surveyed sequences 
of TM helices to analyze the frequencies of such combinations. Moreover, 
the conformation of Pro-kinked TM helices containing Ser or Thr residues 
was assessed by molecular dynamics (MD) simulations in a hydrophobic 
environment. Our study indicates that membrane proteins, and GPCRs in 
particular, favor combined motifs of Pro and Ser or Thr in their TM helices 
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and that these motifs have specific structural properties. This suggests that 
transmembrane proteins have evolved these specific motifs for functional 
purposes. 

 
3.2.2. Results 
 
Statistical analysis of the presence of Ser/Thr residues in Pro-kinked  
transmembrane helices 
Table 3.2.1 lists the observed number of occurrences of the (S/T)xxP, 
(S/T)xP, (S/T)P, P(S/T), Px(S/T), and Pxx(S/T) patterns in a non-
homologous database of sequences of TM helices (7). In order to find over-
represented and under-represented patterns we calculated the expected 
number of occurrences with the TMSTAT formalism  that accounts for both 
the relative frequency of the amino acids and length of the sequence (7) (see 
http://bioinfo.mbb.yale.edu/tmstat/). We used a p-value cut-off of 0.10 to 
select statistically significant over-represented (odds ratio greater than 1) 
and under-represented (odds ratio less than 1) patterns. Both TxP (odds 
ratio of 1.10, p-value of 0.07) and SxP (1.12, 0.02) motifs are over-
represented pairs, suggesting that (S/T)xP is a common pattern in TM 
helices. In contrast, the SP (0.87, 0.01), PS (0.84, 0.001), and PxxS (0.84, 
0.004) are under-represented pairs. 

 

Statistical analysis of the presence of Ser/Thr residues in Pro-kinked 
transmembrane helices of the rhodopsin-like family of GPCRs 
GPCRs, or 7TM receptors, are one of the largest family of membrane 
proteins with more than 800 human sequences (15). These receptors have 
been classified into five main familes: glutamate, rhodopsin, adhesion, 
frizzled/taste2, and secretin (16). The members of the rhodopsin family (the 
largest subgroup) and bovine rhodopsin, for which the structure is known 
(1), share a large number of conserved sequence patterns in the TM 
segments. This allows for a straightforward identification of TM helices and 
provides a large set to survey the association of Ser/Thr and Pro residues. 
Table 3.2.2 shows the positions, in the generalized numbering scheme of 
Ballesteros & Weinstein (17), and the number of occurrences of Pro residues 
within the TM helices of the 1948 GPCR sequences denoted as Class A 
Rhodopsin like in GPCRDB (18), as of September 2002 release (6.1). We 
found a total of 9715 Pro residues, providing a very large statistical sample 
of Pro-kinked TM helices. Whereas Pro are found at many locations 
throughout the family, a typical TM helix does not contain more than one 
Pro-kink (except in TM 4). Partly or highly conserved prolines can be found 
in TM 1 (positions 1.36 and 1.48), TM 2 (2.58, 2.59 and 2.60), TM 4 (4.59 
and 4.60) TM 5 (highly conserved 5.50), TM 6 (highly conserved at position 
6.50 and occasionally at 6.59) and TM 7 (7.38, 7.45, 7.46, and 7.50 which 
belongs to the highly conserved NPxxY motif). Table 3.2.2 also shows the 
probability of finding a Ser or Thr residue in the direct vicinity of the Pro, 
namely at positions i-3 (S/T)xxP, i-2 (S/T)xP, i-1 (S/T)P, i+1 P(S/T), i+2 
Px(S/T), and i+3 Pxx(S/T) relative to Pro.  
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The statistical analysis shows that 52% of the Pro-containing TM helices 
contain either Ser or Thr in the vicinity of the proline. The most common 
combinations are the (S/T)xP motifs, found in 16% of all Pro-kinks in 
GPCRs (9% for TxP, 7% for SxP). Notably, the distribution of TxP and SxP is 
not uniform over the different Pro-kinks, as some specific locations, such as 
2.58, 4.59 and 7.38, show much higher frequencies than the others. 
Moreover, Ser and Thr are not equally found. For example, Pro2.58 
predominantly associates with a Thr (forming a TxP2.58 motif) while Pro4.59 
displays four times more SxP4.59 than TxP4.59 motifs. This indicates that Ser 
and Thr are not equivalent and already suggests, as their  hydrogen 
bonding propensities are similar, that the methyl group differentiating their 
sidechains may have a defined structural or functional role (see below). 
Additionally, SP motifs (2%) are observed at lower frequency than TP motifs 
(6%) further suggesting different roles for these two side chains. Finally, the 
frequency of Ser/Thr residues at positions preceding Pro (35% of the Pro-
kinks) is larger than at positions following Pro (16% of the Pro-kinks). 

 

Conformation of Pro-kinked transmembrane helices containing Ser or 
Thr residues at positions from i-3 to i+3 relative to Pro 
The strong association of Ser/Thr residues with Pro in TM helices, 
described above, suggests a possible structural role. Due to the paucity of 
membrane protein structures, it is not possible to investigate such 
structural role by surveying TM helices in known crystal structures. We 
have previously shown that structural characteristics of TM helices 
(including Pro-containing helices) can be accurately reproduced by MD 
simulations (19). Thus, we have used a similar approach here to assess the 
conformation of model peptides containing the (S/T)AAP, (S/T)AP, (S/T)P, 
P(S/T), PA(S/T), and PAA(S/T) patterns, with Ser and Thr side chains built 
in both χ1=gauche+ (g+) or gauche- (g-) conformation (see Methods). In α-
helices, the side chains of Ser and Thr adopt primarily the g+ or g- where 
the hydrogen bonding capacity of their OγH side chain can be satisfied by 
interacting with the backbone carbonyl oxygen in the preceding turn of the 
helix (20). In contrast, the trans (t) conformation is not stable because it can 
not form such hydrogen bond as it points the OγH group away from the 
backbone. The control of these simulations was the simulation of a Pro-
containing polyAla α�helix (see Methods). We monitored the distorsions 
caused by these patterns in the α-helix by the hydrogen bond interactions 
in the Pro-kink turn (Figures 3.2.1 and 3.2.2), the bending angle (Table 
3.2.3), and the unit twist angles (Figure 3.2.3) (see Methods). The results of 
the simulations are presented separately for each motif. The notation 
employed in the manuscript assigns the i position to Pro and the j position 
to Ser/Thr, and all other amino acids are named relative to these reference 
points. Moreover, the distribution, in percentage, of the intra-helical 
hydrogen bond between the OγH side chain of Ser/Thr and the carbonyl 
oxygen at positions j-4 and j-3 as observed during the MD simulations, is 
also shown in Table 3.2.3. 
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Pro 
The bending angle of 20° we have obtained by MD simulations (Table 3.2.3) 
coincides with the reported bending angle of 21° measured from a database 
of Pro-containing TM helices (10), whose structures are known at a 
resolution of 4 Å or better. Figure 3.2.3 shows the evolution of the unit twist 
angles along the α-helix, from turns (i-11, i-8) to (i+4, i+7), as observed 
during the MD simulations. The helical distorsions induced by the Pro 
residue, in the control simulation, is reflected at the level of twist angles 
from aproximately turn (i-5, i-2) up to (i-1, i+2). Figure 3.2.1a shows a 
detailed view of the Pro-kink. Both CδH atoms of Pro act as hydrogen bond 
donors in the hydrogen bond interaction with the carbonyl oxygen at 
position i-4 (9). 

 

(S/T)P 
gauche+ 
The side chain of both Ser and Thr residues always interact with the 
backbone carbonyl oxygen at position j-4 (Table 3.2.3). As a result, these 
helices are strongly bent, with average bending angles of 31º for SP and 27º 
for TP (~7-11º larger than the 20° of the reference Pro-kinked α-helix) (Table 
3.2.3). Morover, there is an increase of 13° in SP and 4° in TP in the twist 
angle (i.e. a closing of the helix) at the (i-4, i-1) (Figure 3.2.3a). Figures 
3.2.1b and 3.2.1c show a detailed view of the hydrogen bond pattern. The 
OγH side chain of Ser/Thr interacts, in addition to the Ni-1-H amide, with the 
carbonyl oxygen at position i-5. The intrahelical Ni+1�H���O=Ci-3 and Ni�1�
H���O=Ci-5 hydrogen bonds are preserved. It is important to note that the 
larger bending angle observed for SP are due to a small number of 
conformations visited during the MD simulation. These conformations 
present a bending angle of 35º due to a peculiar hydrogen bond network in 
which the CδH atoms of Pro acts as a hydrogen bond donor in the 
interaction with both carbonyl oxygens at positions i-3 and i-4, the OγH side 
chain of Ser interacts with the carbonyl oxygen at position j-4, the 
intrahelical Ni+1�H���O=Ci-3 is disrupted; and the Ni-1�H amide is halfway 
between O=Ci-4 and O=Ci-5 (not shown). 

gauche- 
Notably, this rotamer differenciates Ser and Thr. While Ser can form a 
hydrogen bond with either the carbonyl oxygen at position j-3 (33%, see 
Table 3.2.3) or j-4 (67%), Thr is almost only hydrogen bonding the carbonyl 
oxygen at position j-4 (92%) due to steric restriction of the additional methyl 
group (see discussion). When the OγH side chain of Ser/Thr interacts with 
the carbonyl oxygen at position j-4, there is little or no structural effect on 
the Pro-kink, as measured by the bending angle (20° for SP or 21° for TP 
versus 20° for the reference Pro-kink) or the twist angle profile (Figure 
3.2.3a) of the helix. Each CδH group of Pro acts as a hydrogen donor, either 
with the O=Ci-4 carbonyl oxygen or the Oγ atom of Ser/Thr (Figures 3.2.1d 
and 3.2.1e). The intrahelical Ni+1�H���O=Ci�3 and Ni�1�H���O=Ci�5 hydrogen 
bonds are preserved.  
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In contrast, when the OγH side chain of Ser interacts with the carbonyl 
oxygen at position j-3 (Oγ-H���O=Cj-3), there are significant changes in the 
hydrogen bond network of the Pro-kink turn, inducing a strong structural 
effect. The CδH atoms of Pro interact with both carbonyl oxygens at 
positions i-3 and i-4, causing the intrahelical Ni+1�H���O=Ci-3 to be 
disrupted, and the Ni-1�H amide to relocate between O=Ci-4 and O=Ci-5 
(Figure 3.2.1f). This induces an increase in the bending angle (50° versus 
20° of Pro, see Table 3.2.3) and a closing of the helix at the Pro-kink, as 
reflected by an increase of the twist angle at the (i-4, i-1) turn ( 121° versus 
101° for the reference Pro-kink simulation, see Figure 3.2.3a). In order to 
corroborate these results, we performed additional MD simulations on the 
SP motif, with the side chain built in the g- conformation, and restraining 
the intra-helical hydrogen bond of the Hγ atom of Ser to the carbonyl oxygen 
at positions j-3 and j-4. The analysis of these independent restrained MD 
trajectories confirms our initial conclusions obtained from unrestrained MD 
trajectories. The hydrogen bond patterns are similar to the ones depicted in 
Figures 3.2.1e and 3.2.1f: the bending angles are 16° and 48° and the twist 
angles at the (i-4, i-1) turn are 99° and 120°, for the SP motif with the Oγ�
H���O=Cj-4 and Oγ�H���O=Cj-3 hydrogen bond, respectively. 

 

(S/T)AP 
gauche+ 

TAP and SAP motifs induce an important bending of the α-helix (27º and 
30º respectively, ~7-10º more than a regular Pro-kink). However, in contrast 
to (S/T)P in g+, there are no large changes in the unit twist angle profile 
relative to the reference Pro-kinked α-helix (Figure 3.2.3b). These effects are 
due to the specific hydrogen bond network, in the Pro-kink turn, as 
depicted in Figures 3.2.1g and 3.2.1h. The hydroxyl moiety of both Ser and 
Thr interacts, in addition to the Ni-2-H amide, with the carbonyl oxygen at 
the i-6 position (j-4 to Ser/Thr) (Table 3.2.5). Moreover, the CδH groups of 
Pro act as a hydrogen bond donors in the hydrogen bond interaction with 
both lone pairs of the carbonyl oxygen at i-4. The intrahelical Ni+1�H���O=Ci-

3 and Ni-1�H���O=Ci-5 hydrogen bonds are preserved. 

gauche- 
As for (S/T)P, the g- rotamer shows significant differences between SAP and 
TAP motifs. The OγH side chain of Thr hydrogen bonds preferably the 
carbonyl oxygen at the j-4 position (88%, Table 3.2.3) and only rarely to j-3, 
due to steric hindrance between the methyl moiety of the sidechain and the 
carbonyl oxygen of residue j-4 (see discussion). In contrast, the hydroxyl 
group of Ser hydrogen bonds almost exclusively the carbonyl oxygen at 
position j-3 (i-5 to Pro) (98%, Table 3.2.3). This leads to a very different 
hydrogen bond pattern and conformation of the Pro-kinked α-helix (Figures 
3.2.1i and 3.2.1j). When both the OγH of Thr and the Ni-2-H amide are 
interacting with the i-6 carbonyl oxygen, the CδH group of Pro act as a 
hydrogen bond donor in the hydrogen bond interaction with the carbonyl 
oxygen at position i-4. The Ni+1�H���O=Ci-3 and Ni�1�H���O=Ci-5 hydrogen 
bonds are preserved. In this case, the average bend angle of the α-helix is 
27º (~7º larger than the reference Pro-kinked α-helix, Table 3.2.3); and the 
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unit twist angle profile is not strongly modified relative to the reference 
system (Figure 3.2.3b). In other words, the TAP motifs presents a similar 
structural effect in both g+ and g- rotamers. 

However, in the SAP g- motif, the OγH of the Ser residue is interacting with 
the carbonyl oxygen at position j-3 (i-5 relative to the Pro), and while the 
CδH group of Pro keeps interacting with the carbonyl oxygen at position i-4 
and the Ni+1�H���O=Ci-3 hydrogen bond is preserved, the Ni�1�H���O=Ci-5 
hydrogen bond is disrupted (the Ni�1�H group seems to interact with the Oγ 
atom of Ser) and the Ni-2�H amide reorients between O=Ci�5 and O=Ci�6 
(Figure 3.2.1i). This results in an average bend angle of 35º (~15º larger 
than the reference Pro-kinked α-helix, Table 3.2.3), and an increase in the 
twist angle at the (i-5, i-2) turn of 17º relative to the Pro-kinked helix 
(Figure 3.2.3b). 

 

(S/T)AAP 
gauche+ 
The effect of (S/T)AAP motifs in the helix is radically different from (S/T)P or 
(S/T)AP. SAAP (16º) and TAAP (15º) significantly decrease the bending angle 
of the helix relative to the reference Pro-kink (20º, Table 3.2.3). The 
decrease in bending is due to specific hydrogen bond networks which 
reduce the steric clash between the pyrrolidine ring of Pro and the O=Ci-4 
carbonyl (see discussion). Figures 3.2.1k and 3.2.1l show how, in both 
cases, the Ni-3�H amide (N�H group of Ser/Thr) is located between the O=Ci�

6 and O=Ci�7 carbonyl oxygens. Adaptation of the standard intrahelical Ni�3�
H���O=Ci-7 hydrogen bond towards the Ni�3�H���O=Ci-6 hydrogen bond, 
modifies the orientation of the O=Ci-4 carbonyl. Notably, this relocation of 
the O=Ci-4 carbonyl allows the CγH group of Pro to interact with the carbonyl 
oxygen instead of the standard CδH atoms. 

gauche- 
There is also a straightening of the helix for both SAAP (14º) and TAAP (14º) 
relative to the standard Pro-kink (20º, Table 3.2.3). As in the g+ 
conformation, both Ser and Thr residues establish preferably the hydrogen 
bond with the backbone carbonyl at position j-4 (i-7 to Pro) (Table 3.2.3). 
The hydrogen bond network at the Pro-kink turn is also very similar: the Ni�

3�H amide is located between the O=Ci-6 and O=Ci-7 carbonyl oxygens, the 
relocation of O=Ci-4 reduces the steric clash with the Pro side chain, and the 
CδH and CγH groups of Pro interact with the O=Ci-4 carbonyl oxygen (Figures 
3.2.1m and 3.2.1n) 

 

P(S/T) 
gauche+, gauche- 
PS and PT motifs in both g+ and g- rotamers show no significant changes in 
either the bending angle (Table 3.2.3) or the twist profile (Figure 3.2.3d) 
relative to the control simulation. The side chain of both Ser and Thr 
residues forms the hydrogen bond, in addition to the Ni+1�H amide,  with 
the carbonyl oxygen at position j-4 (i-3 to the Pro) (Table 3.2.3). The CδH 
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group of Pro acts as a hydrogen bond donor in the hydrogen bond 
interaction with the carbonyl oxygen at the i-4 position (Figures 3.2.2a-
3.2.2d). 

 

PA(S/T) 
gauche+ 

The average bending angles of the α-helices for PAS (16º) and PAT (14º) are 
slightly decreased relative to the reference Pro-kink (Table 3.2.3), while the 
twist angle profile remains unchanged (Figure 3.2.3e). The fact that the 
steric clash between the CδH atoms of Pro and the O=Ci-4 carbonyl group 
and the hydrogen bond between the OγH side chain of Ser/Thr and the 
O=Ci-2 carbonyl group, are in opposite sides of the α-helix could be 
responsible for this effect (see discussion). While the CδH���O=Ci-4 clash 
tends to bend the helix towards the opposite side of the Pro residue, the 
additional OγH���O=Ci-2 hydrogen bond partly counters the bending of the 
helix in this direction. The detailed view of the hydrogen bond network 
depicted in Figures 3.2.2e and 3.2.2f shows that the hydroxyl group of 
either Ser or Thr side chains is interacting with carbonyl oxygen at the j-4 
position (i-2 to the Pro) (Table 3.2.3). 

gauche- 
Ser and Thr side chains behave differently in this g- conformation. While 
Ser can form a hydrogen bond with the carbonyl oxygen at position j-3 
(35%, Figure 3.2.2i) or at position j-4 (65%, Figure 3.2.2g), the methyl group 
of Thr forces the OγH side chain to hydrogen bond the carbonyl oxygen at 
position j-4 (93%, Figure 3.2.2h) (Table 3.2.3). All these conformations, 
despite these variations in the hydrogen bond pattern, reduce the bending 
angle of the helix relative to the standard Pro-kink (14º or 15º for PAS 
hydrogen bonding the j-4 or the j-3 carbonyl oxygen, respectively; and 16º 
for PAT, Table 3.2.3). Similarly to the g+ conformation, the formation of 
either the OγH���O=Ci-2 or OγH���O=Ci-1 hydrogen bond in the reverse side of 
the helix, from where Pro is located, impedes its bending. There are no 
significant changes in the twist angles profile (Figure 3.2.3e). 

 

PAA(S/T) 
gauche+ 
These motifs also reduce the bending of the helix relative to the control (14º 
for PAAS and 16º for PAAT, Table 3.2.3). The side chain of both Ser and Thr 
residues is hydrogen bonding the O=Ci-1 carbonyl oxygen (O=Cj-4 relative to 
Ser/Thr) (Table 3.2.3) (Figures 3.2.2j and 3.2.2k). As previously observed for 
the PAS motif in the g- rotamer conformation, the formation of this 
additional O�H���O=Ci-1 hydrogen bond impedes the bending of the helix. 
There are no significant changes in the twist angles profile (Figure 3.2.3f). 

gauche- 
PAAS and PAAT motifs in g- are the only patterns of all Ser/Thr residues 
following Pro in which the bending of the helix increases relative to the 
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control Pro-kinked helix (see Table 3.2.3). Moreover, the Thr side chain in 
PAAT is the only case of all patterns that contain Thr in which the OγH side 
chain is able to interact, in a significant amount of conformations (26%, 
Table 3.2.3), with the O=Cj-3 carbonyl (O=Ci relative to Pro). In contrast to 
the other motifs, the formation of this hydrogen bond is feasible due to an 
increase of 6º in the unit twist angle (i.e. a closing of the helix) at the (i-1, 
i+2) helical turn (see Figure 3.2.3f), which relocates the position of the O=Ci-

1 and O=Ci carbonyls. In all cases, the CδH groups of Pro hydrogen bond the 
O=Ci-4 carbonyl, and the intrahelical Ni+1�H���O=Ci-3 and Ni-1�H���O=Ci-5 
hydrogen bonds are preserved (Figures 3.2.2l-3.2.2o), leading to similar 
bending angles (30º for PAAS hydrogen bonding either O=Cj-4 or O=Cj-3; and 
25º or 32º for PAAT hydrogen bonding O=Cj-4 or O=Cj-3, respectively). 
Although the side chain of Ser/Thr in both g+ and g- can interact with the 
same O=Ci-1 carbonyl, the effect on the bending of the helix is opposite, 
decreasing in g+ and increasing in g- (Table 3.2.3). While in the g+ 
conformation the OγH���O=Ci-1 hydrogen bond is in the opposite face of the 
helix that the steric CδH���O=Ci-4 clash (Figures 3.2.2j and 3.2.2k, see 
discussion), in the g- conformation both interactions occur in the same face 
(Figures 3.2.2l and 3.2.2n). 

Due to the different behavior of the PAA(S/T) motifs in g-, these results were 
further investigated by additional MD simulations restraining the intra-
helical hydrogen bond of the Hγ atom of Ser/Thr to the carbonyl oxygen at 
positions j-3 and j-4. Analysis of these new trajectories leads to bend angles 
similar to those previously obtained (28º or 31º for PAAS hydrogen bonding 
O=Cj-4 or O=Cj-3, respectively; and 27º or 29º for PAAT hydrogen bonding 
O=Cj-4 or O=Cj-3, respectively), thus confirming our results. 

 

 

3.2.3. Discussion 
Signalling membrane proteins achieve structural diversity within a 
constraining environment. Specific TM helices must have included specific 
structural motifs, adapted to the functional role of each of these proteins. 
Deciphering the structure-function relationship in membrane proteins will 
therefore require an understanding of the structural motifs that govern the 
conformational diversity. Besides the important role of Pro residues (4), Ser 
and Thr residues also induce helical distorsions of possible functional 
importance (21). In the present study we have shown that combinations of 
these residues can produce dramatic effects on the conformation of TM α-
helices, while their unusual distribution in TM segments further suggest a 
possible functional role as structural adapters. 

 

The (S/T)P and (S/T)AP motifs in the gauche+ rotamer and the TAP and 
PAA(S/T) motifs in the gauche- rotamer increase the bending of Pro-
kinked transmembrane helices 
Figure 3.2.4a shows the conformation of Pro-kinked (control, yellow), SP 
(red) and SAP (dark green) in the g+ rotamer, and TAP (light green) and 
PAAS (purple) in the g- rotamer TM α-helices. The OγH group of Ser/Thr is 
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hydrogen bonding the peptide carbonyl oxygen at position j-4, relative to 
Ser/Thr, in all the cases. The helix conformation of TP and TAP in g+ and 
PAAT in g- are similar to SP and SAP in g+ and PAAS in g-, respectively, and 
are omitted for clarity. Clearly, all these motifs and rotamer conformations 
induce a bending angle in the helix that is ~7-12º larger than the control 
Pro-kinked helix (see Results and Table 3.2.3). Incorporation into the α-
helix of these modified conformations at one side of the cell membrane 
results in a significant displacement of the residues located at the other 
side of the membrane. The magnitude of the relocation might be estimated 
from the models depicted in Figure 3.2.4a. Thus, the distances between the 
alpha�carbon positions between the control Pro-kinked helix (yellow) and 
the other modified helices are in the 2-4 Å range for an amino acid located 
10 residues away from Pro. The additional hydrogen bond formed between 
the OγH group of Ser or Thr and the backbone carbonyl oxygen in the 
preceding turn of the helix, together with the additional flexibility provided 
by the adjacent Pro, seems to cause the observed conformation of the 
helices. 

 

The (S/T)P motifs in the gauche- rotamer do not modify the bending of 
Pro-kinked transmembrane helices 
SP and TP motifs in the g- rotamer can also hydrogen bond the i-5 carbonyl 
oxygen (j�4 relative to Ser/Thr), but do not change the bending of the Pro-
kinked TM helix (see Results and Table 3.2.3). In contrast to other motifs 
and conformations, in this g- rotamer the Oγ atom of Ser or Thr hydrogen 
bonds the CδH group of Pro (see Figures 3.2.1d and 3.2.1e). This new 
intrahelical hydrogen bond adds an additional constrain which 
counterbalances the increase of bending angle caused by the additional 
hydrogen bond formed between the Ser/Thr side chain and the i-5 peptide 
carbonyl oxygen. The CδH���Oγ hydrogen bond is only feasible when Ser/Thr 
is preceding Pro and Ser/Thr are in the g- rotamer. In the g+ rotamer the 
lone pairs of the Oγ atom of Ser/Thr are pointing away from the helix (see 
Figures 3.2.1b and 3.2.1c).  

 

The SP and SAP motifs in the gauche- rotamer interacting with the 
carbonyl oxygen at position i-3 increase the bending and alter the 
direction of Pro-kinked transmembrane helices 
SP (33%) and SAP (98%) motifs in the g- rotamer can hydrogen bond the j-3 
carbonyl oxygen relative to Ser (Table 3.2.3). The formation of this 
interaction, rather than the standard with the j-4 carbonyl oxygen relative 
to Ser, induces a striking modification in the conformation of the helix, as 
illustrated in Figures 3.2.4b and 3.2.4c. Notably, the bend angle of the helix 
increased significantly from 20º for Pro to 50º for SP or 35º for SAP α-
helices (Table 3.2.3). Moreover, the helices point to a completely different 
direction in space (Figure 3.2.4c): towards the center for Pro (control, 
yellow), left for SAP (light green), or right for SP (orange) α-helices. This 
change in direction is attributed to the closing of the helix at the Pro-kink, 
as illustrated by the increase, relative to the Pro-kinked helix, of the twist 
angle at the (i-4, i-1) turn for SP (20º), and at the (i-5, i-2) turn for SAP (17º) 
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(see Figure 3.2.3). It is probable that the closing of the helix at different 
turns, (i-4, i-1) for SP or (i-5, i-2) for SAP, makes both helices to point 
towards opposite directions in space. 

 

The methyl group of Thr prevents the interaction of OγH with the 
carbonyl oxygen at position j-3 
Figure 3.2.5 shows the evolution of the distance between the Hγ atom of Ser 
and the oxygen of the O=Cj-4 (solid line) or O=Cj-3 (broken line) carbonyl, 
relative to Ser, and the values of χ1 of Ser obtained during the production 
run of the MD simulations of SP (left panel) and SAP (right panel) in the g- 
rotamer. There is a clear correlation between the type of side chain 
interaction and χ1. When OγH is hydrogen bonding Oj-4 (from ~850ps to 
1500ps in SP) χ1 stays in the ~35°-55° range (average value of 46º for SP). 
The value of  χ1 goes up to the ~55°-75° range (average values of 68º for SP 
and 65º for SAP) if OγH is hydrogen bonding Oj-3 (from 500ps to ~850ps in 
SP and from ~550ps to 1500ps in SAP). Thus, the formation of the hydrogen 
bond with the j-3 carbonyl oxygen, relative to Ser, requires an increase of 
the χ1 dihedral. These values of χ1 are unfavorable for Thr because of the 
steric hindrance between its methyl group and the O=Cj-4 carbonyl. Thus, 
Thr residues rarely (see Table 3.2.3) form the interaction with the O=Cj-3 
carbonyl. In these conformations local re-arrangement of the backbone is 
necessary to accommodate the methyl group (results not shown). The side 
chain of Thr in the PAAT motif interacts with the O=Cj-3 carbonyl (O=Ci 
relative to Pro) in a larger number of structures (26%) than the other Thr-
containing motifs (Table 3.2.3). The closing of the helix at the (i-1, i+2) 
helical turn (see Figure 3.2.3f) relocates the position of the O=Ci-1 (the O=Cj-4 
carbonyl that would clash with the methyl group of Thr) and O=Ci 
(interacting with the OγH side chain of Thr) carbonyls, thus facilitating the 
accomodation of the methyl group. 

 

Molecular mechanisms of decreasing the bending of Pro-kinked 
transmembrane helices 
(S/T)AAP and PA(S/T) motifs, in both g+ and g-, and PAA(S/T) in g+ 
rotamers decrease the bending of Pro-kinked TM helices (see Table 3.2.3). 
However, the mechanisms by which these motifs modify the conformation of 
the helix differ. 

(S/T)AAP motifs moderate the steric clash between the pyrrolidine ring and 
the O=Ci-4 carbonyl oxygen by modifying the conformation of the Ni-3-H 
amide group. The additional hydrogen bond formed between OγH of 
Ser/Thri-3 and the O=Ci�7 carbonyl oxygen (j-4 relative to Ser/Thr) modifies 
the intrahelical Ni�3�H���O=Ci-7 hydrogen bond. Adjustment of the Ni-3-H 
amide group (see bottom arrow in Figure 3.2.6a) alters the orientation of the 
O=Ci-4 carbonyl (see top arrow in Figure 3.2.6a), due to the planarity of the 
OCi-4-Ni�3H peptide bond (in green), away from the helix; reducing the steric 
clash betwen the CδH atoms of Pro and the O=Ci-4 carbonyl; and decreasing 
the bending angle of the helix (Table 3.2.3). 
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PA(S/T), in both g+ and g-, and PAA(S/T) in g+ rotamers obstruct the 
bending of the helix by adding a constrain in the form of a hydrogen bond 
in the opposite side of the Pro residue, the curved in face of the helix. Thus, 
the formation of either the OγH���O=Ci-2 or OγH���O=Ci-1 hydrogen bond by 
Ser/Thri+2 or Ser/Thri+3 side chain (Figure 3.2.6b) in the other side of the 
helix where the steric CδH���O=Ci-4 clash occurs, attenuates the bending of 
the helix. However, PAA(S/T) in the g- rotamer also interact with the O=Ci-1 
carbonyl, but in this case there is an increase of the bending angle (Table 
3.2.3). In this g- conformation the formation of the OγH���O=Ci-1 hydrogen 
bond by the Ser/Thri+3 side chain occurs on the same side as  the steric 
clash (compare Figures 3.2.2j and 3.2.2k with 3.2.2l and 3.2.2n), hence 
reinforcing the deformation. 

P(S/T) motifs in both g+ and g- rotamers do not modify the conformation of 
the helix relative to the standard Pro-kink. In this case the additional 
hydrogen bond between the Ser/Thri+1 side chain occur with the O=Ci-3 
carbonyl, which is neither at the same nor at the opposite face of the helix 
than the Pro side chain. We suggest that this particular hydrogen bond 
network maintains the conformation of the Pro-kinked helix unchanged.  

 

Influence of the Ser/Thr side chain rotamer in mechanisms of signal 
transduction 
Our simulations suggest that Ser and Thr could act as molecular switches 
in signal transduction. While in TM helices these sidechains are normally in 
either g+ or g- conformation, interaction with an external partner (i.e. bound 
ligand) could induce a change towards the trans rotamer. Our results 
indicate that such rearrangement of the Ser or Thr can lead to 
conformational modification of the whole helix, with possible functional 
importance. Similarly, structural changes could be induced by a rotamer 
change from a g+ to g- conformation (and vice versa). In order to illustrate 
this mechanism, Figure 3.2.7a shows the conformation of SAP in the g+ 
rotamer (dark green), t rotamer (yellow, taken as a regular Pro-kinked α-
helix), and g- rotamer interacting with the carbonyl oxygen at position j-3 
relative to Ser (light green); and Figure 3.2.7b shows the conformation of SP 
in the g+ rotamer (red) and g- rotamer interacting with the carbonyl oxygen 
at position j-4 (dark orange) and j-3 (light orange). Clearly, variation of the 
side chain rotamer (Figure 3.2.7a), or changing the hydrogen bond from j-4 
to j-3 or vice versa (Figure 3.2.7b), covers a wide structural range in the α-
helix. Similarly, rotation of Ser/Thr side chain in the PAA(S/T) motif from 
g+ to g- would modify the bend angle of the helix from ~15º to ~28º (see 
Table 3.2.3). 

 

Functional relevance of Ser and Thr as Pro-kinked modulators of 
transmembrane α-helices 
The statistical analysis of the presence of these motifs in the rhodopsin-like 
family of GPCRs (Table 3.2.2) shows that, among all the occurrences found 
in the search, the predominant sequences are TxP (9%), SxP (7%), TP (6%), 
SxxP (6%), TxxP (5%). Thus, there is a clear tendency of Ser/Thr residues to 
be found at positions preceding Pro. Among all the possibilities of Ser/Thr 
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preceding Pro, only the SP motif is not often observed in the database (2%). 
This might be attributed to the extreme conformation this motif achieves in 
the g- rotamer interacting with the carbonyl oxygen at position j�3. 

Clearly, (S/T)xP motifs are highly observed in both a non-homologous 
database of sequences of TM helices and a database of sequences of 
rhodopsin-like GPCRs. The functional role of Ser/Thr residues in the highly 
conserved Thr-x-Pro2.58 motif of the chemokine receptors (TM 2) was probed 
by site-directed mutagenesis and functional assay of the CCR5 receptor  
(13;22). While mutation of Thr2.56 to Ser, Cys, Ala, or Val does not affect 
chemokine binding, it strongly influences the functional response. The 
functional impairment is highly dependant on the specific residue 
substituted for the Thr, and the rank order parallels the structural 
deformation of the α-helix (13). 

The second TM segment of connexin32 contains the TP87 motif. Mutations of 
Thr86 to Ser, Ala, Cys, Val, Asn, or Leu shift the conductance-voltage 
relation of wild-type, such that the mutated channels close at smaller 
transjunctional voltages (12). It was proposed that the hydrogen bonding 
potential of Thr86 mediates the conformational changes between open and 
closed channel states (12). 

Bacteriorhodopsin contains TP91 in TM helix C. Mutation of Thr90 to Ala 
alters the proton pumping efficiency, and suggests that Thr90 has an 
important structural role in the proton pumping mechanism (14). Figure 
3.2.8 shows the superimposition of helix C as observed in the crystal 
structure of bacteriorhodopsin (PDB entry 1AP9) that contains the TP91 
motif in the g+ rotamer (red), and the computationally determined 
conformations of a Pro-kinked (yellow) and TP in the g+ rotamer (orange) 
polyAla α-helices. Clearly, helix C of bacteriorhodopsin exhibits a larger 
bending than a regular Pro-kinked helix that matches the computationally 
determined conformation of TP in the g+ rotamer. The bending angle of 30º 
obtained around the Pro-kink of helix C is in good agreement with the 
average value of 27º obtained in computer simulations (see Table 3.2.3). 

 

3.2.4. Conclusions 
Our simulations on model peptides offer molecular explanations for the 
high association of Ser and Thr residues with Pro in TM helices. Through 
specific action of their polar side chains, these residues modulate the 
structural deformations caused by the pyrrolidine ring of Pro. Such 
modulations cover a wide structural range, with, for instance, a variation of 
the bending angle from 14° to 30° by simply rotating the side chain of Ser in 
the PAAS motif from g+ to g-. These significant conformational changes 
could obviously have important functional roles, allowing or preventing 
specific interactions to take place. Therefore, combinations of Ser and Thr 
residues with Pro appear as a possible mechanism for structural adaptation 
of membrane proteins. Of course, our single helix simulations cannot take 
into account helix-helix interactions, which most likely have important 
structural effects as well. Nevertheless, our findings show how structurally 
(and hence functionally) important polar residues such as Ser and Thr can 
modulate the conformation of Pro-kinked TM helices, and therefore provide 
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a structural basis for further understanding the function of membrane 
proteins. 

 
3.2.5. Methods 
MD simulations were performed on the model peptides Ace-(Ala)10-x-(Ala)11-
NHMe, where x is either AAAP, AASP, AATP, ASAP, ATAP, SAAP, or TAAP; 
and Ace-(Ala)13-x-(Ala)8-NHMe, where x is either PSAA, PTAA, PASA, PATA, 
PAAS, or PAAT. These model peptides were built in the standard Pro-kinked 
α-helix conformation (Table 3.2.2 in (19)). The side chains of Ser or Thr were 
built on both the χ1= g+ and g- rotamer conformations. 

These initial structures were placed in a rectangular box (~62 Å x 55 Å x 55 
Å in size) containing methane molecules (~4200 molecules in addition to the 
TM α-helix) to mimic the membrane environment, at a density approaching 
half of hydrocarbons in lipid bilayer. This is due to the different equilibrium 
distance between carbons in the methane box and in the polycarbon chain 
of the lipid (19). The peptide-methane systems were subjected to 500 
iterations of energy minimisation, and then heated to 300K in 15ps. This 
was followed by an equilibration period (15-500ps), and a production run 
(500-1500ps). The simulations were carried out at constant volume and 
constant temperature (300 K), with the latter maintained through coupling 
to a heat bath. The particle mesh Ewald method was employed to compute 
electrostatic interactions (23). Structures were collected for analysis every 
10ps during the last 1000ps of simulation (100 structures). Bending angles 
of these structures were calculated as the angle between the axes computed 
as the least square lines through the backbone atoms (N, Cα, C) of the 
residues before (from 2 to 11) and after (from 16 to 24) the Pro-kink, using 
the InsightII software (Accelrys, San Diego). One�way analysis of variance 
plus a posteriori two�sided Dunnett's T tests was employed, with the SPSS 
11 program (SPSS Inc. Chicago, Illinois), to contrast if the bend angle of the 
model peptides differs from the control. It is important to remark that this 
statistical test can only be applied to independent samples. In order to 
achieve this prerequisite, structures were collected for analysis every 10ps 
so that a given structure is not related to the previous and succeeding 
structures (Lyapunov instability) (24). The unit twist angles of these 
structures were calculated, for each set of four contiguous Cα atoms along 
the α-helix, using the program HELANAL (25). Representative structures for 
each trajectory were selected by automatically clustering the collected 
geometries into conformationally-related subfamilies with the program 
NMRCLUST (26). The MD simulations were ran with the Sander module of 
AMBER 5 (27), using an all-atom force field (28), the SHAKE bond 
constraints on all bonds, and a 2 fs integration time step. 
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3.3. The TxP motif in the second transmembrane helix of 
CCR5: a structural determinant in chemokine-induced 
activation. 
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Abstract 
CCR5 is a G-protein coupled receptor activated by the chemokines RANTES, 
MIP-1α, MIP-1β and MCP-2, and is the main co-receptor for the 
macrophage-tropic HIV strains. We have identified a sequence motif (Thr-x-
Pro, TxP) in the second transmembrane helix of chemokine receptors and 
investigated its role by theoretical and experimental approaches. Molecular 
dynamics simulations of model α-helices in a non-polar environment show 
that a TxP motif strongly bends α-helices, due to the coordinated action of  
the proline, which kinks the helix, and of the threonine, which further 
accentuates this structural deformation. Site-directed mutagenesis of these 
residues in the CCR5 receptor allowed us to probe the consequences of 
these structural findings in the context of the whole receptor. The P842.58A 
mutation leads to decreased binding affinity for chemokines and nearly 
abolished the functional response of the receptor. In contrast, mutation of 
T822.56 into Val, Ala, Cys, or Ser did not affect chemokine binding. However, 
the functional response was strongly dependent on the nature of the 
substituted side chain. The rank order of impairment of receptor activation 
is P84A > T82V > T82A > T82C > T82S. This ranking of impairment 
parallels the bending of the α-helix  observed in the molecular simulation 
study.  
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3.3.1. Introduction 
Chemokine receptors are currently one of the most extensively studied sub-
families of the G-protein coupled receptors (GPCRs). This is due to their key 
role in the immune response, where they act as attractors and stimulators 
of specific leukocyte populations (1), and their essential role in HIV 
infectioon. In particular, the chemokine receptor CCR5 is the main co-
receptor for macrophage-tropic HIV-1 strains, which are responsible for 
disease transmission and predominate during the asymptomatic phase of 
the disease (2;3). It hence appears as one of the crucial targets for 
developing new therapeutic strategies against HIV. 

CCR5 is activated by the chemokines RANTES, MIP-1α, MIP-1β and MCP-2 
and binds a natural chemokine antagonist, MCP-3 (4). Chemokines are 
small globular proteins, 60-100 residues long, comprising a well structured 
domain, and a flexible NH2 terminus, with a Cys-Cys or Cys-x-Cys motif (x 
being a variable residue) marking the limit between the two parts (1). 

The mechanisms by which chemokines bind their receptors and induce 
activation are currently unclear. Mutagenesis studies of chemokines 
suggest that a major role in binding is played by receptor interactions with 
their compact domain, while the flexible NH2 terminus is required mainly 
for receptor activation (5;6). NH2-terminally truncated chemokines usually 
bind their receptors with wild-type affinities, but elicit a severely impaired 
functional response (6;7). 

On the receptor side, several studies have shown that its extracellular 
domains play an essential role in chemokine binding (8;9). In particular, the 
NH2-terminal domain of the receptor was shown to be mandatory for 
chemokine binding, with several charged and aromatic residues playing a 
crucial role (10;11). On the other hand, most of the ligand specificity has 
been shown to be encoded in the second extracellular loop of CCR5 (12). 

Clearly belonging to the rhodopsin-like family of GPCRs, chemokine 
receptors share all of the highly conserved sequence motifs characteristic of 
this family. The overwhelming majority of these sequence motifs are located 
in the transmembrane region, suggesting the conservation of a common fold 
for this region throughout the entire rhodopsin-like family. The existence of 
a conserved fold may in turn imply similar mechanisms in receptor 
activation involving the membrane-embedded portion of the proteins. 

A detailed atomic model representing this common fold has at long last 
become available with the determination of the high resolution X-ray 
structure of bovine rhodopsin (13). This structure confirms the well 
documented seven-transmembrane α-helix bundle topology, proposed on 
the basis of lower resolution structural studies (14). It furthermore provides 
a detailed atomic picture of the interactions between the transmembrane 
helices, particularly those involving the conserved GPCR sequence motifs.  

It has been established that for many receptors, which are activated by 
small ligands like neurotransmitters, agonist binding and subsequent 
triggering of activation involves a water-accessible pocket centrally located 
within the transmembrane helix bundle. This pocket corresponds roughly to 
the retinal binding site in rhodopsin (15-17). The strong similarity of the 
transmembrane regions of chemokine receptors to those of other rhodopsin-
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like GPCRs suggests that these proteins undergo ligand-induced activation 
processes, involving analogous conformational changes. Some of these 
changes have been monitored for various GPCRs, using different techniques 
(for a review, see (17)). In particular, transmembrane helix 6 (TMH6) was 
reported to rotate its cytosolic end away from TMH3 in several receptors 
(18-24). 

This crucial rigid-body motion of a part of TMH6 is thought to be enabled by 
the presence of a highly conserved proline in the middle of the helix (25), 
which introduces a local break in the helix structure. Such break, denoted 
a proline kink (Pro-kink), is likely to impart the backbone flexibility (16;26-
28) required for the conformational change associated with the activation 
process. Mutations of the conserved Pro in TMH6 in several receptors were 
indeed shown to produce phenotypes ranging from impaired or severely 
diminished expression of the receptor (29) to reduced functional coupling 
(30) or even constitutive activation (31). Mutations of conserved prolines in 
other helices, notably TMH5 (32) and TMH7 (33;34) were also found to 
cause significant perturbations. For instance, proline mutations in the 
conserved NPxxY motif in TMH7 often produce particularly strong 
phenotypes, including impaired activity (33;35;36).  

However, although some of the structural rearrangements associated with 
activation are likely to be conserved throughout the rhodopsin-like receptor 
family, the extraordinary diversity of ligand types, ranging from small size 
neurotransmitters to large glycoprotein hormones (17), suggests that 
receptor sub-families have presumably evolved specific binding modes with 
activation mechanisms probably requiring somewhat different structural 
adaptations.  

 This study investigates such sub-family specific properties in the 
chemokine receptors. All chemokine receptors are shown here to share a 
proline in TMH2. Analysis of their aligned sequences also reveals the 
presence of a conserved threonine residue two positions upstream of this 
Pro forming the TxP motif. Considering that threonine residues have been 
observed to induce small distortions in α-helices (37;38), we hypothesize 
here that the conjunction of these two conserved and structurally relevant 
residues in chemokine receptors might constitute a key motif required for 
proper receptor function. The influence of Thr in Pro-containing helices had 
been identified earlier for other integral membrane proteins (39). 

This hypothesis is investigated using an approach that combines theoretical 
and experimental procedures. The theoretical procedures are aimed at 
characterizing the effect of the TxP motif on the intrinsic conformational 
properties of the transmembrane helix, and on its putative interactions with 
other helices in the bundle. To this end we perform molecular dynamics 
(MD) simulations of an isolated polyalanine helix comprising a TxP motif 
and several variants thereof in which Thr is replaced by other residues, Ser, 
Cys, Val and Ala respectively. In addition, using the three-dimensional 
structure of rhodopsin as a template, the structural role of this motif in the 
context of the seven-helix bundle is assesed. This allows to formulate 
hypotheses on how the conformational states of the TxP motif-containing 
helix might act to produce structural changes in the helix bundle.  
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The experimental procedures involve site-directed mutagenesis, in which 
the Thr of the TxP motif of TMH2 in CCR5 is replaced by the same residues 
as in the simulation studies, and where Ala is substituted for the Pro in 
order to abrogate the Pro-kink. The different CCR5 mutants are then tested 
in order to determine their ligand binding and activation properties. 

Our results reveal a significant correspondence between the modulating 
effect on the Pro-kink angle and helix conformational flexibility by Thr 
versus other residues in the TxP motif and the activation properties 
measured experimentally for the corresponding mutants in CCR5. The 
implications of these findings for chemokine-induced activation are 
discussed. 

 

 

3.3.2. Methods 
 
Numbering scheme of GPCRs 
In this work, we use a general numbering scheme to identify residues in the 
transmembrane segments of different receptors (28). Each residue is 
numbered according to the helix (helix 1 through 7) in which it is located 
and according to the position relative to the most conserved residue in that 
helix, arbitrarily assigned to 50. For instance Pro2.58 is the proline in the 
transmembrane helix 2 (TMH2), eight residues following the highly 
conserved aspartic acid Asp2.50. 

 

Survey of helices containing a TxP motif in known protein structures 
Since stable structural motifs are likely to recur in proteins of known 
structures (40), the Protein Data Bank (41) was searched for α-helical 
segments featuring a TxP, SxP or CxP motif, with no other Thr, Ser or Cys 
within the Pro-kink, and no other Pro anywhere in the segment. Since 
measuring the bending angle requires at least one helical turn prior to the 
Pro-kink and a helical turn following it, we selected helical segments at 
least 12 residues. We performed our search in a nonredundant set of 
protein structures with resolutions of 3 Å or better, identifying 16 helical 
segments (Protein Data Bank numbers: 1AR1, 1B7E, 1B94, 1BDB, 1BPO, 
1FCB, 1FIY, 1FVK, 1OCC, 1PJC, 1REQ, 1RVE, 1TCO, 1VHB, 2AK3, and 
2GST). Detailed analysis of the structures showed that most of these helices 
are exposed to solvent, with water molecules often interacting with the 
backbone at the level of the Pro-kink.  Since such interactions are not likely 
to occur in a membrane-embedded helix, structures displaying these 
interactions were rejected, finally yielding only seven structures (see Table 
3.3.1). The bending angle of these structures is defined as the angle 
between the axes computed as the least square lines through the backbone 
atoms (N, Cα, C) of the α-helical part before and after the Pro-kink (using the 
InsightII software, MSI, San Diego). 
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Molecular dynamics simulations of transmembrane helices 
To study the conformational properties of an α-helix containing a TxP motif, 
we performed molecular dynamic simulations of the model peptides Ace�
Ala11�xxx�Ala11�NMe, where xxx is either AAP, TAP, SAP, CAP, or VAP. 
These 25-residue peptides were built in the standard α-helical conformation 
(φ,ψ =58º, -47º). 

In a hydrophobic environment, the side chains of Ser, Thr and Cys are most 
likely to form hydrogen bonds with other polar groups of the protein or of 
the ligand, whenever present. Surveys of known protein structures (42;43) 
show that in α-helices, these side chains hydrogen bond primarily the 
carbonyl group in the preceding turn of the helix (residue i-4 or i-3). 

For Thr and Ser such bonds can form only in the g+ or g- side chain 
conformations, whereas for Cys, they can be formed only in the g+ 
conformation. The g- conformation of Cys is energetically unfavourable 
because of the steric clash between the Sγ atom and the carbonyl oxygen of 
residue i�3 (43). For these side chains, the t cannot form such hydrogen 
bond as it points the OH group away from the backbone. The model 
peptides were hence built with the Thr and Ser side chains in either g+ or g-
, and with the Cys side chain in g+. The hydrophobic Val side chain was 
built in the t conformation. 

Starting structures were placed in a rectangular box (59 Å x 37 Å x 38 Å) 
containing methane molecules at a density approaching half that of 
hydrocarbons in lipid bilayer, in order to mimic the plasma membrane 
environment. The peptide-methane systems were subjected to 500 
iterations of energy minimisation, and then heated to 300 K in 15 ps. This 
was followed by an equilibration period (15-500 ps), and a production run 
(500-1500 ps). The simulations were carried out at constant volume and 
constant temperature (300 K), with the latter maintained through coupling 
to a heat bath. The particle mesh Ewald method was employed to compute 
electrostatic interactions (44). Structures were collected for analysis every 
10 ps during the last 1000 ps of simulation. The molecular dynamics 
simulations were run with the Sander module of AMBER5 (45), using an all-
atom force field (46), the SHAKE bond constraints on all bonds, and a 2 fs 
integration time step. 

Bending of the Pro containing peptiedes was measured as described avobe 
using backbone atoms of helical segments comprising residues 2-11 (before 
the Pro) and 16-24 (after the Pro). One�way analysis of the variance plus a 
posteriori one�sided Dunnett's t tests were performed to contrast if the bend 
angle of the helices containing the TAP, SAP, CAP, and VAP motifs are 
greater than the bend angle of the helix containing the AAP motif, taken as 
reference. To choose representative structures for each trajectory, the 
structures saved during the production run were clustered on the basis of 
their relative backbone root mean square deviation using the NMRCLUST 
program (47) with a cut-off of 3 Å. 
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CCR5 mutants 
Plasmids encoding the CCR5 mutants studied here were constructed by 
site-directed mutagenesis using the Quickchange method (Stratagene). 
Following sequencing of the constructs, the mutated coding sequences were 
sub-cloned into the bicistronic expression vector pEFIN3 as previously 
described for generation of stable cell lines (12). All constructs were verified 
by sequencing prior to transfection. 

 

Expression of mutant receptors in CHO-K1 cells 
CHO-K1 cells were cultured in Ham�s F-12 medium supplemented with 10% 
fetal calf serum (Life Technologies), 100 units/ml penicillin and 100 µg/ml 
streptomycin (Life Technologies). Constructs encoding wild-type or mutant 
CCR5 in the pEFIN3 bicistronic vector were transfected using Fugene 6 
(Boerhinger Mannheim) in a CHO-K1 cell line expressing an apoaequorin 
variant targeted to mitochondria (48). Selection of transfected cells was 
made for 14 days with 400 µg/ml G418 (Life Technologies) and 250 µg/ml 
zeocin (Invitrogen, for maintenance of the apoaequorin encoding plasmid), 
and the population of mixed cell clones expressing wild-type or mutant 
receptors was used for binding and functional studies. Cell surface 
expression of the receptor variants was measured by flow cytometry using 
monoclonal antibodies recognizing different CCR5 epitopes: 2D7 
(phycoerythrin-conjugated, Pharmingen), MC-1, MC-4, MC-5 and MC-6 
(kindly provided by Mathias Mack, Medizische Poliklinik, Ludwig-
Maximilians, University of Munich, Munich, Germany) were detected by 
anti-mouse IgG phycoerythrin-coupled secondary antibody (Sigma). 

 

[125I]-RANTES binding assays 
CHO-K1 cells expressing wild-type or mutant CCR5 were collected from 
plates with Ca2+ and Mg2+-free phosphate-buffered saline supplemented 
with 5 mM EDTA, gently pelleted for 2 min at 1000 × g and resuspended in 
binding buffer (50 mM Hepes pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 0.5% 
bovine serum albumin). Competition binding assays were performed in 
Minisorb tubes (Nunc), with 40,000 cells in a final volume of 0.1 ml. The 
mixture contained 0.05 nM [125I]-RANTES (2000 Ci/mmol, Amersham 
Pharmacia Biotech) as tracer, and variable concentrations of competitors 
(R&D Systems). Total binding was measured in the absence of competitor, 
and non-specific binding was measured with a 100-fold excess of unlabelled 
ligand. Samples were incubated for 90 minutes at 27° C, and then bound 
tracer was separated by filtration through GF/B filters pre-soaked in 0.5% 
polyethylenimine (Sigma) for [125I]-RANTES. Filters were counted in a β-
scintillation counter. Binding parameters were determined with the Prism 
software (GraphPad Software) using nonlinear regression applied to a one-
site competition model.  
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Functional assays 
Functional response to chemokines was analysed by measuring the 
luminescence of aequorin as described (49;50). Cells were collected from 
plates with Ca2+ and Mg2+-free Dulbecco�s modified Eagle�s medium 
supplemented with 5 mM EDTA. They were then pelleted for 2 min at 1000 
× g, resuspended in Dulbecco�s modified Eagle�s medium at a density of 5 x 
106 cells/ml and incubated for 2 h in the dark in the presence of 5 µM 
coelenterazine H (Molecular Probes Inc., Eugene, OR). Cells were diluted 5-
fold before use. Agonists in a volume of 50 µl of Dulbecco�s modified Eagle�s 
medium were added to 50 µl of cell suspension (50,000 cells) and 
luminescence was measured for 30 s in a Berthold luminometer. 

 

 

3.3.3. Results 
 

A conserved TxP motif in TMH2 of chemokine receptors. 
Multiple sequence alignments of the second transmembrane helix of 55 
mammalian chemokine receptors were performed. Fig. 3.3.1 shows 
alignment of the human and mouse sequences, together with TMH2 of 
bovine rhodopsin. Inspection of the aligned sequences reveals a highly 
conserved TxP sequence motif in TMH2, where x represents a variable 
hydrophobic residue. Pro, at position 842.58 (84 is the residue number in the 
CCR5 sequence and 2.58 is the corresponding number in general 
numbering scheme), is completely conserved across all chemokine 
receptors. The Thr residue is also highly conserved, present in 47 sequences 
out of 55, while Ser is found in 4 receptors. The last 4 receptors have an Ile 
or Leu in 2.56.  

A survey of the 1200 rhodopsin-like GPCRs present in the G Protein-
Coupled Receptors Database (51) reveals that this motif is also found at the 
equivalent positioon in the sequences of about 50 non-chemokine receptors, 
comprising esentially peptidergic, such as angiotensin and opioid, 
receptors.  

Fig. 3.3.1 also shows that the primary structure of bovine rhodopsin TMH2 
is highly similar to that of chemokine receptors from its NH2 terminus 
(cytosolic border) to the TxP motif, but strongly diverges between the TxP 
motif and its COOH terminus (beginning of ECL1). This suggests a 
structural and functional conservation in the cytosolic half of this 
transmembrane segment. 

 

Influence of the TxP motif on the conformation of a transmembrane 
helix. 
To asses the influence of the TxP motif on the conformation of TMH2, 
complementary approaches were used. A first approach consisted in 
surveying known protein structures in the Protein Data Bank for α-helices 
containing either a TxP, SxP or CxP motif, using the criteria specified under 
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�Experimental Procedures�. This resulted in identifying only seven 
structures, all of which displayed a strong bend, with angles ranging from 
25° to almost 50° as shown in Table 3.3.1. It is noteworthy that the reported 
average bend angle of α-helices containing Pro is about 25° (26). The helices 
identified here thus seem to be as strongly bent as, if not more strongly 
bent than, the average Pro-kink, but the very small number of observations 
precludes drawing a reliable conclussion. A second approach was therefore 
undertaken. This involved performing molecular dynamics simulations on 
polyalanine helices, 25 residues long, embedded in a non-polar solvent, and 
containing respectively the AAP, TAP, SAP, CAP, and VAP motifs, 
respectively, in their midst. Table 3.3.2 lists the average helix kink angles in 
conformations along the MD trajectories. Representative structures from the 
different trajectories are displayed in Fig. 3.3.2, A and B.  

We find that the presence of single proline (AAP) or of the VAP motifs 
produces helix bend angles around 20°. For the simulation of AAP 
containing peptide, our results agree with those of earlier simulation 
studies on Pro-containing polyalanine (52). 

Significantly larger bending angles (27º-35º) are observed when Thr, Ser or 
Cys are introduced two positions before the Pro. Detailed analysis of the 
conformations in the trajectories show, as expected, that the side chain 
hydroxyl (or SH) groups of these residues form hydrogen bonds with the 
carbonyl group of residue i-4, in a significant proportion of the 
conformations (85-100 %). Such hydrogen bonds are formed with Thr in the 
g+ or g- conformations, Ser in g+ and Cys in g+.  

On the other hand, Ser in g- achieves and maintains hydrogen bonding with 
the carbonyl of residue i-3 position. This seemingly minor alteration in the 
hydrogen bonding pattern appears however to induce a dramatic 
modification in the conformation of the helix, as illustrated in Fig. 3.3.2B. 
Not only is the helix kink angle increased significantly, but the COOH-
terminal moiety of the helix points to a completely different direction in 
space.  

The results of our simulation analysis hence suggest that in a nonpolar 
environment, the nature of the residue located at position i-2 relative to the 
proline modulates the magnitude and direction of the Pro-kink through the 
formation of an hydrogen bond between the side chain and the backbone 
carbonyl group at positions i-3 or i-4. In particular, the presence of Thr, Ser, 
and Cys side chains at position i-2 relative to the Pro increases the average 
helix bend angle by about 10º, whereas that of Val does not. 

 

Accommodating a kinked TMH2 helix in the receptor three-dimensional 
structure  
To obtain a rough idea on the possible consequences that the presence of 
TxP motif might have on the structure of the receptor, and more particularly 
on the TM region, we perform a molecular modeling exercise using the 
three-dimensional structure of rhodopsin as the template. As shown in the 
alignment (Fig. 3.3.1), the sequence of TMH2 is strongly conserved (about 
50% sequence identity) between chemokine receptors and rhodopsin 
between the cytosolic border and the TxP motif. This leaves no ambiguity in 
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aligning the rhodopsin and CCR5 sequences in this region and allowd us to 
readily position representative structures from the simulations of the AAP 
and TAP containing model peptides into the TM bundle of rhodopsin. In 
particular, the backbone atoms of the two helical turns preceding the Pro-
kink in our model peptides are superimposed on those of the two turns 
preceding the equivalent residue (in CCR5, the Pro-kink starts at 2.54, four 
residue before Pro2.58) in rhodopsin, respecting the correspondence of the 
sequence alignment. Interestingly, rhodopsin has two successive glycines in 
positions 2.56 and 2.57 (with a Phe and not a Pro at 2.58, forming a GGF 
motif). Most probably as a result of the conjunction of these two flexible 
residues, its TMH2 is strongly distorted, so that its extracellular part leans 
towards TMH1. 

 Figure 3.3.2 (C and D) shows the result of superimposing the 
representative structures from the TAP g+ (red) and AAP (yellow) 
simulations on TMH2 of rhodopsin. Strikingly, the kink induced by Pro2.58 
in AAP (yellow) orients the extracellular moiety of TMH2 towards TMH3 and 
away from TMH1 (Fig. 3.3.2C). The presence of Thr in TAP which, as shown 
above, increases the helix bend angle by about 10º, causes the extracellular 
side of TMH2 to lean even more towards TMH3 and slightly towards the 
center of the bundle (Fig. 3.3.2D). The differences in the amino acid 
sequences of TMH2 in the opsin (GGF) versus the chemokine (TxP) families 
may thus be related to structural differences in this region. In particular, in 
the chemokine receptors, the extracellular sides of TMH2 and TMH3 would 
come into close contact. It is noteworthy that chemokine receptors have a 
cluster of aromatic residues at the extracellular end of TMH2 and TMH3. In 
other GPCRs, helix-helix interactions mediated by aromatic clusters are 
believed to play a role in ligand-induced receptor activation (53). 

 

Effects of mutations in the conserved TxP motif on CCR5 expression 
and function 
To investigate the possible role of the TxP motif in CCR5 expression and 
function, several mutants were generated in the corresponding positions. 
Mutant P842.58A was built in order to completely eliminate the Pro-kink, 
while mutants T822.56S, T822.56C, T822.56V and T822.56A were aimed at 
investigating the kink modulation effects produced by the same residues as 
those studied in the model peptide MD simulations. 

 

Cell surface expression of the CCR5 mutants 
Cell surface expression of the CCR5 mutants was measured by 
fluorescence-activated cell sorting analysis using a set of monoclonal 
antibodies, recognizing various epitopes of the receptor, ranging from well 
defined linear epitopes in the NH2-terminal domain (MC-5) to complex 
conformational epitopes spanning multiple domains (MC-6). As shown in 
Fig. 3.3.3, all mutants were properly expressed at the cell surface, as 
compared with the WT receptor. With the exception of P842.58A, the mutant 
receptors were recognized as similar levels by all monoclonals, suggesting 
that the mutations did not alter significantly the folding of the extracellular 
domain.  
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The pattern observed for the P842.58A mutant seems to indicate a deeper 
conformational modification for this mutant, which could in turn cause the 
alteration of the extracellular domain conformation and eventually affect 
conformational epitopes. Nevertheless, the antibodies recognizing the 
amino-terminal part of the receptor did detect the P842.58A mutant at the 
cell surface at levels similar to those observed for WT CCR5. 

 

Chemokine binding properties of WT CCR5 and mutant receptors 
The ability of the different CCR5 mutants to bind the four high affinity 
CCR5 agonists, the chemokines RANTES, MIP-1α, MIP-1β and MCP-2, was 
tested by competition binding assays, using 125I-RANTES as tracer. Fig. 
3.3.4 shows the competition curves for the various constructs. 

As shown earlier, RANTES appears as the strongest ligand for WT CCR5(4), 
with an IC50 of 0.28 nM (Table 3.3.3). The IC50 for MIP-1α (3.7 nM), MIP-1β 
(1.3 nM) and MCP-2 (2.4 nM) are shifted to slightly higher values as 
compared to those obtained previously with 125I-MIP-1β as tracer, but the 
order of potencies is conserved (Table 3.3.3). Changes in apparent affinities 
as a function of the tracer used have been observed previously for 
chemokine and other receptors (9). 

P842.58A is able to bind RANTES with WT affinity (IC50 = 0.25 nM) while MIP-
1β and MCP-2 show significantly decreased binding, with IC50 values right-
shifted by 3 orders of magnitude (Fig. 3.3.4 and Table 3.3.3). MIP-1α does 
not compete for the bound tracer, even at the highest concentration tested 
(1 µM). 

RANTES displays an unaffected affinity for the CCR5 mutants T822.56S, 
T822.56C, T822.56A and T822.56V, with IC50 values ranging from 0.2 to 0.3 nM. 
The three other ligands show affinities that are about 10 times lower than 
RANTES for all Thr822.56 mutants, as already observed for WT CCR5. MIP-
1β, MIP-1α and MCP-2 display roughly WT affinities for all four Thr822.56 
mutants, with only mild variations according to the mutant. Their IC50 
values are all in the range of 1.5-5.7 nM, confirming that none of the 
Thr822.56 mutants have significantly affected binding properties. The largest 
change is a 3-fold increase in average IC50 for MIP-1β binding to T822.56V. 

In summary, we find that all the analyzed mutants bind the agonists 
RANTES, MIP-1α, MIP-1β and MCP-2, with WT-affinities. One exception is 
the P842.58A mutants. Although it binds RANTES as well as the WT, its 
affinity for MIP-1β and MCP-2 is reduced, and it does not bind MIP-1α. 

 

Functional activation of the mutants by CCR5 agonists 
A third and crucial set of tests was performed in order to investigate the 
ability of the four CCR5 mutants to be activated by the same four agonists. 
This was done using a sensitive assay based on the use of apoaequorin as a 
reporter system for intracellular calcium release. Activation of chemokine 
receptors, including CCR5, is known to result in calcium signaling. Control 
stimulation of the cell lines was achieved with a saturating concentration of 
ATP, which activates endogenously expressed P2Y2 receptors and generates 
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a strong luminescent signal. We measured the cell response to ATP in all 
experiments and normalized the results as percentage of this signal. 

Fig. 3.3.5 shows typical activation curves obtained for the six WT and 
mutant receptors using the four agonists. In agreement with previous 
observations (4), we find that RANTES is the most potent agonist of WT 
CCR5, with an EC50 of 3.5 nM (Table 3.3.3), whereas the EC50 of MIP-1β is 
twice as large on average (7.2 nM), and MCP-2 and MIP-1α are somewhat 
less efficient , with average EC50 values of 23.4 and 25.0 nM.  

However, unlike for the binding assays, in which all mutants except 
P842.58A, displayed WT-like binding behavior, the functional assays show 
various degrees of impairment for the different mutants. The CCR5 mutants 
with most impaired function are P842.58A and T822.56V. P842.58A is activated 
by RANTES, with an average EC50 right-shifted by about one order of 
magnitude (one log unit in Fig. 3.3.5), and an Emax reaching only 20 % of the 
ATP signal. But strikingly, none of the other three agonists elicits any 
detectable signal in this functional assay. This is not too surprising for MIP-
1α, considering its severely decreased affinity for this mutant (IC50 > 1000 
nM). MIP-1β and MCP-2 however, did not activate P842.58A, even at 300 nM 
(MCP-2) or 1000 nM (MIP-1β) concentrations (data not shown), despite full 
125I-RANTES displacement at these concentrations in the binding assay. 

The strongly reduced functional response of the T822.56V mutant is 
somewhat surprising, especially in light of the milder functional impairment 
observed for T822.56A (Fig. 3.3.5). Indeed a substitution of Thr by a Val is 
isosteric. It preserves β-branched character of the side chain and hence 
presents a less drastic change than a substitution by Ala, which truncates 
the side chain beyond the Cβ atom. T822.56V displays a dramatically reduced 
response to RANTES, with the activation curve for this ligand shifted to the 
right by more than one order of magnitude. With MIP-1α, high 
concentrations are required (EC50=136 nM) to achieve moderate signals, 
whereas MIP-1β is unable to elicit detectable signals from this mutant in 
most experiments, although in some cases, a very weak response is 
measured at the highest concentrations. MCP-2 induces no response in 
T822.56V, even though a normal binding affinity is measured for this 
chemokine, as shown above. 

The T822.56A mutant comes next in the degree of functional impairment. 
RANTES remains the best agonist for this mutant, followed by MIP-1α, 
(EC50 : 52 nM), and both ligands display a reduced Emax (~30% of maximum 
response). MIP-1β stimulates T822.56A with and EC50 of 63 nM and MCP-2 
with an EC50 averaging 147 nM, both with a very low efficacy (Emax values 
below 15%, Fig. 3.3.5, Table 3.3.3). 

The mutants whose activities are least affected are T822.56S and T822.56C. 
T822.56S is stimulated by RANTES to a similar degree as WT CCR5, with an 
EC50 of 4.5 nM and an Emax of 60 %. MIP-1β, MIP-1α and MCP-2 show 
similar activation profiles with this mutant, characterized by a strong 
functional response, with an EC50 moderately displaced to the right and an 
Emax somewhat lower than for WT CCR5. RANTES and MIP-1α stimulate the 
T822.56C mutant with WT potencies but reduced Emax. MIP-1β elicits a poor 
response on this mutant, while MCP-2 is almost inactive.  
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These results taken together provide evidence on the important role played 
by Thr822.56 and Pro842.58 in CCR5 activation. The extent to which the 
activation of these mutants is affected by the series of agonists, measured 
under similar conditions, leads to the following ranking in terms of 
impairment of receptor activation: 
P842.58A>T822.56V>T822.56A>T822.56C>T822.56S. 

 

 

3.3.4. Discussion 
In this study, we identified a sequence motif TxP, in TMH2 of chemokine 
receptors, which is conserved throughout this important sub-family of 
GPCRs. We made the hypothesis that it plays an important role in receptor 
function and investigated this putative role by using a combination of 
theoretical and experimental techniques. Here, the findings from the two 
types of techniques are brought together and rationalized in light of our 
current knowledge of the CCR5 receptor structural and functional 
properties. This leads to the proposal of a mechanism for the implication of 
the TxP motif in CCR5 activation. 

 

The TxP motif is a structural determinant specific of chemokine 
receptors 
The molecular dynamic simulations, whose aim was to investigate how the 
side chain at position i-2 from the Pro residue affects the intrinsic 
conformational properties of a Pro-containing α-helix, lead to the following 
main conclusions : the presence of Thr, Ser, and Cys side chains at position 
at i-2 increases the average Pro-kink angle by around 10º, whereas Val at 
that position has a negligible effect. The fact that the Val side chain is 
nonpolar and the observation that the other analyzed side chains, which 
were all polar, formed hydrogen bonds with the helix backbone during the 
simulations suggests that the observed effect on the bending angle arises 
from local deformations in helix geometry induced by these bonds.  

Our modeling exercise, using the high resolution three-dimensional 
structure of rhodopsin, suggests that the presence of the TxP motif in TMH2 
would require a rearrangement of the TM helix bundle interactions in the 
chemokine receptors relative to rhodopsin.  

In particular, Pro in position 2.58 would orient the extracellular part of 
TMH2 towards TMH3 and not close to TMH1 as in rhodopsin; the addition 
of a Thr at i-2, as in the TxP motif, furthermore directs this part of TMH2 
toward the center of the bundle (Fig. 3.3.2, C and D). Our modeling study 
also suggests that in chemokine receptors, the extracellular region of TMH2 
would interact with TMH3 and possibly with TMH7, which is not feasible in 
the rhodopsin structure. 

Our results thus lead us to suggest that the TxP motif in TMH2 is a 
structural determinant, in chemokine receptors, by virtue of significant 
local effects on the helix conformation, which propagate though a lever 
action to the extracellular parts of the TM bundle. It is noteworthy that 
there is ample experimental evidence that this region of GPCRs, is involved 
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in their functional properties (16), which suggests in turn that mutants 
modifying these local comformational effects should also modify receptor 
function. 

 

Role of the TxP motif in ligand-induced activation of CCR5 
Our functional studies of TxP mutants of CCR5 were aimed at verifying this 
suggestion. P842.58A mutant displayed a significantly affected pattern of 
binding for some ligands. We hypothesize that the profound structural 
perturbation in this mutant, caused by the abrogation of the Pro-kink, 
might change the conformation of some part of the extracellular domain, 
thus modifying the interactions with ligands. In agreement with this view, 
this putative conformational change could also be responsible for the 
observed decrease in recognition of the P842.58A mutant by monoclonal 
antibodies directed at conformational epitopes. This suggests that this Pro-
kink is mandatory for the structural integrity of the protein. Alanine 
replacement of Pro842.58 abolished the functional response of CCR5 to any 
of its agonists with the exception of RANTES, which induced minute 
activity, demonstrating the central role of this Pro-kink in the activation 
process. 

All tested chemokines bound the various Thr822.56 mutants with unchanged 
affinity, indicating that this residue is not involved in direct interaction with 
the ligands. In contrast to the binding properties, the chemokine-induced 
activation of CCR5 was quite sensitive to mutations of Thr822.56, showing a 
gradation of the effects corresponding to that observed in the simulation.  

Activation profiles of T822.56S showed mild differences with those of WT 
CCR5. However, this mutant had a reduced Emax, when stimulated with MIP-
1α MIP-1β and MCP-2. This behaviour is reminiscent of that observed with 
partial agonists on WT receptors, and hence suggests that these 
chemokines cannot fully activate this mutant.  

This could occur if the equilibrium between the active and inactive forms of 
T822.56S  is somewhat shifted towards the inactive one. The fact that 
RANTES activates this mutant normally, could mean that it stabilizes more 
efficiently the active forms. The results of our MD simulations on the SAP-
containing peptide suggest a molecular explanation to this shift in 
equilibrium. They show that this peptide features a similar α-helix kink 
geometry as in the TAP-containing peptide, when Ser is in the g+ 
conformation, but adopts a very different orientation of the Pro-kink when 
this side chain is in g- (see Fig. 3.3.2B). This latter conformation may 
stabilize the inactive form of mutant receptors. This effect of Ser might 
possibly also explain the paucity of Ser residues at position 2.56 in the 
chemokine receptors (only 4 out of 55 members have it). 

The isosteric mutant T822.56V was even more impaired in the functional 
tests than T822.56A. T822.56V required high chemokine concentrations to 
trigger very modest activity, although the binding properties were not 
significantly affected for any of the ligands tested. We cannot provide a 
simple explanation for the difference of phenotype observed between these 
two mutants, but considering the observations made in the MD 
simulations, the hydrogen bonding capacity of the side chain at position 
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2.56 seems to be a more important feature for activation than the β-
branched character of the side chain. 

Our results show that, first, the chemokine receptors, the Pro in TMH2 is 
crucial for proper receptor activation and that the conserved Thr located 
two positions before the Pro modulates the function of the receptor. The 
experiments therefore confirm the theoretical hypothesis stating that the 
TxP motif plays a key structural role in chemokine receptors, the Pro-kink 
constituting the main element and the Thr acting as a modulator of this 
Pro-kink. Moreover, this motif is mainly involved in receptor activation, but 
plays little role in ligand binding. These results also demonstrate that high 
affinity binding of chemokines by CCR5 is not dependent on the coupling 
state with G proteins. A previous description of other non-functional CCR5 
mutants characterized by unimpaired affinities for their chemokine ligands 
(10) supports this hypothesis. Along the same line of evidence, it is well 
established that NH2-terminally truncated chemokines often keep their high 
affinities for their cognate receptors, while becoming antagonists or weak 
partial agonists. 

 

New insights into chemokine-induced activation 
Surprisingly, although the TxP motif is present in all chemokine receptors, 
functional alteration observed in the T822.56 mutants is strongly chemokine-
dependent. RANTES is the least affected agonist, MCP-2 being strongly 
sensitive to all mutations, while MIP-1α and MIP-1β behave as partial 
agonists for the various mutants. How can we explain these observations? 
Interestingly, RANTES differs structurally from the other CCR5 agonists in 
its amino terminus, with 9 residues before the first conserved cysteine for 
RANTES, and 10 residues for the three other ligands. Also, the sequence of 
MCP-2 NH2-terminus is somewhat different from that of the other agonists, 
whereas those of MIP-1α and MIP-1β are quite similar to each other. Hence 
there seems to be a relation between the sensitivity of receptor activation by 
the different chemokines to the mutations in TxP and the differences 
between the NH2-terminal regions of these molecules. It is significant that 
these regions were shown to be important in receptor activation by 
mutation and deletion experiments (6;7).  

This leads us to formulate the hypothesis that chemokine induced 
activation involves interactions of the ligand NH2 terminus with the portion 
of transmembrane domain whose conformation may be modulated by the 
TxP motif. Thus the differences in behavior among ligands could result from 
differences in these interactions. This hypothesis could be investigated by 
testing mutant receptor activation by chimeric chemokines exchanging the 
NH2 terminus or the core region.  

As mentioned above, chemokines truncated in their NH2 terminus often still 
elicit some functional responses at high concentrations, and hence behave 
as partial agonists. This parallels the effects of full-size chemokines on our 
Thr822.56 mutant series, and could result from the binding of the chemokine 
core region to the extracellular loops of the receptor. It was proposed that 
this interaction would induce partial signal transduction, characterised by 
inhibition of cAMP, but would not trigger calcium influx nor chemotaxis (6). 
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Thus, it does not contradict our proposal that full activation involves 
interactions with the NH2-terminal region of the chemokine. 

Based on chimeras between CCR2b and CCR1, it was recently proposed 
that activation of chemokine receptors involves the first extracellular loop 
ECL1 (54). Having shown here that TMH2 in this receptor family extends to 
position 2.67, the effects of these chimeras are most probably due to the 
exchange of variable residues at the extracellular portion of this helix rather 
than of the swap of ECL1, which is well conserved in these receptors. 
Interestingly, these changes produced mutant receptors with good ligand 
affinity, but impaired chemokine-induced functional response. These data 
parallel our finding and hence agree with our hypothesis on the importance 
of the extracellular part of TMH2 in receptor activation. 

Other recent studies have described low molecular weight chemical 
compounds acting as antagonists (55-57) with promising applications in the 
treatment of inflammatory diseases and HIV infection. Interestingly, the 
binding sites of these antagonists have been located within the 
transmembrane bundle of the receptors (58;59). Insights provided here on 
the role of structural determinants in this region may therefore be helpful in 
further elucidating the action of these compounds and in designing effective 
drugs. The availability of the high resolution structure of rhodopsin will 
greatly facilitate this task and allow more detailed analyses of the type 
described here to be extended to other rhodopsin-like GPCRs. 
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Abstract 
CCR5 is a G protein-coupled receptor responding to four natural agonists, 
the chemokines RANTES (regulated on activation normal T cellexpressed 
and secreted), macrophage inflmmatory proteins MIP-1α, MIP-1β and 
monocyte chemotactic protein MCP-2, and is the main co-receptor for the 
macrophage-tropic human inmunodeficiency virus strains. We have 
previously identified a structural motif in the second transmembrane helix 
of CCR5 which plays a crucial role in the mechanism of receptor activation. 
We now report the specific role of aromatic residues in helices 2 and 3 of 
CCR5 in this mechanism. Using site-directed mutagenesis and molecular 
modeling in a combined approach, we demonstrate that a cluster of 
aromatic residues at the extracellular border of these two helices are 
involved in chemokine-induced activation. These aromatic residues are 
involved in interhelical interactions that are key for the conformation of the 
helices and govern the functional response to chemokines in a ligand-
specific manner. We therefore suggest that helices 2 and 3 contain 
important structural elements for the activation mechanism of chemokine 
receptors, and possibly other related receptors as well. 
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3.4.1. Introduction 
Chemokine receptors have been dragging more and more attention since the 
cloning of the first member of the family a decade ago. Not only chemokines 
and their receptors are now considered as the main organizers of leukocyte 
trafficking, they have also been associated to an ever increasing number of 
physiopathological disorders (for review see Refs. 1 and 2). In particular, 
some chemokine receptors are used by the human immunodeficiency virus 
(HIV) as coreceptors (1) (in addition to CD4) to infect target cells (reviewed in 
Ref. 3). Among these, CCR5 has been shown to be essential for HIV 
pathogenesis, as individual homozygous for the CCR5∆32 mutation, which 
results in the synthesis of a non-functional receptor, are highly (although 
not fully) resistant to HIV infection. Chemokine receptors belong to the 
rhodopsin-like family (family A) of G protein-coupled receptors (GPCR). 
CCR5 binds and responds to four natural chemokines, RANTES, MIP-1α, 
MIP-1β and MCP-2, with nanomolar affinities (4). 

Our current understanding of the activation mechanisms of GPCRs is 
rapidly evolving, thanks to the availability of the crystal structure of the 
inactive state of one of its members, rhodopsin, and to the growing amount 
of biochemical and physicochemical data that can help in identifying the 
key aspects of this process (for review, see Refs. 5 and 6).  It is now well 
accepted that the transition from inactive to active states requires the 
reorganization of the transmembrane bundle made of seven imperfect alpha 
helices. In the rhodopsin-like family, motions of transmembrane helix 3 
(TMH3) and TMH6 during the activation process have been identified (7-9). 
Rigid-body movements have also been proposed for TMH5 and TMH7 
(10,11). Most of these conformational changes have been observed in a 
diverse set of receptors (mainly rhodopsin and the β2-adrenergic receptor), 
and it is believed that they constitute a common conformational path in the 
activation process, ultimately leading to the release of GDP in the bound G 
protein and its exchange for GTP.  

A striking feature within the rhodopsin-like GPCR family is that, despite a 
strong sequence conservation of the transmembrane helices, there is a wide 
structural diversity amongst extracellular ligands, ranging from small 
neurotransmitters to large glycoproteins. The structural adaptation of a 
receptor to its cognate ligand is expected to involve, in most cases, sequence 
specificity in the extracellular domains (for which sequence conservation is 
much lower across the family), but also in the transmembrane region, 
which holds the binding pocket of small ligands (for reviews see Refs. 6 and 
12). Therefore, each receptor must have evolved specific structural 
characteristics in order to link the specific recognition of its cognate ligand 
to what is believed to constitute a common activation process (e.g. motion of 
TMH6). Thus, for each receptor subfamily, specific structural features 
needed for the activation by agonists are expected to be found. 

In the case of chemokine receptors, we have recently identified a structural 
motif in TMH2 which is central for chemokine-induced activation (13).  This 
motif, which consists in a proline preceded by a threonine two residues 
ahead (TxP),  is found only in chemokine receptors and a few related peptide 
receptors. Our study indicated that the extracellular part of TMH2, whose 
conformation is governed by the TxP motif, is clearly involved in the 
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activation process, as specific mutations of the motif led to unaffected 
chemokine binding but strong impairment of receptor activation (13).  
Moreover, modeling studies performed on this region suggested that, due to 
the action of the proline, the extracellular part of TMH2 would strongly 
interact with TMH3. This organization is structurally different from that of 
bovine rhodopsin, in which a TMH2-TMH1 interaction is found. 

As a follow-up of these observations, we have now investigated the possible 
role of the TMH2-TMH3 interface in the activation process of chemokine 
receptors. A sequence alignment of chemokine receptors (Fig. 3.4.1) reveals 
that the extracellular parts of TMH2 and TMH3 contain many aromatic 
residues. Within the rhodopsin template, these residues are located at 
relatively short distances, suggesting that they might form an aromatic 
cluster within the tridimentional structure of the receptors. Aromatic 
residues have been proposed to be involved in the activation mechanism in 
various GPCRs (14-22). Among other examples, a role was attributed to 
such residues in the ligand selectivity and ligand-induced activation of the 
D2 and D4 dopamine receptors (20,23).  The high density of aromatic 
residues at the top of TMH2 and TMH3 in chemokine receptors suggested 
that aromatic side chains could mediate interactions between these helices.  

In the present study, we have mutated the aromatic residues of CCR5 
TMH2 and TMH3 into their CCR2 counterparts, either individually or in 
combination, and the mutants were tested for cell-surface expression, 
receptor conformation, ligand binding and functional response. Molecular 
modeling of the transmembrane region of CCR5 has been performed, 
providing a structural framework to interpret these data.  Integration of the 
experimental and molecular modeling data indicates that aromatic residues 
at the TMH2-TMH3 interface are crucial to the mechanism of receptor 
activation and suggests that this aromatic cluster plays a key role in the 
conformational changes of CCR5, leading from ligand recognition to 
receptor activation. 

 
 
3.4.2. Methods 
 
Numbering scheme of GPCRs 
In this work, we use a general numbering scheme to identify residues in the 
transmembrane segments of different receptors (24). Each residue is 
numbered according to the helix (1 through 7) in which it is located and to 
the position relative to the most conserved residue in that helix, arbitrarily 
assigned to 50. For instance Pro2.58 is the proline in the transmembrane 
helix 2 (TMH2), eight residues following the highly conserved aspartic acid 
Asp2.50. 

 

Survey of transmembrane helices containing a FWxxY motif in known 
membrane protein structures 
We surveyed the atomic coordinates of the membrane proteins 
bacteriorhodopsin (PDB access number 1c3w, 1.55 Å resolution), aa3 (1occ, 
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2.8 Å) and ba3 (1ehk, 2.4 Å) cytochrome c oxidases, photosyntethic reaction 
center (1prc, 2.3 Å), potassium channel (1bl8, 3.2 Å), mechanosensitive ion 
channel (1msl, 3.5 Å), rhodopsin (1f88, 2.8 Å), halorhodopsin (1el2, 1.8 Å), 
sensory rhodopsin (1h68, 2.1 Å), light harvesting complex (1lgh, 2.4 Å), 
photosystem I (1jbo, 2.5 Å), AQP1 (1hwo, 3.7 Å) and GlpF (1fx8, 2.2 Å) 
channels, P-type ATPasa (1eul, 2.6 Å), and fumerate reductase respiratory 
complex (1qla, 2.2 Å) for α-helical segments featuring the FWxxY motif. 

 

Molecular dynamics simulations of transmembrane helices 
The model peptides Ace�Ala11�Thr�Ala�Pro�Ala11�Nme and Ace�Ala7�Thr�
Gly�Ala4�Gly�Ala2�Ser�Gly�Ala15�Nme were built in the standard α-helical 
conformation (φ, ψ = �58º, �47º). The amino acid side chains of Ser and Thr 
were set to the g+ conformation. Molecular dynamics simulations of these 
model peptides aim to explore the conformation of TMH2 in CCR5 triggered  
by the Thr2.56xPro2.58 motif and TM 3 triggered by the presence of Thr3.29, 
Gly3.30, Gly3.35, Ser3.38, and Gly3.39. A similar approach was rcently used to 
model the conformation of TMH3 in the 5HT1A serotonin receptor (25). Ser 
and Thr residues induce a small bending angle in TM because of the 
additional hydrogen bond formed between the Oγ atom of Ser or Thr and the 
i�3 or i�4 peptide carbonyl oxygen (26). Moreover, the additional flexibility 
provided by the adjacent Pro (due to the absence of the hydrogen bond with 
the carbonyl oxygen in the preceding turn of the helix) or Gly (due to the 
lack of the side chain) reinforces this effect. The obtained structures were 
placed in a rectangular box containing methane molecules to mimic the 
hydrophobic environment of the TM bundle. The peptide-methane systems 
were subjected to 500 iterations of energy minimization and then heated to 
300 K in 15 ps. This was followed by an equilibration period (15 to 500ps) 
and a production run (500 to 1500ps) at constant volume using the particle 
mesh Ewald method to evaluate electrostatic interactions. Structures were 
colected for analysis every 10 ps during the production run (100 structures 
per simulation). In order to obtain a rough idea on the possible 
consequences that the presence of these residues in TMH2 and TM 3 might 
have on the structure of the receptor, we perform a molecular modeling 
exercise using the three-dimensional structure of rhodopsin as the 
template. The backbone of one helical turn preceding the highly conserved 
Asp2.50 in TMH2 and E/DR3.50Y motif in TMH3 superimposed the helix 
bundle of rhodopsin with the computed structures. 

 

Molecular dynamics simulations of the CCR5 receptor and mutant 
receptors 
The three-dimensional model of transmembrane helices 1 and 4-7 of CCR5 
was constructed by computer-aided model building techniques from the 
transmembrane domain of bovine rhodopsin, as determined by Palczewski 
et al (27). The following conserved residues were employed in the alignment 
of rhodopsin and human CCR5 transmembrane sequences: Asn55 (55 being 
the residue number in the 1F88 PDB file of Rhodopsin) and Asn481.50 (48 is 
the residue number in the CCR5 sequence, 1.50 in the standarized 
numbering); Trp161 and Trp1534.50; Pro215 and Pro2065.50; Pro267 and 
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Pro2506.50; and Pro303 and Pro2947.50. Representative structures of 
transmembrane helices 2 and 3, selected by automatically clustering the 
geometries obtained during the molecular dynamics trajectories into 
conformationally-related subfamilies with the program NMRCLUST (28), 
were included into the model (see Molecular dynamics simulations of 
transmembrane helices above). SCWRL-2.1 was employed to add the side 
chains of the non-conserved residues based on a backbone-dependent 
rotamer library (29). All ionizable residues in the helices were considered 
uncharged with the exception of Asp2.40, Asp2.50, Asp3.49, Arg3.50, Lys5.50, 
Arg6.30, Arg6.32 and Glu7.39. To relieve residual strain resulting from 
suboptimal positioning of the side chains and the TMH2-TMH3 interface at 
the extracellular part, this resulting initial structure was placed in a 
rectangular box containing methane molecules, energy minimized (500 
steps), heated (from 0 to 300 K in 15 ps) and equilibrated (from 15 to 100 
ps). During these processes the Cα atoms were kept fixed at their positions 
in the rhodopsin crystal structure, with the exception of the residues 
forming the TMH2-TMH3 interface (from 2.58 to 3.29). The optimized 
TMH2-TMH3 interface accomplishes: i) the distance between the top (C-
terminus) of TMH2 and the top (N-terminus) of TMH3 is in the 10-11Å 
range to allow the first extracellular loop of 4 residues to be shaped; ii) 
Phe852.59 interacts with Leu1043.28 and Tyr892.63 interacts with Thr993.23, in 
a similar manner to the cytochrome C oxidase structure of helices III and 
VII in subunit III (see �Results�); and iii) there are not steric clashes between 
helices. The interactions of the side chain of Leu1043.28 with the side chains 
of Phe852.59 and Trp862.60 were further characterized by ab-initio quantum 
mechanical calculations at the MP2/6-31G* level of theory, which is 
capable of describing the proposed C-H··π interactions (30).  
Molecular models of the helix bundles for the mutant receptors containing 
the F852.59L, L1043.28F, F852.59L-L1043.28F, F1093.33H, F1123.36Y, and 
F1093.33H-F1123.36Y substitutions were constructed from the previously 
obtained structure of CCR5, by changing the atoms implicated in the 
aminoacid substitutions by interactive computer graphics. Subsequently, 
wild type and mutant receptors were placed in a rectangular box (~71 Å x 
60 Å x 50 Å in size) containing methane molecules (~2850 molecules in 
addition to the transmembrane domain) to mimic the hydrophobic 
environment of the transmembrane helices. The density of 0.4-0.5 g cm-3 of 
the methane box is approximately half of the density observed in the 
hydrophobic core of the membrane. This is due to the different equilibrium 
distance between carbons in the methane box and in the polycarbon chain 
of the lipid. However, it has been shown that this procedure reproduce 
several structural characteristics of membrane embedded proteins (31). The 
receptor-methane systems were subjected to 500 iterations of energy 
minimization and then heated to 300 K in 15 ps. This was followed by an 
equilibration period (15 to 100ps) and a production run (100 to 250ps) at 
constant volume using the particle mesh Ewald method to evaluate 
electrostatic interactions (32). Structures were colected for analysis every 10 
ps during the production run (15 structures per simulation). The molecular 
dynamics simulations were run with the Sander module of AMBER 5 (33), 
the all-atom force field (34), SHAKE bond constraints in all bonds, a 2 fs 
integration time step, and constant temperature of 300 K coupled to a heat 
bath. 
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CCR5 mutants 
Plasmids encoding the CCR5 mutants studied here were constructed by 
site-directed mutagenesis using the Quickchange method (Stratagene). 
Following sequencing of the constructs, the mutated coding sequences were 
sub-cloned into the bi-cistronic expression vector pEFIN3 as previously 
described for generation of stable cell lines (35). All constructs were verified 
by sequencing prior to transfection. 

 

Expression of mutant receptors in CHO-K1 cells 
CHO-K1 cells were cultured in HAM�s F12 medium supplemented with 10% 
fetal calf serum (Invitrogen), 100 units/ml penicillin and 100 µg/ml 
streptomycin (Invitrogen). Constructs encoding wild-type or mutant CCR5 
in the pEFIN3 bicistronic vector were transfected using FuGENE 6 (Roche 
Molecular Biochemicals) in a CHO-K1 cell line expressing an apoaequorin 
variant targeted to mitochondria (36). Selection of transfected cells was 
made for 14 days with 400 µg/ml G418 (Invitrogen) and 250 µg/ml zeocin 
(Invitrogen, for maintenance of the apoaequorin encoding plasmid), and the 
population of mixed cell clones expressing wild-type or mutant receptors 
was used for binding and functional studies. Cell surface expression of the 
receptor variants was measured by flow cytometry using monoclonal 
antibodies recognizing different CCR5 epitopes: 2D7 (phycoerythrin-
conjugated, PharMingen), MC-1, MC-4, MC-5 and MC-6 (kindly provided by 
Mathias Mack, Munich, Germany) were detected by anti-mouse IgG 
phycoerythrin-coupled coupled secondary antibody (Sigma). 

 

Binding assays 
CHO-K1 cells expressing wild-type or mutant CCR5 were collected from 
plates with Ca2+ and Mg2+-free phosphate-buffered saline supplemented 
with 5 mM EDTA, gently pelleted for 2 min at 1000 × g and resuspended in 
binding buffer (50 mM Hepes pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 0.5% 
bovine serum albumin). Competition binding assays were performed in 
Minisorb tubes (Nunc), with 40,000 cells in a final volume of 0.1 ml. The 
mixture contained 0.05 nM [125I]-RANTES (2000 Ci/mmol, Amersham 
Biosciences) or 0.1 nM [125I]-MIP-1β as tracer, and variable concentrations 
of competitors (R&D Systems). Total binding was measured in the absence 
of competitor, and non-specific binding was measured with a 100 fold 
excess of unlabelled ligand. Samples were incubated for 90 minutes at 27° 
C, then bound tracer was separated by filtration through GF/B filters pre-
soaked in 0.5% polyethylenimine (Sigma) for [125I]-RANTES or in 0.1% 
bovine serum albumine (Sigma) for [125I]-MIP-1β. Filters were counted in a 
β-scintillation counter. Binding parameters were determined with the Prism 
software (GraphPad Software) using non-linear regression applied to a one 
site competition model.  
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Aequoporin assay 
Functional response to chemokines was analysed by measuring the 
luminescence of aequorin as described (37,38). Cells were collected from 
plates with Ca2+ and Mg2+-free DMEM supplemented with 5 mM EDTA. They 
were then pelleted for 2 min at 1000 × g, resuspended in DMEM at a 
density of 5 x 106 cells/ml and incubated for 2 h in the dark in the presence 
of 5 µM coelenterazine H (Molecular Probes). Cells were diluted 5 fold before 
use. Agonists in a volume of 50 µl DMEM were added to 50 µl of cell 
suspension (50,000 cells) and luminescence was measured for 30 s in a 
Berthold Luminometer. 

 

GTPγS binding assay 
The measurement of chemokine-stimulated GTPγS binding to membranes of 
cells expressing wt-CCR5 or the Y108mutant were performed as described 
(39,40). Briefly, membranes (10 or 20 µg) from wt-CCR5 or Y108A cells were 
incubated for 15 min at room temperature in GTPγS binding buffer (20 mM 
Hepes, pH 7.4, 100 mM NaCl, 3 mM MgCl2 ,3µM GDP, 10 µg/ml saponin) 
containing different concentrations of chemokines, in 96-well microplates 
(Basic FlashPlates, PerkinElmer Life Sciences). [35S] GTPγS (0.1 nM, 
Amersham Biosciences) was added, microplates were shaken for 1 min and 
further incubated at 30 °C for 30 min. The incubation was stopped by 
centrifugation of the microplate for 10 min, at 800 µg and 4 °C, and 
aspiration of the supernatant. Microplates were counted in a TopCount 
(Packard, Downers, IL) for 1 min/well. Functional parameters were 
determined with the PRISM software (GraphPad Software) using non-linear 
regression applied to a sigmoidal dose-response model. 

 

MAP Kinase Assay 
Cells, serum-starved for 24 h, were collected and resuspended in serum-
free DMEM. After 3 min of stimulation with various concentrations of 
RANTES and MCP-2, cells were collected by centrifugation and heated to 
100 °C for 5 min in lysis buffer (100 mM Tris-HCl, pH 6.8, 4 mM EDTA, 4% 
SDS, 20% glycerol, and 0.02% β-mercaptoethanol). For Western blot 
analysis, solubilized proteins corresponding to ~5 × 105 cells were loaded 
onto 10% SDS-polyacryl-amide gels in a Tricine buffer system (41). After 
transfer to nitrocellulose membranes, proteins were probed with mouse 
anti-phospho-p42/p44 (1:1000) (Cell Signal) or rabbit anti-total p38 
(1:2000) antibodies (Santa Cruz). 

 

 

3.4.5. Results 
To investigate the possible role of aromatic residues at the TMH2-TMH3 
interface in defining the structure and function of the CCR5 receptor, we 
have compared the aminoacid sequence of CCR2 and CCR5 (Fig. 3.4.1B). 
These receptors are strongly related, sharing ~85% sequence identity within 
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their TM helices. However, their extracellular domains are much more 
divergent, which certainly contributes to their strong selectivity toward their 
respective ligands (35). The TMH2-TMH3 aromatic cluster was found to be 
quite divergent between these two receptors. This might suggest that these 
positions are not important for the structure and/or function of the 
receptors and therefore highly tolerant to variability. Alternatively, these 
positions could be functionally important although specific to each receptor, 
and the various substitutions would be expected in this case to be 
correlated. To study the functional consequences of the differences at 
aromatic positions observed between CCR5 and CCR2 (Fig. 3.4.1B), we 
engineered CCR5 mutants in which aromatic residues were substituted by 
the corresponding amino acids in CCR2. The F852.59L and Y892.63S mutants 
affected TMH2, L1043.28F, F1093.33H and F1123.36Y involved TMH3. We also 
combined these point mutations either within TMH2 (F852.59L-Y892.63S 
double mutant), within TMH3 (F1093.33H-F1123.36Y, L1043.28F-F1093.33H-
F1123.36Y) or across both helices (F852.59L-L1043.28F, Y892.63S-L1043.28F, 
F852.59L-Y892.63S-L1043.28F). 

 

Cell surface expression of the mutant receptors 
We determined cell surface expression of the CCR5 mutants by 
fluorescence-activated cell sorting analysis, using five well characterized 
monoclonal antibodies (40, 42). The epitopes recognized by these 
monoclonal antibodies have been mapped to the N-terminal domain of the 
receptor (MC-5 and 3A9), the second extracellular loop (2D7), or a 
combination of extracellular domains (523 and MC6). 

Fig. 3.4.2 illustrates the average surface expression of the different mutants 
following normalization to wild-type CCR5 expression level. The TMH2 
mutant F852.59L exhibited a moderate but significant reduced expression, 
reaching ~50% of the wt signal. Although the Y892.63S mutant was well 
expressed, the combination of both substitutions (F852.59L-Y892.63S) led to a 
similar reduced expression as for F852.59L. Interestingly, while the single 
mutation L1043.28F (in TMH3) did not affect cell surface expression, its 
combination with F852.59L restored to normal the low expression observed 
for F852.59L alone (mutant F852.59L-L1043.28F). Strikingly, the triple mutant 
F852.59L-Y892.63S-L1043.28F was not found at the cell surface, indicating 
that, although single and double mutants are expressed, the combination of 
all three substitutions is not tolerated. This mutant will therefore not be 
considered further in the following experimental settings. Mutants Y892.63S-
L1043.28F, F1093.33H, F1123.36Y, F1093.33H-F1123.36Y and L1043.28F-
F1093.33H-F1123.36Y are all expressed above 50% of the wt signal with a 
rather uniform pattern of recognition by the different mABs suggesting that 
these mutations do not alter the conformation of CCR5 extracellular 
domains. 

 

Binding and functional properties of the mutant receptors 
The functional consequences of the mutations and their combinations were 
characterized in terms of binding and intracellular responses, using the 
four natural agonists of CCR5: RANTES, MIP-1α, MIP-1β and MCP-2. The 
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binding affinities for the various ligands were determined  by competition 
binding assays using 125I-RANTES or 125I-MIP-1β as labeled tracer, while 
functional responses were monitored by using the aequorin-based assay as 
described previously (13). Representative binding curves are shown in Fig. 
3.4.3, functional concentration-action curves are shown in Fig. 3.4.4, and 
the data are summarized in Table 3.4.1. 

We first focused on residues F852.59, Y892.63 and L1043.28, located at the 
extracellular ends of TMH2 and TMH3. The F852.59L mutant was clearly 
impaired both at the level of binding, and in its functional response to 
chemokines. Although binding of RANTES was almost unaffected, the 
apparent affinities for MIP-1β and MCP-2 were significantly lower than 
those observed for wt-CCR5 (see Table 3.4.1 and Fig. 3.4.3), and MIP-1α 
binding was undetectable. The functional responses of F852.59L were mild 
(Fig. 3.4.4) and grossly consistent with the binding data. The potency of 
RANTES was moderately affected on this mutant, but its efficacy was 
reduced by 4 fold; MIP-1β and MCP-2 displayed a strong impairment of both 
their potencies and efficacies, while MIP-1α  was almost inactive. The 
phenotype of the L1043.28F mutant was grossly similar in terms of 
functional responses (with slightly better efficacies) despite binding 
parameters much closer to the wild-type levels. Interestingly, the addition of 
the L1043.28F substitution to the F852.59L mutant (F852.59L-L1043.28F), 
allowed to restore partly the function of this mutant. Indeed, on the double 
mutant, MIP-1α was characterized by a binding affinity close to wt, and the 
functional response was significantly improved. The functional properties of 
MCP-2 appeared somewhat  more affected by the double mutation, while 
RANTES and MIP-1β showed similar behaviours on the double mutant and 
on both single mutants. 

Mutating Y892.63S affected mildly the activity of RANTES and MIP-1α 
(conserved potency, 2-fold reduction of Emax) decreased moderately the 
Emax and potency of MIP-1β, but affected strongly the functional parameters 
of MCP-2, despite the normal affinity of this mutant in binding assays. 
Combining F852.59L and Y892.63S substitutions  led to a severe impairment 
of functional responses, particularly for  MIP-1β and MCP-2 (no response), 
and to a lower extent for MIP-1α, whereas RANTES was moderately affected. 
These effects appeared more than simply additive as compared to the single 
mutants. The Y892.63S-L1043.28F mutant was well expressed at the cell-
surface, but no specific binding could be detected by competition binding 
assays, and this receptor was barely functional. Only RANTES could elicit a 
small signal at high concentrations, with a strongly reduced Emax but a 
decent potency (Table 3.4.1). 

 

Modelling the TMH2-TMH3 interface 
The experimental data presented above demonstrates the importance of the 
TMH2-TMH3 aromatic cluster in the activation of CCR5. The fact that 
adding the L1043.28F substitution to the F852.59L background partly restores 
the impaired function of this mutant (cell-surface expression and binding) 
might suggest a direct interaction between the two residues involved. 
Moreover, Y892.63 might contribute to this interaction, as mutating this 
residue, although well tolerated by itself, is highly disruptive in the context 
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of F852.59L, Y892.63S or F852.59L-Y892.63S. Fig. 3.4.5A shows the location of 
the side chains of these residues in a CCR5 model using strictly the 
rhodopsin crystal as a template (27). The orientation of these side chains 
towards the lipidic environment is in apparent contradiction with the 
hypothesis that these residues are important for the structure and the 
activation mechanism of CCR5. 

We have however suggested previously that TMH2 of CCR5 would adopt, in 
its outer half, a conformation which is different from that of bovine 
rhodopsin (13). In CCR5 and other chemokine receptors, the extracellular 
side of TMH2 is predicted to be in close contact with TMH3 (and not with 
TMH1 as in rhodopsin) due to the structural action of a conserved 
Thr2.56xPro2.58 motif (13). We now propose that this region of TMH2 would be 
part of a structural and functional motif involving the neighbouring part of 
TMH3 (aromatic cluster and surrounding residues).  

To provide a structural framework allowing to understand better the 
experimental data presented above, we adopted a modeling procedure 
(detailed in the �Experimental Methods� section) based on the following 
scheme. 

 

Independent exploration of the conformation of TMH2 and TMH3 by 
molecular dynamics simulations 
Fig. 3.4.5 (B and C) shows the computed structures of TMH2 (green) and 
TMH3 (yellow).  The bending of TMH2 towards TMH3, in its outer half, is 
tolerated in the context of the CCR5 helical bundle as the result of the 
relocation of TMH3 towards TMH5. It is important to note that these 
energetically available structures of TMH2 and TMH3 were obtained 
separately. Thus, the conformational spaces explored by these helices are 
the consequence of the amino acid sequence of TMH2 and TMH3 and not of 
steric hindrance between helices. 

Fig. 3.4.5 (D and E) shows the result of superimposing the representative 
structure of the MD simulation and the rhodopsin template. The specific 
residues in TMH2 and TMH3 of CCR5 generate structural differences in the 
extracellular part of the receptor, without modifying its more compact 
cytoplasmic surface. 

 

Membrane protein database search 
Because stable structural motifs are likely to recur in proteins of known 
structure, we surveyed the database of the structure of membrane proteins 
(see �Experimental Procedures�) for α-helices segments containing the 
aromatic cluster of TMH2: the FWxxY motif. This motif is also found in 
subunit III of the bovine cytochrome C oxidase (PDB identification code 
1occ), where transmembrane helix III of the enzyme interacts with the 
neighboring helix VII. Inspection of this motif in the cytochrome C oxidase 
structure reveals that the Phe98 side chain in helix III interacts with 
Leu252 in helix VII, and that the Tyr102 side chain in helix III hydrogen 
bonds Ser255 in helix VII. We propose a similar pattern to describe the 
interactions between TMH2 and TMH3 of CCR5: Phe852.59 would interact 
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with Leu1043.28, and Tyr892.63 with Thr993.23. It is important to note that 
Phe852.59, Tyr892.63, Thr993.23, and Leu1043.28 are found specifically in 
CCR5, but not in CCR2, and contribute therefore to a CCR5-specific motif 
important for the receptor structure.  

Fig. 3.4.6A shows a detailed view of the TMH2-TMH3 interface in the model 
resulting from MD simulation.  In this model, Leu1043.28 is located in an 
aromatic pocket formed by the side chains of Phe852.59 and Trp862.60, the 
electron�poor C�H hydrogens of Leu1043.28 interact with the π electron�rich 
clouds of the aromatic rings. This type of C-H··π interaction plays a 
significant role in stabilizing local three-dimensional structures of proteins 
(43). Moreover, Phe852.59 aromatic ring is located between Leu1033.27 and 
Leu1043.28 side chains. Thus, there is a significant interaction between the 
aromatic residues (Phe852.59 and Trp862.60) in TMH2 and the hydrophobic 
residues (Leu1033.27 and Leu1043.28) in TMH3. In addition, the TMH2-TMH3 
interface is stabilized by a hydrogen bond between Tyr892.63 and Thr993.23. 
To evaluate the magnitude of the TMH2-TMH3 interaction that might be 
attributed to the Phe852.59···Leu1043.28 and Trp862.60···Leu1043.28 
interactions we performed ab-initio quantum mechanical calculations on 
minimal recognition models consisting of the functional groups of the 
intervening side chains (see �Experimental Procedures�). The energies of 
interaction of Phe852.59 and Trp862.60 with the multiple C�H hydrogens of 
Leu1043.28 are �2.4 and �2.6 kcal/mol, respectively.  

 

Structural and functional role of aromatic residues in TMH3 
Residues F1093.33 and F1123.36 are located in TMH3 within the outer third of 
the membrane, and are predicted to face toward the center of the helix 
bundle as inferred from the molecular model of CCR5  (see above) or the 
rhodopsin template itself. The F1093.33H mutation had little effect on the 
receptor function. Both the binding properties and the functional response 
of the mutant were closely similar to those of wt-CCR5 for all four ligands 
(Table 3.4.1, Fig. 3.4.3 and 3.4.4). In contrast, the conservative F1123.36Y 
substitution influenced strongly the activation of the receptor by its 
agonists. The potencies of RANTES, MIP-1α and MIP-1β were relatively 
preserved, while that of MCP-2 was decreased by ~1 log. The efficacies of all 
ligands were however severely affected, with Emax values ranging from 10 to 
25% of the ATP response (Table 3.4.1). Remarkably, combining these two 
substitutions in the F1093.33H-F1123.36Y mutant significantly restored the 
functional response of the receptor, with Emax values ranging from 54 to 
90% of the maximal cell response and improved of potencies for all four 
ligands. The L1043.28F-F1093.33H-F1123.36Y change, which combine the three 
mutations of TMH3, produced a receptor phenotypically close to that of the 
single L1043.28F. While binding affinities were wt-like, activation was 
affected differentially for  the different agonists : RANTES was almost not 
affected, MCP-2 severely impaired, with MIP-1α and MIP-1β showing 
intermediate behaviours. This suggest an addition of effects of the L1043.28F 
single mutant (significantly affected) and the F1093.33H-F1123.36Y double 
mutant (mild effect) . This is not surprising considering that these motifs 
are located in distant part of the structure, as, in our model, L1043.28 
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interacts with TMH2, while F1093.33 and F1123.36 face TMH5 and TMH6 
respectively (see �Discussion�). 

 

Mutant Y1083.32A 
Considering the selective effect on receptor function observed after mutation 
of transmembrane residues in TMH2 and TMH3, it appeared also 
interesting to test the putative role of residue Y1083.32. This locus is known 
as an important binding site in a wide variety of GPCRs (reviewed in Refs. 6, 
12 and 24). Site-directed mutagenesis has been used to demonstrate its 
central role in different receptors for neurotransmitters and peptides. The 
Y1083.32A mutant was well recognized at the cell surface by antibodies 
targeting the N-terminus of the receptor (mean fluorescence above 60% of 
signal for wt-CCR5) while fluorescence was significantly decreased for 
antibodies recognizing either the second loop, or a combination of 
extracellular domains, possibly underlying a conformational modification of 
the extracellular loops of the receptor. This mutant exhibited a rather wild-
type behavior following stimulation by RANTES, MIP-1β or MIP-1α, with 
slightly reduced efficacies, but was completely unreactive to MCP-2. We 
could however measure high affinity binding of this ligand by competition 
binding assay (Fig. 3.4.3 and Table 3.4.1). As for several other mutants 
described above, this mutant became unresponsive to MCP-2 withour 
affecting the affinity for this ligand, whereas other CCR5 agonists (e.g. 
RANTES) were still able to stimulate it. It is known that GPCRs, including 
CCR5 (40), can adopt multiple active states that trigger different 
intracellular cascades and differentially stabilized by various agonsists. In 
this line, one could hypothesize that MCP-2 would not be able to induce 
Ca2++ increase through this mutant receptor, while being able to trigger 
other intracellular cascades. As shown in Fig. 3.4.7A, the four natural 
agonists could trigger GTPγS binding through the wt receptor. In this assay, 
RANTES was the most potent agonist, whereas MCP-2 appeared more 
potent than MIP-1α and MIP-1β. As observed with the aequorin assay, MCP-
2 was unable to stimulate the Y1083.32A mutant in the GTPγS assay. It has 
been shown that chemokine-induced activation of CCR5 can lead to 
activation of p42/p44 (44, 45). As shown in Fig. 3.4.7B, stimulation of 
CCR5 by RANTES or MCP-2 led to the dose-dependant phosphorylation of 
p42/p44 MAP kinases. In this assay, RANTES stimulated the Y1083.32A 
mutant, although with a reduced efficiency as compared with wt-CCR5, and 
MCP-2 was almost inactive, except for a weak response observed at 100 nM.  

The specific alteration of the mutant response to MCP-2 is reminiscent of 
the behavior observed in our previous study, in which mutations of the TxP 
motif also affected preferentially the biological response to MCP-2, without 
significantly affecting the binding of the chemokine. In the wt model, the 
Tyr1083.32 side chain is positioned in the face-to-edge orientation (T-shaped) 
with the indole ring of Trp862.60 (see Fig. 3.4.6A). This type of π-σ aromatic-
aromatic interaction has been described as stabilizing a protein structure 
(46). It is expected that the conformational changes induced in TMH2 by 
mutations affecting the TxP motif would relocate the side chain of Trp862.60, 
located four residues apart, and in consequence affect its interaction with 
Tyr1083.32. 
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3.4.4. Discussion 
The three-dimensional model of CCR5 based on the rhodopsin crystal 
structure (including the specific modeling of the TMH2-TMH3 interface as 
described above; Fig. 3.4.5) provides a coherent framework to interpret the 
mutagenesis data detailed in the �Results� section. We propose that the 
residues varying between CCR5 and CCR2 at the level of the TMH2-TMH3 
aromatic cluster are forming a specific interaction motif. In the wt receptor, 
Phe852.59 would interact with Leu1043.28, while Tyr892.63 would  hydrogen 
bond with Thr993.23, and we suggest that the substitutions observed in the 
CCR2 sequence are indeed correlated. It is important to note that this 
modeled TMH2-TMH3 interface provides a hydrophobic environment for 
Thr822.56 of the TxP motif in TMH2, essentially through the side chain of 
Leu1043.28 (Fig. 3.4.6A). Thus, Thr822.56 orients the Cγ atom towards this 
hydrophobic environment and the Oγ atom towards the polar peptide bond 
of the backbone. The additional hydrogen bond between the Oγ atom of 
Thr822.56 and the carbonyl group increases the magnitude of the Pro-kink 
and this TxP motif is a structural determinant involved in chemokine-
induced activation (13). 

In order to analyze in this structural framework the consequences of the 
amino acid substitutions explored experimentally,  several of the mutations 
were introduced in our model, and we specifically studied the structural 
and dynamical properties of the extracellular part of the TMH2-TMH3 
interface using MD simulations (see �Experimental Procedures�). This 
modeling procedure allows to propose a description of the TM interface for 
the mutants and suggests the nature of the structural changes that might 
lead to alterations of the receptor function (Fig. 3.4.6). 

 

Structural interpretation of mutations located at the extracellular end of 
TMH2 and TMH3 
The F852.59L mutation weakens the interaction between the side chain of 
this TMH2 residue and L1033.27 and L1043.28 in TMH3, as a Leu-Leu 
interaction is not of the same magnitude as a Leu-Phe interaction. As a 
consequence, in the simulation, Leu852.59 side chain reorients away from 
TMH3 (Fig. 3.4.6B). 

Replacing L1043.28 by Phe dramatically modifies the TMH2-TMH3 interface. 
The aromatic side chain of Phe1043.28 would optimally interact with the 
other aromatic side chains in a face to edge configuration (46). Thus, in the 
molecular dynamic simulations, the side chain of Phe1043.28 tends to 
achieve this interaction with the aromatic side chains of both Phe852.59 and 
Trp862.60 (Fig. 3.4.6C). However, the side chain of Phe1043.28 in this 
conformation is bulkier than that of Leu, resulting in a significant 
reorientation of Phe852.59 side chain towards the periphery of the TM 
bundle, and in a weakening of the TMH2-TMH3 interface. It is important to 
note that the L1043.28F mutation increases the polarity of the Thr822.56 side 
chain environment. Thus, the presence of the electron-rich clouds of 
Phe1043.28 aromatic ring might facilitate hydrogen bonding to the Oγ atom of 
Thr822.56, in a manner similar to that proposed for hydrogen bonding 
between benzene and water (47). This would contrast with the wild type 
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receptor, in which a hydrogen bond is formed with the polar peptide bond of 
the backbone. As already discussed, the additional hydrogen bond of  the 
Thr residue to the peptide bond has a significant influence on the 
conformation of the helix (13, 26). 

In the double F852.59L-L1043.28F mutant, the aromatic side chain of 
Phe1043.28 is now located between Leu852.59 and Leu1033.27 (Fig. 3.4.5D). 
Thus, the electron�rich clouds of the aromatic ring interact with the 
electron�poor C�H hydrogens of both Leu852.59 and Leu1043.28. Notably, this 
mode of interaction of Phe1043.28 places Leu852.59 in the proximity of 
Thr822.56, mimicking the hydrophobic environment of Thr822.56 in the wild 
type receptor (see above). Moreover, the aromatic side chain of Tyr892.63 is 
interacting in a face to edge configuration with Phe1043.28. Thus, it appears 
from this simulation that the F852.59L-L1043.28F mutant would partly 
restores the packing of the TMH2-TMH3 interface.  

This could explain the improvement in cell-surface expression and binding 
affinity for MIP-1α and MIP-1β, between the F852.59L and F852.59L-L1043.28F 
mutants (see Table 3.4.1). As the conformation of the short ECL1 (four 
residues) is likely influenced by the packing of the TMH2-TMH3 interface, 
we would suggest that point mutations (like F852.59L) could modify the 
conformation of the EC domain and affect the binding of ligands. 

The triple mutant F852.59L-L1043.28F-Y892.63S is intriguing. Intuitively, one 
would expect that, having replaced all differing aromatic positions into the 
CCR2 corresponding residues, the resulting mutant would show a better 
functional phenotype than the single or double mutant (being closer to the 
functional CCR2 receptor). However, it appeared that this triple mutant is 
not expressed at the cell surface (see Fig. 3.4.2), suggesting severe 
misfolding of the protein. Our modeling suggests that the addition of the 
Y892.63S substitution to the double F852.59L-L1043.28F mutant would 
strongly modify the TMH2-TMH3 interface, because the shorter and non-
aromatic side chain of Ser892.63 can not fulfill the interaction with both 
Thr993.23 and Phe1043.28 (Fig. 3.4.6D). We hypothesize that this major 
structural difference between this mutant interface and the WT structure 
could be a factor responsible for the weak expression, either through a 
perturbation of the folding process, or through destabilization of the folded 
protein, leading to rapid internalization and/or degradation. In the single 
Y892.63S mutant, this modification of the packing of TMH2 and TMH3 would 
not happen as the Phe852.59- Leu1043.28 interaction maintains a proper 
distance between the two helices. Moreover, Thr993.23 would tend to interact 
with the side chain of Gln932.67 (Fig. 3.4.6C), changing moderately the 
interface. Notably, the Y892.63S mutant shows a normal level of expression 
and is moderately affected in the functional tests, suggesting that the 
Y892.63S-Thr993.23 interaction proposed here is necessary for full functional 
efficiency, but not for the structural stability of the receptor. The double 
mutants F852.59L-Y892.63S and Y892.63S-L1043.28F show a level of expression 
reduced by ~50%, a functional response strongly affected for  F852.59L-
Y892.63S and almost completely abolished for Y892.63S-L1043.28F, underlining 
the increase in structural perturbation due to the additional mutations. 

Combining the experimental results with our modeling approach leads to 
the following picture: the function of the CCR5 receptor is strongly 
dependant on the interface between the extracellular ends of TMH2 and 
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TMH3, which is determined by a series of interhelical interactions. The 
structural and dynamical properties of this interface are maintained by, at 
least, two polar interactions, Tyr892.63- Thr993.23 and Phe852.59- Leu1043.28. 
These interactions are in equilibrium with each other, providing balanced 
structural constraints. Perturbating this interface by mutating one of these 
residues would modify this equilibrium and affect the function of the 
receptor. 

This model implies that, in the case of the CCR2 receptor, the TMH2-TMH3 
interface is organized differently, and that the substitutions tested here are 
counterbalanced by other changes in the sequence. In particular, one can 
spot the Thr993.23Ala change between the two receptors (see Fig. 3.4.1), but 
other changes (like Ala922.66Asn or Gln932.67Glu) could also be important. 
Interestingly, a chimeric construct involving ICL1, TMH2, ECL1 and TMH3 
of CCR2 in a CCR5 background appeared to be well expressed and 
functional (35), suggesting that interactions between TMH2 and TMH3 are 
sufficient to obtain structural stability and functionality (as the other 
helices were strictly from CCR5). 

 

The extracellular ends of TMH2 and TMH3 are involved in the activation 
mechanism 
By mutating the Thr2.56xP2.58 motif, we previously have shown that the 
structural integrity of TMH2 is crucial for CCR5 function (13). According to 
the nature of the substitution (various residues in place of Thr822.56, or Ala 
instead of Pro842.58), we could modulate the extent of the structural 
perturbation, which was translated into a functional defect. However, the 
different agonists of CCR5 were affected differently by these mutations, 
suggesting that this part of the receptor is involved in the activation process 
in a ligand-specific manner. 

We proposed that this TxP motif governs the structural and dynamical 
properties of the extracellular end of TMH2. By looking at the specific role of 
Phe852.59 and Tyr892.63, we now probe the elements involved in the ligand-
induced activation in this particular part of the TM bundle. Interestingly, we 
find the same trend as that observed after mutating the TxP motif : the 
ligand sensitivity to the mutations is variable, RANTES being the least 
affected agonist, while MCP-2 is the most sensitive.  

 

Structural modeling of mutants involving the middle of TMH3 
Phe1093.33 and Phe1123.36, variable between CCR5 and CCR2, are not facing 
TMH2 in the CCR5 model, but are oriented towards TMH5 and TMH6. We 
therefore undertook full bundle MD simulation in order to model (see 
�Experimental Procedures�) the possible effects of the F1093.33H, F1123.36Y 
and F1093.33H-F1123.36Y mutations, and the putative interaction between 
these residues and TMH5 and/or TMH6.  

While the F1093.33H change does not modify the pattern of helix-helix 
interactions as compared to the wt receptor (not shown), changing 
Phe1123.36 for Tyr modifies the interactions between TMH3 and TMH6 (Fig. 
3.4.6, panels E and F). In our simulation, the hydroxyl group added by the 
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mutation forms a hydrogen bond with Asn2526.52 in TMH6. In the WT 
receptor, this Asn hydrogen bonds back to the backbone carbonyl of 
Trp2486.48, and also interacts through its Hδ1 atom with the aromatic ring of 
Phe1123.36 (Fig. 3.4.6E). Pointing inside the bundle, residue Asn2526.52 is 
highly conserved among CC-chemokine receptors, and position 6.52 is 
known to be functionally important in several rhodopsin-like GPCRs (6). In 
particular, this position is involved in ligand binding, ligand selectivity, or 
receptor activation in a significant number of peptide (48-52) and 
neurotransmitter (16, 17, 53) receptors, suggesting a possible functional 
role of the corresponding residue in chemokine receptors as well. In 
addition, the hydrogen bond proposed here to form with the backbone could 
also be important. The conserved Pro, present in TMH6 of most rhodopsin-
like receptors (Pro6.50) is known to be crucial for their function, most 
probably through the structural action of the proline. It has been proposed 
that, in the context of an α-helix, polar residues hydrogen bonding the 
backbone in the vincinity of a Pro could significantly modulate the structure 
of the proline-induced deformation, and therefore be functionally relevant 
(13, 54). Interestingly, in the F1123.36Y mutant, the polar interaction 
between Y1123.36 and Asn2526.52 changes the conformation of the 
asparagine away from the backbone, hence preventing it from hydrogen 
bonding with the backbone carbonyl of Trp2486.48. 

Therefore, the polar interaction between Tyr1123.36 and Asn2526.52 could 
strongly modify the functional properties of Asn2526.52 by interfering with 
its putative interaction with the ligand and/or its structural role. It is 
important to note that, in contrast to the mutations located in the TMH2-
TMH3 interface, the F1123.36Y mutation affects all four agonists in a similar 
manner. The activation profile is qualitatively similar to that of the WT 
receptor (the potency order is preserved) but the potency and efficacy of 
agonists are reduced ~3 fold. 

As detailed in the �Results� section, the double F1093.33H-F1123.36Y mutant 
exhibits a behaviour similar to that of the WT receptor, hence showing that 
adding the F1093.33H mutation restores the function of lost in the F1123.36Y 
mutant. While such functional recovery may suggest a direct interaction 
between the two residues, this is very unlikely in the context of an α-helix, 
in which a His and a Tyr cannot interact together when separated by 3 
positions. In our model, the F1093.33H substitution modifies indirectly the 
effect of the F1123.36Y mutation (Fig. 3.4.6G). While Tyr1123.36 now interacts 
with the backbone carbonyl of Gly2025.46, His1093.33 interacts with 
Asn2526.52, leading to a reorientation of the side chain which mimics the WT 
situation, including a recovery of the hydrogen bond between Asn2526.52 
and the carbonyl of Trp2486.48. The effect of the single F1123.36Y mutation is 
therefore counterbalanced by the addition of the histidine, which allows the 
reorientation of Asn2526.52, leading to an almost normal behaviour of this 
putative functional motif. 
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3.4.5. Conclusion 
The wealth of structural, biophysical and biochemical data accumulated 
during the last years provides valuable insights into the activation 
mechanism of GPCRs. It is well established that the activation process 
requires helix motions; in particular, movements of TMH3, TMH6 and 
TMH7 have been evidenced (5,6). The importance of the TMH2-TMH3 
interface in the activation of CCR5 support the concept that other parts of 
the TM bundle are also involved in this mechanism. As suggested previously 
(13), we hypothesize that the active role of the TMH2-TMH3 interface in the 
activation process is somehow specific to chemokine receptors, as suggested 
by the conservation of the TxP motif in TMH2, and of the aromatic cluster in 
the extracellular ends of TMH2 and TMH3. While our work suggests that 
TMH2 (and possibly TMH3) would actually move upon chemokine-induced 
activation, biophysical approaches would be necessary to demonstrate the 
motion of these helices during activation. 
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Chapter 4 
Discussion 
 

The influence of Ser and Thr residues on the geometry of TMHs has been 
studied employing theoretical tools (Chapter 3.1). These studies have been 
extended to Pro-containing TMHs in Chapter 3.2. Experimental support to 
these theoretically derived hypothesis (Chapter 3.3) is provided through a 
collaboration with Prof. G. Vassart and Prof. M. Parmentier from the Institut 
de Recherche Interdisciplinaire en Biologie Humaine et Nucléaire (IRIBHN), 
Université Libre de Bruxelles. Finally, using site-directed mutagenesis and 
molecular modeling in a combined approach, a three-dimensional model of 
the G protein-coupled receptor CCR5 was constructed (Chapter 3.4). 

 

 

Serine and threonine residues in their g- sidechain 
conformation induce a bend in α-helices 
 

In addition to Pro (1) other amino acids may be also implicated in 
modulating the conformation of TMHs. Sequence analysis of 
transmembrane regions reveals that Ser and Thr are the most frequently 
occurring polar residues in TMHs (2), and that these residues tend to be 
conserved in certain positions of the TM bundle of the Class A family of 
GPCRs (3;4). Moreover, analysis of structural databases show that there is 
an increase of the population of the g- conformation of both Ser and Thr in 
membrane proteins relative to globular proteins (5). Moreover, Ser and Thr 
residues have the highest probability to be found in different rotamer 
conformations (6). These results suggest a possible structural or functional 
role for Ser/Thr (5;7;8). 

We propose that these particular features of Ser/Thr are related with their 
putative role in the regulation of structure and function of TMHs in 
membrane proteins. In this thesis, analysis of structural databases has 
been used to show how the presence of Ser and Thr residues adopting the 
g- conformation correlates with a significant bending of the α-helix at this 
position. Therefore, local alterations of the rotamer configurations of these 
residues may result in significant conformational changes across TMHs, 
thus participating in the molecular mechanisms underlying transmembrane 
signalling. 
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There is indirect experimental support for this hypothesis: site-directed 
mutagenesis experiments of Ser5.43 and Ser5.46 in the β2-adrenergic receptor 
lead to the conclusion that these two residues are involved in the control of 
the equilibrium between active and inactive forms of the receptor (8). Our 
theoretical results allow an explanation of this putative role at the 
molecular level. These residues will probably be in its g- or g+ 
conformations, in absence of ligand, thus satisfying their hydrogen bond 
potential with the helical backbone. But in order to bind the ligand, they 
need to undergo a conformational transition to the t rotamer, allowing the 
OHγ group to interact with the ligand. This simple change is able to lead to 
a modification in the overall structure of the α-helix, through a modulation 
of the helical bend. This mechanism could also be present, for instance, in 
the amine receptors subfamily of GPCRs, where Ser5.43 and Ser5.46 in TMH5 
also have been shown to bind the ligand (3). We propose that this 
mechanism could be related to the first steps of receptor activation. 

Finally, it is worth to note that there are also experimental results in non-
GPCR membrane proteins that support a structural role for Ser and Thr. 
For instance, mutation Ser254 by a Thr in the M1 region of the guinea pig 
5HT3A receptor, an ion channel, leads to a dramatic change in 
desensitization process of the receptor (9). 

 

 

Serine and threonine residues modulate the geometry of Pro-
kinked α-helices 
 

There is broad experimental evidence that Pro residues disrupt the 
geometry of α-helices, due to the steric clash between the pyrrolidine ring of 
Pro and the backbone carbonyl in the previous turn of the helix. As a 
consequence the intra-helical hydrogen bond network that stabilizes the α-
helix is also disrupted (10-14). Because Ser and Thr residues also modify 
this hydrogen bond network, we hypothesize a synergic effect between 
nearby Ser/Thr and Pro residues on the structure of α-helices. 

The analysis of the molecular dynamics simulations (Chapter 3.2) has 
revealed how Ser and Thr residues modulate the conformation of Pro-
containing α-helices. The changes in the local structure include: i) an 
increase of the helical bend angle in (S/T)AP and (S/T)P motifs; ii) a 
decrease of the helical bend angle in (S/T)AAP, PA(S/T), and PAA(S/T) 
motifs; and iii) a change in the direction of the helix in SP and SAP motifs in 
the g- rotamer when the OγH group of Ser hydrogen bonds the carbonyl 
oxygen at position i-3. 

It has also been shown how some of these Ser/Thr and Pro combinations, 
like TxP and SxP, are over-represented on a database of transmembrane 
domains. In agreement, sequence analysis on a database of Class A GPCRs 
shows that the most common combination is the (S/T)xP motif, found in 
16% of all Pro-kink in GPCRs (9% for TxP, 7% for SxP). Moreover Ser and 
Thr are not equally found with specific sites clearly favoring one residue 
over the other. For example, P2.58 predominantly associates with a Thr 
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(forming a TxP2.58 motifs) while P4.59 display four times more SxP4.59 motifs 
than TxP4.59. This indicates that Thr and Ser are not equivalent in such 
motif and already suggests (as their H-bonding propensities are identical) 
that the methyl group differentiating their sidechains may have a defined 
structural or functional role in the context of the motif. Therefore, we 
hypothesize that alterations in the structure of Pro-kinked TMHs induced 
by nearby Ser/Thr residues may be related to functional purposes. 

 

 

The TxP motif in TMH2 is a structural and functional 
determinant of the CCR5 receptor 
 

In order to reinforce the hypothesis of the role of nearby Ser/Thr and Pro 
residues on the structure of α-helices, a combined theoretical and 
experimental study was carried out in collaboration with the IRIBHN 
(Chapter 3.2). Through this cooperation, our group has provided the 
theoretical framework to interpret the experimental results at a molecular 
level. 

The system used for the study was the chemokine CCR5 receptor, which 
has been shown to contain the TxP2.58 motif, highly conserved in the 
peptidergic receptor family and almost fully conserved in the chemokine 
receptors family. Our theoretical study shows how the combined effect of 
Thr and Pro leans the extracellular side of TMH 2 towards TMH 3, 
illustrating how local modifications can be propagated through the whole 
helical structure and results in a modification of the overall structure of the 
receptor. The experimental results suggest that the hydrogen bonding 
potential of the Thr residue is crucial for receptor structure and function. It 
is interesting to observe how the functional response of the different CCR5 
mutants correlates with the structural modifications observed in the 
molecular dynamics simulations. 

Finally, it has to be stressed that these results may be extrapolated to other 
systems featuring TxP motifs, as other chemokine receptors, other 
peptidergic receptors or, even, different transmembrane systems, as ionic 
channels. 

 

 

Molecular modelling of the CCR5 receptor 
 

Our previous theoretical study leaded to the hypothesis of an interaction 
between TMH2 and TMH3 in the CCR5 receptor. Therefore, we applied a set 
of bioinformatic tools, as multiple sequence alignment, homology modelling, 
molecular dynamics simulations, and search in structural databases, to the 
building of a three-dimensional model of the CCR5 chemokine receptor. The 
proposed inter-helical interactions between TMH2 and TMH3, which are not 
feasible according to the rhodopsin three-dimensional template, received 
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experimental support through side-directed mutagenesis and functional 
assays in collaboration with the IRIBHN. 

 We propose a three-dimensional model of CCR5 where Phe2.59 interacts 
with Leu3.28, while Tyr2.63 interacts with Thr3.23. In this model, Thr2.56 of the 
TxP motif is located in a local hydrophobic environment, forcing the side 
chain of Thr2.58 to interact with the backbone carbonyl of the previous turn, 
which has been previously shown to induce a distortion in the α-helix. 
Combination of the theoretical and experimental results indicate that the 
function of the CCR5 receptor is strongly dependent on the interface 
between the extracellular ends of TMH2 and TMH3, which is determined by 
a series of polar and hydrophobic interactions. 

These results illustrate the importance of the transmembrane bundle 
structure and dynamics in the activation mechanism of GPCRs. While 
movement of other helices have been shown to be implicated, we suggest 
that movement of TMH2 and, possibly, TMH3, would be specific of 
chemokine-induced activation. 

It is likely that CCR5 and rhodopsin differ in other regions of the TM 
bundle. However, the important structural difference in the extracellular 
half of TMH2 in both receptors, where the GG motif in rhodopsin is replaced 
by a TxP motif in the chemokine family, appears as the most striking 
difference. We propose that this divergence in the external region of the TM 
bundle is due to the evolutive adaptation of the CCR5 receptor to its 
ligands. 

This study also illustrates an important issue in the field of homology 
modelling of GPCRs: the sequence specificities of a particular receptor have 
to be explicitly taken into account when building a three-dimensional 
theoretical models. For instance, bovine rhodopsin, the structural template 
used in homology modelling of GPCRs, lacks the TxP sequence motif 
present in the TMH2 of CCR5, and its crystal structure shows how its 
TMH2 is bent towards TMH1. The strict use of the rhodopsin template 
would not allow the interpretation of the experimental results obtained for 
the CCR5 receptor. 

 

 

Implication of Ser/Thr and Pro motifs in the mechanism of 
activation of GPCRs 
 

As it has been pointed out in Chapter 1.3, GPCRs display a high diversity in 
the structure of their ligands. Therefore, ligand-receptor interactions will be 
strongly family-dependent (15;16), which suggests that the first steps of 
GPCRs activation, those involving ligand-receptor recognition and the initial 
conformational rearrangements of the extracellular domains and the region 
of the TM bundle next to the extracellular part, will be divergent in the 
different classes of GPCRs and specific for each subfamily. On the other 
hand, GPCRs interact with only a few G protein subtypes, so receptor-G 
protein interactions are proposed to be more conserved through the whole 
family (17). Moreover, higher sequence conservation in the cytoplasmatic 
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part of the transmembrane region of Class A GPCRs is detected (18). These 
facts seem to indicate that the process of GPCR activation is common in its 
last steps, those involving interaction with the G protein and rearrangement 
of the cytoplasmatic domains and the region of the TM bundle next to the 
cytoplasm. 

Both conserved or family-specific reorganizations of the transmembrane 
bundle involve movements of the TMHs. This thesis is framed in the study 
at a molecular level of these structural rearrangements. Our results clearly 
illustrate how the combined effect of Ser/Thr and Pro influence the 
geometry of ΤΜΗs, which, in turn, can be involved in the modulation of the 
function of membrane proteins. 
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Conclusions 
 
 

• This thesis aims to show how through the use of bioinformatics tools, 

primary sequences of proteins and interactions at an atomic level can 

be translated to three-dimensional protein structures. 

 
• The three-dimensional structure of bovine rhodopsin is a very useful 

template for modelling of GPCRs, as it can be used as starting point 

in homology modelling techniques. However, we want to show how 

the sequence specificities of each family have to be explicitly taken 

into account in order to build models, which require experimental 

support to be reliable. 

 
• The sequence specificities consist in sequence patterns conserved 

within certain families, which are translated into structural 

divergences. Among these sequence patterns, we hypothesize that 

Ser and Thr, alone or combined with nearby Pro residues, can 

modulate the geometry of TMHs, due to its capability to interfere with 

the hydrogen bond network that stabilize α-helices. When Pro and 

Ser/Thr appear in combined motifs, there is a synergic effect that 

reinforces the structural consequences of these motifs in the 

structure of α-helices. This hypothesis has received indirect 

experimental support, through the design and analysis of 

mutagenesis studies on the CCR5 receptor. 

 
• The influence of Ser and Thr and Ser/Thr-Pro motifs in the structure 

of TMHs may be related to processes of activation in the Class A of 

GPCRs, and, possibly, other membrane proteins as well. In GPCRs, 

these motifs may have evolved in order to adapt a conserved 

mechanism of activation of the G protein to the cognate ligands of 

each receptor family. 

  



Figure 1.1. Ramachandran plot showing the φ and ψ angles of all residues of the crystal 
structure of bovine rhodopsin (green triangles for glycines and black squares for the rest of 
aminoacid types). Red and yellow regions of the map correspond to the allowed regions (α-
helices and β-sheets) of the polypeptide conformational space. Diagram created with the Sting 
Millennium Suite (RCSB/PDB-San Diego). 
 

 
 
Figure 1.2. Three-dimensional structure 
of an α-helix. Only the peptidic backbone 
is depicted, where grey spheres 
correspond to carbon atoms, blue to 
nitrogen, red to oxygen, and small black 
spheres to hydrogen. The intramolecular 
network of hydrogen bonds that stabilizes 
this secondary structure is shown as 
yellow dotted lines. Each NH group at i 
position establishes a hydrogen bond 
interaction with the CO group at the i-4 
position in the previous turn of the helix. 
Figure created using MolScript v2.1.1 (103) and 
Raster3D v2.5 (104). 

 

Figure 1.3. Three-dimensional structure 
of a Pro-kinked α-helix. The bulky 
pyrrolidine ring at position i faces the 
backbone carbonyl at position i-4 in the 
previous turn of the helix. In order to 
avoid the steric clash between these two 
groups, the helix bends and opens up at 
this region, resulting in a strong local 
deformation, the Pro-kink. The intra-
helical hydrogen bond network is also 
affected. For instance, the hydrogen bond 
between residues i+1 and i-3 (yellow 
dotted line) is disrupted. Figure created using 
MolScript v2.1.1 (103) and Raster3D v2.5 (104). 

 



Figure 1.6. Preferred conformations of Ser side-chain. In the gauche– (g-) conformation an 
intrahelical hydrogen bond between the Hγ of Ser (at position i) and the backbone 
carbonyls of the previous turn of the helix (at positions i-3 or i-4) can be established. When 
Ser is in its gauche+ (g+) conformation, this hydrogen bond is only possible with the 
carbonyl at i-4. Finally, if Ser is in its trans (t) conformation, this interaction is not 
possible. Thr and Cys residues can, in principle, display these same sidechain 
conformations. However, some particular cases are forbidden (see text). Figure created using 
MolScript v2.1.1 (103) and Raster3D v2.5 (104). 
 
 
 
 

 
 



Figure 1.9. Three-dimensional structure of bovine rhodopsin, the structural prototype of 
Class A GPCRs. The top of the figure corresponds to the extracellular region. The seven 
transmembrane helices are arranged in a counterclockwise fashion as viewed from the 
extracellular side. The colour code is the following: TMH I red, TMH II yellow, TMH III 
orange, TMH IV green, TMH V blue, TMH VI dark blue and TMH VII purple. Helix VIII is 
shown in magenta and the non-helical regions (N-terminus, cytoplasmic and extracellular 
loops and C-terminus) are shown in grey. Figure created using MolScript v2.1.1 (103) and Raster3D 
v2.5 (104). 
 
 

 
 
 
 
 
 

 



Figure 1.10. This figure illustrates the distinct receptor-ligand interactions for the 
different ligand types of GPCRs. Figure extracted from reference (34). 
  

! Panel A: general structure of GPCRs.  

! Panel B: ligand binding within the transmembrane bundle.  

! Panel C: ligand binding in the transmembrane bundle, exoloops, and N-

terminal segment.  

! Panel D: ligands that bind to and cleave the N-terminal segment. The 

resulting shorter N-terminal segment interacts with exoloops to generate a 

signal.  

! Panel E: ligand binding to the N-terminal segment, which interacts with 

exoloops to generate a signal.  

! Panel F: ligand binding to the N-terminal segment, which interacts with the 

membrane-associated domain, thus generating a signal. 

 
 

 
 



Figure 1.11. a. Theoretical model of the transducin-rhodopsin dimer complex. Helices of 
rhodopsin are colored from helix I in blue, helix II in light blue, helix III in green, helix IV in 
light green, helix V in yellow, and helix VI in dark yellow to helix VII and cytoplasmic helix 
8 in red. Transducin is represented in yellow space-filling background for the α subunit, in 
red for the β subunit and in green for the γ subunit. b. Organization and topography of the 
cytoplasmic surface of rhodopsin. This image, obtained using atomic-force microscopy, 
shows the organization of rhodopsin in rows of dimers, as well as individual dimers (inside 
dashed ellipse), presumably broken away from one of the rows, and occasional rhodopsin 
monomers (arrowheads) in the native disc membrane. Figures extracted from reference (100). 
 
 
 

 

 



Figure 3.1.2. Comparison of helix bending between a polyAla α�helix (red) and (a) a 
polyAla α�helix with a single Ser or Thr residue (the Cα�Cβ bond is shown) in the gauche� 
(g�) conformation (blue); (b) helix 32, which contains Thr277 and Thr279 (the Cα�Cβ bonds are 
shown) in g�, from the photosyntethic reaction center; (c) helix 1, which contains Thr33 also 
in g�, from the potassium channel; and (d) a polyAla α�helix with a Ser residue (the Cα�Cβ 
bond is shown) in trans (t) conformation (green) or g� (blue) conformation. (c) A detailed 
view of the amino acids from i (the residue in g�) to i�4 are shown as ball and stick. Figures 
were created using MOLSCRIPT (24). 
 
 
 

 
 
 
 

 



Figure 3.2.1. Detailed view of the hydrogen bond pattern, in the Pro-kink turn, of model 
peptides containing Pro and the (S/T)P, (S/T)AP, and (S/T)AAP patterns, with Ser and Thr 
side chains built in both g+ and g- conformations. Only polar hydrogens are depicted to 
offer a better view. The OγH group of Ser/Thr is interacting with the carbonyl oxygen at 
position j-4, relative to Ser/Thr, except when noted. Figures were created using MolScript 
v2.1.1 (29) and Raster3D v2.5 (30). 

 

 



Figure 3.2.2. Detailed view of the hydrogen bond pattern, in the Pro-kink turn, of model 
peptides containing the P(S/T), PA(S/T), and PAA(S/T) patterns, with Ser and Thr side 
chains built in both g+ and g- conformations. Only polar hydrogens are depicted to offer a 
better view. The OγH group of Ser/Thr is interacting with the carbonyl oxygen at position j-
4, relative to Ser/Thr, except when noted. Figures were created using MolScript v2.1.1 (29) 
and Raster3D v2.5 (30). 

 

 

 



Figure 3.2.3. Comparison of the evolution of the unit twist angles (º) along the α-helix, 
from turns (i-11, i-8) to (i+4, i+7), between a Pro-containing polyAla α-helix (control, solid 
line in black) and (a) (S/T)P, (b) (S/T)AP, (c) (S/T)AAP, (d) P(S/T), (e) PA(S/T), and (f) 
PAA(S/T) motifs. The color and style codes are: Ser (red), Thr (blue), g+ rotamer (solid line), 
g- rotamer interacting with the carbonyl oxygen at position j-4 (dot line), and g- rotamer 
interacting with the carbonyl oxygen at position j-3 (dash line). 
 
 

 



Figure 3.2.4. Comparison of helix bending between a Pro-containing polyAla α-helix 
(control, yellow) and (a) SP (red) and SAP (dark green) in the g+ rotamer, and TAP (light 
green) and PAAS (purple) in the g- rotamer transmembrane α-helices (the OγH group of S/T 
is interacting with the carbonyl oxygen at position j-4, relative to S/T, in all the cases); and 
(b, c) SP (orange) and SAP (light green) in the g- rotamer interacting with the carbonyl 
oxygen at position j-3 relative to Ser (different views rotated by 90º along the helical axis). 
The side chains of Pro and Ser/Thr are shown. Figures were created using MolScript v2.1.1 
(29) and Raster3D v2.5 (30). 

 

 

 

 



Figure 3.2.6. Molecular mechanisms of decreasing the bending of Pro-kinked 
transmembrane helices. (a) (S/T)AAP motifs in both g+ and g- rotamers moderate the steric 
clash between the pyrrolidine ring and the O=Ci-4 carbonyl oxygen by modifying the 
conformation of the Ni-3-H amide group, throughout the additional hydrogen bond formed 
between OγH of S/Ti-3 and the O=Ci�7 carbonyl oxygen. (b) PA(S/T), in both g+ and g-, and 
PAA(S/T) in g+ rotamers obstruct the bending of the helix by adding a constrain in the 
form of a hydrogen bond (in green) in the other side of the helix where the steric 
CδH���O=Ci-4 clash (in red) occur. Figures were created using MolScript v2.1.1 (29) and 
Raster3D v2.5 (30). 

 

 

Figure 3.2.7. Comparison of helix bending between (a) SAP in the g+ rotamer (dark 
green), t rotamer (yellow), and g- rotamer interacting with the carbonyl oxygen at position j-
3 relative to Ser (light green); and (b) SP in the g+ rotamer (red) and g- rotamer interacting 
with the carbonyl oxygen at position j-4 (dark orange) and j-3 (light orange). The 
conformation of the t rotamer was taken as a regular Pro-kinked α-helix. The side chains of 
Pro and Ser/Thr are shown. Figures were created using MolScript v2.1.1 (29) and 
Raster3D v2.5 (30). 

 

 

 

 
 
 
 
 
 
 



Figure 3.2.8. Comparison of helix bending between the computationally determined 
conformations of Pro (control, yellow) and TP in the g+ rotamer (red) polyAla α-helices; and 
the experimentally determined conformation of helix C of bacteriorhodopsin that contains 
TP91 in the g+ rotamer (orange), as observed in the PDB structure 1AP9. The side chains of 
Pro and Ser/Thr are shown. Figures were created using MolScript v2.1.1 (29) and 
Raster3D v2.5 (30). 

 

 

 



Figure 3.3.2. Effect of AAP and TAP g1 motif on the conformation of α-helices. A, representative 
structures for AAP (yellow), TAP g+ (red), and an ideal α-helix (white). Backbones are represented as ribbons, 
and side chains of Pro and Thr are shown as solid sticks (with polar hydrogen in white) as well as the hydrogen 
bonding carbonyl, 4 residues before the Thr. Hydrogen bonds are indicated by dotted white lines. B, 
representative structures for AAP, TAP g+, SAP g- (orange), and an ideal α-helix. This view is rotated by 90° 
along the helical axis relative to A. In the g- rotamer, the Ser hydrogen bonds with carbonyl situated 3 residues 
upstream, which induces clearly a different orientation of the Pro-kink. C, the representative structure of the 
AAP (yellow ribbon) and TAP g+ (red ribbon) motifs are positioned in the rhodopsin template, respecting the 
homology between CCR5 and rhodopsin. The two representative helices were superimposed on the 
cytoplasmic end of TM2 in the rhodopsin structure (Protein Data Bank number 1F88), using backbone atoms 
up to position 2.54. Rhodopsin (turquoise) helices are shown as cylinders, except for the extracellular part of 
TM2, which is shown as a ribbon. This panel is viewed from the side of the protein. D, same representation as 
in C but viewed from the extracellular side. The influence of the Thr on the PK is clearly visible, as it bends the 
helix inside the bundle. Figures were created using using the InsightII software (Accelrys, San 
Diego). 
 
 
 

 
 



Figure 3.4.5. Modelling procedure of the TM2-TM3 interface. A, side-chain positions of 
residues 85, 89, and 104 in a model of the transmembrane domain of CCR5 based 
rigorously on the rhodopsin template. The Cα trace is shown as ribbon, in red for TM2 and 
TM3, in blue for the other helices. In such a model, these side chains face the membrane, 
which is hardly compatible with the functional role suggested by the mutagenesis 
experiments. B, superimposition of 100 structures from independent Molecular Dynamics 
simulations of TM2 (in green) and TM3 (in yellow) onto the rhodopsin template (see 
�Experimental Procedures� for details). Only the Cα trace is shown for each structure, 
represented as ribbon. Viewed from the extracellular side. C, same as the previous panel 
but viewed from the side. It appears clearly that the conformational spaces are almost not 
overlapping. In particular, the conformational space of TM3 moves away from that of 
rhodopsin, allowing room for the kinked TM2 of CCR5. D and E, extracellular and side 
views of the representative structures of TM2 (in green) and TM3 (in yellow) selected from 
the simulations and used to construct the interface. Figures were created using using the 
InsightII software (Accelrys, San Diego). 
 
 
 

 



Figure 3.4.6. Molecular models of TM2-TM3 interface and the TM3-TM6 interaction for wt 
and mutant receptors. A, model of the TM2-TM3 interface obtained for the wt receptor. 
Only interacting side chains are shown, highlighting the proposed Phe-85-Leu-104 and 
Tyr-89-Thr-99 interactions (see text for details). Panels B and C show the models for F85L 
and L104F mutants, respectively, illustrating the loss of interaction at the 85�104 locus for 
these receptors. D, model of the double F85L/L104F mutant showing the proposed 
recovered interaction. E, wt model showing the location of Phe-109 and Phe-112 and 
featuring the conformation of Asn-252 interacting with the backbone in TM6. F, model of 
the F112Y mutant, showing how this mutant could modify the conformation of Asn-252 in 
TM6. G, model of the double F109H/F112Y, illustrating how the F109H additional 
mutation would recover the structural effect of the F112Y mutant. Figures were created 
using using the InsightII software (Accelrys, San Diego). 
 
 
 

 
 
 



Figure 1.4. Mean values of the φ (dotted line) and ψ (solid line) torsional angles along a Pro-
containing α-helix as observed during molecular dynamics simulations. The x axis shows the 
position of the residues in the helix, where i corresponds to the position of the Pro residue. The 
region corresponding to the Pro-kink turn (residues from i-4 to i) is squared. 

 
Figure 1.5. Mean values of the unit twist angle along a Pro-containing α-helix as observed 
during molecular dynamics simulations. The x axis shows the position of each helical turn 
(composed by four residues), where (i-3, i) corresponds to the Pro-kink turn (circled). The 
region corresponding to those turns with at least one residue in the Pro-kink region (turns 
from (i-5, i-2) to (i, i+3)) is squared. The decrease of the unit twist angle at the Pro-kink turn 
corresponds to an opening of the helix at this region. 
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Figure 1.7. Classification of GPCRs obtained through a phylogenetic analysis of ~800 
sequences of human receptors (105). There are five main groups, the larger being the 
rhodopsin family, which is subdivided in four main groups and thirteen subclasses. 
 



Figure 1.8. Diagram of the extended ternary complex model of GPCRs activation. This 
process is described through the equilibrium among the different chemical species: receptor 
(R), activated receptor (R*), G protein (G) and ligand (H). Each reaction of equilibrium is 
characterized by an equilibrium constant. 
 
 
 
              K 
 H + R + G   HR + G 
 
 
    J                    βJ 
 
              βK 
H + R* + G   HR* + G 
 
 
    M                    αM 

 
 
 
 
These constants are: 

 
J = [R*] / [R] 

 
K = [HR] / [H][R] 

 
M = [R*G] / [R*][G] 

 
β = [HR*][R] / [HR][R*] 

 
α = [HR*G][R*] / [HR*][R*G] 

              αβK 
   H + R*G   HR*G 



 
   

 

Figure 2.1. Highly conserved sequence motifs in the TMHs of Class A GPCRs. The highest 
conserved positions are highlighted in boldface. 
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TMH2  NLAxAD 

TMH3      DRY 

TMH4       W 

TMH5       P 

TMH6       P 

TMH7      NPxxY 
 
 

 



 
   

 

 
Figure 2.2. Energy terms in molecular mechanics calculations. The total energy is computed 
as the sum of all the contributions over all atoms in the system. 
 
 
 

 



 
   

 

Table 3.1.1. Means ( x ), standard deviations (s), and the difference in degrees (∆) relative to 
Ala (in bold) of the backbone φi and ψi dihedral angles and bend angle of α�helices containing 
Ala and Ser, Thr, and Cys residues in the gauche� (g�), trans (t), and gauche+ (g+) rotamer 
conformations. The results are presented for membrane and soluble proteins. 
 

 Membrane proteins Soluble proteins 
  φi  ψi   φi  ψi 
 n x  s ∆  x  s ∆  n x  s ∆  x  s ∆ 

Ala 48 -60.9 6.5  -44.4 8.6  730 -63.1 5.6  -41.2 5.6  
               

g– 22 -65.2 8,6 -4.3* -34.3 8,5 10.1*** 76 -67.9 9.2 -4.8*** -34.1 9.4 7.0***

Thr 9 -66.3 7.8 -5.4 -35.7 8.9 8.7*** 34 -69.6 9.2 -6.5*** -35.0 10.5 6.2***

Ser 13 -64.5 9.3 -3.6 -33.3 8.4 11.1*** 42 -66.5 9.0 -3.4** -33.5 8.4 7.7***

Cys 0 ––– –– –– ––– –– –– 0 ––– –– –– ––– –– –– 
               

g+ 52 -61.8 6.6 -0.9 -45.3 9.3 -0.9 386 -63.4 5.6 -0.3 -43.2 6.3 -2.0***

Thr 32 -61.8 7.6 -0.9 -46.3 9.3 -1.9 211 -63.4 5.3 -0.3 -44.2 5.2 -3.0***

Ser 16 -62.5 4.9 -1.6 -43.9 9.9 0.5 129 -63.3 6.1 -0.2 -42.2 7.6 -1.0 
Cys 4 -58.9 1.5 2.0 -42.9 6.4 1.5 46 -63.7 5.7 -0.6 -41.6 6.8 -0.4 

               
t 5 -56.9 9.6 4.0 -44.4 8.0 0.0 96 -62.6 5.7 0.4 -44.4 5.3 -3.2***

Thr 0 ––– –– –– ––– –– –– 2 -68.8 8.8 -5.7 -40.1 6.1 1.1 
Ser 5 -56.9 9.6 4.0 -44.4 8.0 0.0 74 -62.7 5.3 0.4 -44.0 4.9 -2.8**

Cys 0 ––– –– –– ––– –– –– 20 -62.0 6.7 1.1 -46.1 6.2 -5.0**

 

*p < 0.05; **p < 0.01; ***p < 0.001 
 
Figure 3.1.1. Analysis of the torsion φ (panels a and b) and ψ (panels c and d) angles of α�
helices, in membrane (panels a and c) and soluble (panels b and d) proteins, containing Ala 
(control in black) and Ser, Thr, and Cys residues in the gauche�, trans, and gauche+ rotamer 
conformations. Histograms depict the mean values and the lines extending from the bar 
represent the standard deviation. 
 

 



 
   

 

Figure 3.1.3. Analysis of the bend angle of α�helices containing Ala (control in black) and 
Ser, Thr, and Cys residues in the gauche–, trans, and gauche+ rotamer conformations in 
soluble proteins. Histograms depict the mean values and the lines extending from the bar 
represent the standard deviation. 
 

 
 

 
 
 
Table 3.1.2. Means ( x ), standard deviations (s), and the difference in degrees (∆) relative to 
Ala (in bold) of the bend angle of α-helices in soluble proteins containing Ala and Ser, Thr, and 
Cys residues in the gauche– (g–), trans (t), and gauche+ (g+) conformations. 
 
 

 n x  s ∆ 
Ala 730 10.7 10.2  

     
g– 76 14.5 14.4 3.8* 

Thr 34 13.9 13.4 3.2 
Ser 42 15.0 15.3 4.3 
Cys 0 ––– –– –– 

     
g+ 386 11.2 11.3 0.5 

Thr 211 10.9 10.7 0.2 
Ser 129 10.8 10.7 0.1 
Cys 46 13.2 15.4 2.5 

     
t 96 10.3 8.2 -0.4 

Thr 2 12.5 6.1 1.8 
Ser 74 10.8 8.5 0.1 
Cys 20 8.1 6.7 -2.6 

 
*p < 0.05 

 



 
   

 

Table 3.2.1. Observed and expected, calculated with the TMSTAT formalism, number of 
occurences of the (S/T)xxP, (S/T)xP, (S/T)P, P(S/T), Px(S/T), and Pxx(S/T) motifs in a non-
homologous database of transmembrane helices; and the odds ratio and its significance. 

 
 

Pair Observed Expected Odds Ratio Significance 

SxxP 292 294.9 0.99 0.88 

TxxP 267 268.7 0.99 0.95 

 SxP 353 314.6 1.12 0.02 

 TxP 316 286.6 1.10 0.07 

  SP 291 334.2 0.87 0.01 

  TP 325 304.6 1.07 0.21 

   PS 280 334.2 0.84 0.001 

   PT 308 304.6 1.01 0.83 

   PxS 297 314.6 0.94 0.31 

   PxT 283 286.6 0.99 0.85 

   PxxS 249 294.9 0.84 0.004 

   PxxT 250 268.7 0.93 0.23 
 

 

 

 
 
 
 
 



 
   

 

Table 3.2.2. Percentage of occurences of the (S/T)xxP, (S/T)xP, (S/T)P, P(S/T), Px(S/T), and Pxx(S/T) motifs in the rhodopsin-like family of G 
protein-coupled receptors. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aPositions in the generalized numbering scheme of Ballesteros & Weinstein (17). 

positiona
number of 
occurences 

of Pro 
SxxP TxxP SxP TxP SP TP PS PT PxS PxT PxxS PxxT total 

1.36 378 2 4 0 1 5 0 6 12 2 1 3 0 35 

1.48 203 0 13 9 0 0 12 2 1 1 0 3 2 44 

2.58 546 6 1 10 71 0 1 0 1 1 0 5 2 100 

2.59 875 6 16 3 15 5 6 2 3 16 10 1 3 86 

2.60 103 5 0 3 0 0 0 1 1 0 1 8 28 47 

4.59 1139 2 1 42 11 6 4 3 3 0 2 2 0 76 

4.60 634 34 12 3 2 1 3 1 1 1 2 5 0 66 

5.50 1588 0 1 3 3 0 3 2 4 11 9 1 5 40 

6.50 1603 8 3 1 0 3 15 1 0 4 4 7 4 51 

6.59 97 0 6 1 4 6 0 0 1 0 2 0 0 21 

7.38 235 3 8 9 53 0 0 18 0 0 0 0 3 94 

7.45 101 13 4 0 13 0 0 3 0 2 4 0 0 39 

7.46 325 1 10 0 0 2 40 4 4 0 0 1 0 62 

7.50 1888 5 4 1 1 0 1 0 0 0 0 0 0 13 

 9715 6 5 7 9 2 6 2 2 4 3 2 2 52 



 
   

 

Table 3.2.3. Percentage (%) of the intra-helical hydrogen bond between the OγH side chain of 
Ser/Thr and the O=Cj-4 and O=Cj-3 carbonyl, and bend angle (mean±standard deviation) as 
observed during the molecular dynamics simulations of polyAla α-helices containing the 
(T/S)AAP, (T/S)AP, (T/S)P, P(T/S), PA(T/S), and PAA(T/S) motifs, with Ser and Thr side chains 
built in both gauche+ and gauche- conformations. 
  

 gauche + gauche - 
 O=Cj-4  O=Cj-3 O=Cj-4 O=Cj-3 
 % bend  % bend % bend % bend 

SAAP 100 15.8±6.4**  0 - 94 14.2±5.4*** 6 - 
TAAP 100 15.1±7.3***  0 - 89 13.5±4.7*** 11 - 
          
 SAP 100 30.3±11.6***  0 - 2 - 98 34.8±9.6*** 
 TAP 98 27.2±7.6***  2 - 88 26.5±7.4*** 12 - 
          
  SP 99 30.5±8.2***  1 - 67 19.6±4.8 33 49.8±10.1***
  TP 99 26.9±6.9***  1 - 92 20.9±6.1 8 - 
          
   P a 19.7±7.3 
          
   PS 100 18.9±6.4  0 - 83 17.5±5.8 17 - 
   PT 100 18.9±6.8  0 - 98 19.7±6.5 2 - 
          
   PAS 100 16.0±6.5**  0 - 65 14.2±5.6*** 35 14.6±6.6** 
   PAT 100 14.1±6.8***  0 - 93 16.4±5.1* 7 - 
          
   PAAS 100 14.0±6.2***  0 - 35 29.6±8.6*** 65 30.0±10.9***
   PAAT 100 15.6±6.6**  0 - 74 24.7±8.8** 26 32.4±10.0***

          
 

aA Pro-containing polyAla α�helix is used as a control. One�way analysis of variance plus a 
posteriori two�sided Dunnett's T tests was employed to contrast if the bend angle of the model 
peptides differs from the control simulation. 

(*p < 0.05; **p < 0.01; ***p < 0.001) 

 



 
   

 

Figure 3.2.5. Evolution of the distance (bottom panels) between the Hγ atom of Ser and the 
oxygen of the O=Cj-4 (solid line) or O=Cj-3 (broken line) carbonyl, relative to Ser, and the values 
of χ1 (top panels) of Ser obtained during the production run of the molecular dynamics 
simulations of SP (left panels) and SAP (right panels) in the g- rotamer. 

 

 

 



 
   

 

Table 3.3.1. Bending angles for TXP motifs found in the Protein Data Bank (PDB) Two 
segments are taken from the structure of cytochrome c oxidase (1AR1), which is a membrane 
protein. The other proteins are hemoglobin (1VHB), a phosphoenolpyruvate carboxylase (1FIY), 
a transposase inhibitor (1B7E), an endonuclease (1RVE), and the clathrin heavy chain (1BPO). 
 
 

PDB no. Motif  Helical segment Position of the Pro Bend angle (degrees) 

1VHB TVP A7→A20 A15 28 
1FIY TDP 823→856 838 44 
1B7E TLP 349→379 373 49 
1RVE SRP B37→B59 B50 26 
1AR1 SLP A219→A248 A236 35 
1AR1 SLP B85→B103 B98 29 
1BPO CRP 428→442 438 41 

 
 
 
 
 
 
Table 3.3.2. Average and standard deviation of the bending angle obtained during the MD 
simulations. Each value is obtained over a sample of 100 structures equally distant during the 
MD run (see Methods).  One-way analysis of variance plus a posteriori one-sided Dunnett's T 
tests were used to determine wether the bending angles of the different motifs are significantly 
larger than that of the control AAP. Asterisks denotes statistically significant deviation from 
the AAP control (p < 0.001). 
 
 
 

 Bend angle (degrees) 

 AAP     19.9  (7.3) 
TAP g+     28.4  (7.1)*
TAP g-     26.6  (7.8)*
SAP g+     30.1 (11.9)*
SAP g-     35.0 (10.0)*
CAP g+     31.3 (10.8)*
 VAP     21.0  (5.5) 

 



 
   

 

Figure 3.3.1. Alignment of TM2 sequences from chemokine receptors and bovine rhodopsin. 
For the sake of clarity, only human and murine sequences are shown. The generalized 
numbering scheme (see �Experimental Procedures�) is used to label the alignment. The TXP (or 
SXP) motif is indicated in boldface characters, and its conserved residues are highlighted. The 
sequence of TM2 of bovine rhodopsin is also aligned, showing the high homology between 
CCR5 and bovine rhodopsin in the cytosolic part of TM2, up to the TXP motif. Note that we 
make the assumption that, in chemokine receptors, TM2 extends to position 2.67 (included). 
This is based on the observation that TM2 extends to this residue in the three-dimensional 
structure of rhodopsin (13) and on the suggestion that position 2.67 terminates TM2 in the 
dopamine D2 receptor, on the basis of the substituted cysteine accessibility method (53). 
 
                                2.38        2.50    2.58     2.67 
                                                            

Rho  (bovin)   PLNYILLNLAVADLFMVFGGFTTTLYTSLH 
 

CCR5 (human)   MTDIYLLNLAISDLFFLLTVPFWAHYAAAQ 
CCR5 (mouse)   VTDIYLLNLAISDLLFLLTLPFWAHYAANE 
CCR5 (rat)     MTDIYLFNLAISDLLFLLTLPFWAHYAANE 
CCR2 (mouse)   MTDIYLLNLAISDLLFLLTLPFWAHYAANE 
CCR2 (human)   LTDIYLLNLAISDLLFLITLPLWAHSAANE 
CCR1 (human)   MTSIYLLNLAISDLLFLFTLPFWIDYKLKD 
CCR1 (mouse)   MTSIYLFNLAVSDLVFLFTLPFWIDYKLKD 
CCRV (mouse)   MTSIYLFNLAISDLVFLSTLPFWVDYIMKG 
CCR3 (human)   MTNIYLLNLAISDLLFLVTLPFWIHYVRGH 
CCR3 (mouse)   MTNIYLFNLAISDLLFLFTVPFWIHYVLWN 
CCR3 (rat)     MTNIYLLNLAISDLLFLFTVPFWIHYVLWN 
CCR4 (human)   MTDVYLLNLAISDLLFVFSLPFWGYYAADQ 
CCR4 (mouse)   MTDVYLLNLAISDLLFVLSLPFWGYYAADQ 
CCR8 (human)   ITDVYLLNLALSDLLFVFSFPFQTYYLLDQ 
CCR8 (mouse)   ITDIYLLNLAASDLLFVLSIPFQTHNLLDQ 
CCR6 (human)   MTDVYLLNMAIADILFVLTLPFWAVSHATG 
CCR6 (mouse)   MTDVYLLNMAITDILFVLTLPFWAVTHATN 
CCR7 (human)   MTDTYLLNLAVADILFLLTLPFWAYSAAKS 
CCR7 (mouse)   MTDTYLLNLAVADILFLLILPFWAYSEAKS 
CCR9 (human)   MTDMFLLNLAIADLLFLVTLPFWAIAAADQ 
CCR9 (mouse)   MTDMFLLNLAIADLLFLATLPFWAIAAAGQ 
CCRA (human)   PTSAHLLQLALADLLLALTLPFAAAGALQG 
CXCR1 (human)  VTDVYLLNLALADLLFALTLPIWAASKVNG 
CXCR1 (rat)    VTDVYVLNLAIADLLFSLTLPFLAVSKWKG 
CXCR2 (mouse)  VTDVYLLNLAIADLFFALTLPVWAASKVNG 
CXCR2_(rat)    VTDVYLLNLAIADLFFALTLPVWAASKVNG 
CXCR2 (human)  VTDVYLLNLALADLLFALTLPIWAASKVNG 
CXCR3 (human)  STDTFLLHLAVADTLLVLTLPLWAVDAAVQ 
CXCR5 (mouse)  STETFLFHLAVADLLLVFILPFAVAEGSVG 
CXCR5 (rat)    STETFLFHLAVADLLLVFILPFAVAEGSVG 
CXCR5 (human)  STETFLFHLAVADLLLVFILPFAVAEGSVG 
CXCR4 (bovin)  MTDKYRLHLSVADLLFVLTLPFWAVDAVAN 
CXCR4 (human)  MTDKYRLHLSVADLLFVITLPFWAVDAVAN 
CXCR4 (mouse)  MTDKYRLHLSVADLLFVITLPFWAVDAMAD 
CXCR4 (rat)    MTDKYRLHLSVADLLFVITLPFWAVDAMAD 
CX3CR1 (human) VTDIYLLNLALSDLLFVATLPFWTHYLINE 
CX3CR1 (mouse) ITDIYLLNLALSDLLFVATLPFWTHYLISH 
CX3CR1 (rat)   ITDIYLLNLALSDLLFVATLPFWTHYLISH 
XCR1 (human)   LTNIFILNLCLSDLVFACLLPVWISPYHWG 
 

 



 
   

 

Figure 3.3.3. Level of expression of the receptors. Cell surface expression of WT CCR5 and 
the different mutants was measured by fluorescence-activated cell sorting using five different 
monoclonal antibodies. The data are representative of three different experiments. The 2D7 
antibody recognizes a conformational epitope centered on ECL2. We have recently identified 
the epitopes of the other antibodies tested here (C. Blanpain, M. Mack, J.-M. Vanderwinden, V. 
Wittamer, E. Le Poul, G. Vassart, and M. Parmentier, manuscript in preparation); MC-1 and 
MC-6 recognize multidomain conformational epitopes, while MC-4 targets a conformational 
NH2-terminal epitope and MC-5 a linear epitope also located in the amino-terminal domain of 
CCR5. Values represent mean cell fluorescence normalized by the value obtained for CCR5 
(100%) separately for each antibody. 
 
 
 

 
 

Figure 3.3.4. Binding properties of the WT and mutant receptors. Competition binding 
assays were performed on CHO-K1 cell lines expressing WT CCR5 and the different mutants 
using 125I-RANTES as tracer. The data are representative of at least two experiments. Results 
were analyzed by the GraphPad Prism software, using a single-site model, and the data were 
normalized for nonspecific (0%) and specific binding in the absence of competitor (100%). All 
points were run in triplicate (error bars represent S.E.). Unlabeled ligands are as follows: 
RANTES (•), MIP-1β (□), MIP-1α (▲), and MCP2 (♦).  
 
 
 

 



 
   

 

Table 3.3.3. Binding and functional properties of WT CCR5 and mutant receptors. The pIC50 
(-log M) values were obtained from competition binding experiments, using 125I-RANTES as a 
tracer (as displayed in Fig. 4). Values represent the mean 6 S.E. of at least two independent 
determinations. The pEC50 (-log M) values were obtained from functional dose-response 
curves using the aequorin assay (as displayed in Fig. 5). Values represent the mean 6 S.E. of 
at least three independent determinations. 
 
 
 

 
 
 
 
 
Figure 3.3.5. Activation of the different receptors by the four CCR5 agonists. Shown is the 
functional response to RANTES (•), MIP-1β (□), MIP-1α (▲), and MCP2 (♦) of CHO-K1 cells 
expressing WT CCR5 or the various mutants using the aequorin assay. All points were run in 
triplicate (error bars represent S.E.). The displayed curves represent a typical experiment out 
of at least three performed independently. Results were analyzed by nonlinear regression using 
the GraphPad Prism software. Data were normalized to maximal cell line stimulation by a 
saturating concentration of ATP. Note that the vertical scales of the graphs have been adapted 
to the maximal responses obtained for each line. 
 

 



 
   

 

Figure 3.4.1. Alignment of TM2 and TM3 sequences from chemokine receptors. A, alignment 
comprising TM2 and TM3 for the different chemokine receptors. The generalized numbering 
scheme (see �Experimental Procedures�) is used to label the alignment. Aromatic residues are 
highlighted in bold characters, whereas the TXP motif is boxed. The limits of the helices were 
defined as those observed for bovine rhodopsin (27). B, subset of the alignment focusing on the 
sequence differences between CCR5 and CCR2. Aromatic residues differing between the two 
receptors are in bold and marked by arrows. The CCR5 numbering for these positions is given 
above the sequence. 
 
 

 
 



 
   

 

Figure 3.4.2. Expression efficiency of the receptor mutants. Cellsurface expression of wt-
CCR5 and the different mutants measured by fluorescence-activated cell sorting using five 
different monoclonal antibodies. The data are representative of three independent experiments. 
The 2D7 antibody recognizes a conformational epitope centered on ECL2, MC-6 and 523 
recognize multidomain conformational epitopes, whereas MC-5 and 3A9 target epitopes 
located in the N-terminal domain of CCR5. Values represent the mean (error bars: S.E.) of the 
mean cell fluorescence obtained in three different experiments, normalized by the value 
obtained for CCR5 (100%) separately for each antibody. 
 
 
 

 
 



 
   

 

Figure 3.4.3. Binding properties of the wt and mutant receptors. Competition binding assays 
on CHO-K1 cell lines expressing wt-CCR5 and the different mutants using 125I-RANTES or 125I-
MIP-1α as tracer. The data are representative of at least two experiments. Results were 
analyzed by the GraphPad Prism software, using a single-site model, and the data were 
normalized for nonspecific (0%) and specific binding in the absence of competitor (100%). All 
points were run in triplicate (error bars: S.E.). Unlabeled ligands are RANTES (■), MIP-1β (▲), 
MIP-1α (∇ ), and MCP2 (◊). 
 
 
 

 
 



 
   

 

Figure 3.4.4. Activation of the different receptors by the four CCR5 agonists. Functional 
response to RANTES (■), MIP-1β (▲), MIP-1α (∇ ), and MCP2 (◊) of CHO-K1 cells expressing wt-
CCR5 or the various mutants, using the aequorin assay. All points were run in triplicate (error 
bars: S.E.). The displayed curves represent a typical experiment out of at least three performed 
independently. Results were analyzed by nonlinear regression using the GraphPad Prism 
software. Data were normalized to maximal cell line stimulation by a saturating concentration 
of ATP. Note that the vertical scales of the graphs have been adapted to the maximal responses 
obtained for each line. 
 

 



 
   

 

Table 3.4.1. Binding and functional properties of wt-CCR5 and mutant receptors. The pIC50 (-log M) values were obtained from competition binding 
experiments, using 125I-RANTES or 125I-MIP-1β as a tracer. Values represent the mean ± S.E. of at least two independent determinations. The pEC50 (-
log M) values were obtained from functional dose-response curves using the aequorin assay. Values represent the mean ± S.E. of at least three 
independent determinations.  
�, not done. NM, not measurable; no specific binding could be detected. 
 
 
 

 
 
 



 
   

 

Figure 3.4.7. GTPγS binding and MAP kinase activation assays of wt-CCR5 and the Y108A 
mutant. A, functional response to RANTES (■), MIP-1β (▲), MIP-1α (∇ ), and MCP2 (◊) of CHO-
K1 cells expressing wt-CCR5 and the Y108A mutant in the GTP�S assay (see �Experimental 
Procedures�). Data are presented as raw counts/min, and all points were run in triplicate 
(error bars: S.E.). The displayed curves represent a typical experiment out of at least two 
performed independently. B, immunoblot detection of activated p42/p44 MAP kinase revealed 
with anti-phosphop42/ p44. CHO-K1 cells expressing either the wt-CCR5 of the Y108A 
mutant were stimulated with RANTES or MCP-2 at three different concentrations (1, 10, and 
100 nM). Detection of p38 by Western blotting was used to control that an equal amount of 
material was loaded in each lane. A typical experiment of three performed independently is 
shown. 
 
 
 
 

 
 


