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Abstract

G protein—coupled receptors constitute a large and functionally diverse
family of transmembrane proteins. They are fundamental in the transfer
of extracellular stimuli to intracellular signaling pathways and are among
the most targeted proteins in drug discovery. Recent advances in crys-
tallization methods have permitted to resolve the molecular structure of
several members of the family. This chapter focuses on the impact of these
structures in the use of homology modeling techniques for building three-
dimensional models of homologous G protein—coupled receptors, higher
order oligomers, and their complexes with ligands and signaling proteins.
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2.1 Introduction

Membrane receptors coupled to guanine
nucleotide-binding proteins (commonly known
as G protein-coupled receptors, GPCRs)
comprise one of the widest and most adaptable
families of cellular sensors, as they are able
to mediate a wide range of transmembrane
signal transduction processes (Kristiansen 2004).
GPCRs are present in almost every eukaryotic
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organism, including fungi and plants. They
are highly diversified in mammalian genomes
with current estimates of about 1,000 genes
(2-3 % of the human proteome) (Fredriksson and
Schioth 2005). GPCRs transduce sensory signals
of external origin such as odors, pheromones,
or tastes; and endogenous signals such as
neurotransmitters, (neuro)peptides, proteases,
glycoprotein hormones, purine ligands and
ions, among others. The response is operated
through second messenger cascades controlled
by different heterotrimeric guanine nucleotide-
binding proteins (G-proteins) coupled at their
intracellular regions (Oldham and Hamm 2008).
Due to their relevance to cellular physiology
(Smit et al. 2007) and their accessibility from the
extracellular environment, membrane proteins
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represent a significant portion of therapeutic drug
targets (Arinaminpathy et al. 2009; Imming et al.
2006).

The Structure of G
Protein-Coupled Receptors

2.2

Significant advances in crystallization of GPCRs
(Day et al. 2007; Serrano-Vega et al. 2008) have
permitted to elucidate the crystal structures of
many receptors (Table 2.1) (see (Katritch et al.
2012, 2013) for recent reviews). All these struc-
tures share the common architecture of seven
plasma membrane-spanning (or transmembrane)
domains (TMs, which also terms this family of
proteins as 7TM receptors) connected to each
other with three extracellular (ECL) and three
intracellular loops (ICL), a disulphide bridge be-
tween ECL 2 and TM 3, and a cytoplasmic C—
terminus containing an o-helix (Hx8) parallel to
the cell membrane. In addition, GPCRs contain
an extracellular N-terminal region (N-terminus)
and an intracellular C-terminal tail (C-tail).

2.3 Homology Modeling of G

Protein-Coupled Receptors

Because of the limited high-resolution struc-
tural information on GPCRs, computational
techniques to predict their structure from the
amino acid sequence are a valuable tool (Pieper
et al. 2013). Recently, de novo techniques using
evolutionary constraints have been applied to
predict 3D structures of TM proteins (Hopf et al.
2012). However, homology models of proteins
with unknown experimental structure can also
be built from homologous proteins of known
structure and similar sequence (templates). This
method is based on the fact that in homologous
proteins, structure is more conserved than
sequence. Thus, in general, homologous proteins
with a sequence identity above 35 % have a
similar 3D structure (Krissinel and Henrick
2004). Because membrane proteins contain
only two types of folds in their TM domains,
a-helix bundles and pP-barrels, a significant
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set of membrane proteins maintains a strong
conservation of the TM structure even at low
sequence identity (<20 %) (Olivella et al. 2013).
The GPCR family is not an exception.
All crystal structures preserve analogous
secondary/tertiary structures at the seven-helical-
bundle domain (Fig. 2.1) despite the percentage
of sequence identity in the TM segments is very
low (Mobarec et al. 2009; Gonzalez et al. 2012).
Structure conservation in the GPCR family is
associated, in contrast to other proteins, to the
presence of at least one highly conserved amino
acid in each helix (Mirzadegan et al. 2003): N
in TM1 (present in 98 % of the sequences), D
in TM2 (93 %), R in TM3 (95 %), W in TM4
(96 %), P in TMS (76 %), P in TM6 (98 %),
and P in TM7 (93 %). This feature was used
by Ballesteros and Weinstein (1995) to define
a general numbering scheme consisting of two
numbers: the first (1 through 7) corresponds to
the helix in which the amino acid of interest
is located; the second indicates its position
relative to the most conserved residue in the
helix, arbitrarily assigned to 50. Significantly, the
position of these highly conserved amino acids in
each helix is the same in the superimposition
of the currently available crystal structures
(Fig. 2.1). This finding validates the use of these
amino acids as reference points in TM sequence
alignments (instead of the common procedure
of using substitution matrices and fast sequence
similarity search algorithms) (see red box in
Fig. 2.2), and in the construction of homology
models of GPCRs with unknown structure (de la
Fuente et al. 2010; Blattermann et al. 2012).

24 The Conformation
of Transmembrane Helices
in G Protein-Coupled

Receptors

Figure 2.1 shows the superimposition of the
TM domain of representative crystal structures.
Clearly, the structure of the cytoplasmic part is
highly conserved. This structural conservation
correlates with the fact that most conserved
residues are clustered in the central and
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Table 2.1 Crystal structures of G protein coupled receptors

Receptor
Rhodopsin
Bovine Rhodopsin (bRho)

Squid Rhodopsin (sRho)

Opsin
Opsin + transducin peptide

Constitutively active rhodopsin

Metarhodopsin II

Metarhodopsin II + transducin peptide

Biogenic amine receptors
Bi-adrenergic (8;AR)
B1AR

B1AR homo-oligomer
B,-adrenergic (3,AR)

B2AR + nanobody

B2AR + Gs

Dopamine D3 (D3R)
Histamine H; (H;R)
Muscarinic M, (M,R)
Muscarinic M3 (M3R)
Serotonin SHT ;g (SHTgR)
Serotonin SHT ;g (SHT,5R)
Nucleotide

Adenosine Aja (A2aR)
AsaR

AR +Nat

Peptide receptors

CXCR4

CXCR4

p-opioid (jL-OR)

k-opioid (k-OR)

8-opioid (8-OR)
Nociceptin/orphanin FQ
Neurotensinl (NTSR1)

Protease-activated receptor 1 (PAR1)

Lipid

Sphingosine S1P (S1P;R)
Frizzled (class F)
Smoothened (SMO)

Ligand PDB Reference
11-cis retinal 1F88, 1IGZM Palczewski et al. (2000)
and Li et al. (2004)
11-cis retinal 2773 Murakami and Kouyama
(2008)
3CAP Park et al. (2008)
3DQB Scheerer et al. (2008)
2X72 Standfuss et al. (2011)
11-trans retinal 3PXO0O Choe et al. (2011)
11-trans retinal 3PQR Choe et al. (2011)
Cyanopindolol 2VT4 Warne et al. (2008)
Isoprenaline 2Y03 Warne et al. (2011)
4GPO Huang et al. (2013)
Carazolol 2RH1 Cherezov et al. (2007) and
Rosenbaum et al. (2007)
BI-167107 3POG Rasmussen et al. (2011a)
BI-167107 3SN6 Rasmussen et al. (2011b)
Eticlopride 3PBL Chien et al. (2010)
Doxepin 3RZE Shimamura et al. (2011)
3-quinuclidinyl-benzilate ~ 3UON Haga et al. (2012)
Tiotropium 4DAJ Kruse et al. (2012)
Ergotamine 4IAR Wang et al. (2013a)
Ergotamine 41B4 Wacker et al. (2013)
ZM241385 3EML Jaakola et al. (2008)
UK-432097 3QAK Xuetal. (2011)
7ZM241385 4E1Y Liu et al. (2012)
CVX15 30E0 Wau et al. (2010)
IT1t 30DU Wau et al. (2010)
B-funaltrexamine 4DKL Manglik et al. (2012)
JDTic 4DJH Wau et al. (2012)
Naltrindole 4EJ4 Granier et al. (2012)
C-24 4EA3 Thompson et al. (2012)
Neurotensin (8—13) 4GRV White et al. (2012)
Vorapaxar 3VW7 Zhang et al. (2012)
MLO056 3V2Y Hanson et al. (2012)
LY2940680 4JKV Wang et al. (2013b)

intracellular regions of the receptor (Mirzadegan
et al. 2003). In contrast, there is a low degree of
sequence conservation among different GPCRs
at their extracellular domains. Accordingly, the
structure of the extracellular part of TM helices
is more divergent. We have previously suggested

that GPCRs, during their evolution, have evolved
to adjust the structural characteristics of their
cognate ligands, by customizing a preserved
scaffold (7TM receptors) through conformational
plasticity (Deupi et al. 2007). We use this
term to describe the structural differences
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Fig. 2.1 Comparison of
the TM bundle of
GPCRs. The structures of
bRho (PDB code 1U19),
B,R (2RH1), D3R (3PBL),
H;R (3RZE), MR,
SHT,R (4IAR), AsaAR
(4E1Y), CXCR4 (30DU),
WOR (4DKL), NTSR1
(4GRV), PAR1 (3VW7),
and S1P{R (3V2Y) are
shown. The colour code of
the helices is TMs 1 in
white, 2 in yellow, 3 in red,
4 in grey, 5 in green, 6 in
dark blue, and 7 in light
blue. The highly conserved
N1.50 (in white), D2.50 (in
yellow), R3.50 (in red),
W4.50 (in grey), P5.50 (in
green), P6.50 (in dark
blue), and P7.50 (in light
blue) are shown as spheres

T™1 ™2

KB v FcoFTTTHY S - -

1o

--NES) e V- I OBV
VEEQFOH I ME -G L ERC LV s
OEMTRNCVELF v Ui

a c

-==KHYILFCTTH

it
== =ASRSEHENVALLE
N r wHEAS

PILLL

cmeamaaa LA n
MEAL | -~ FYDR

s -SEXVREY!
SHIIB ------memmmcmaeea] VT Fc Al A - KEYE

|*
MEMN | m
WVIEEC A AHTEM - -

LYyTEETY

- - - - THax ABKE vERME |
] nl ------ KGHOERKNLEETvilL 1 LAK
- [ L1T (8%

- - - - ENHE ) MC VP
RPRKLLA vl

LB} -=
WA EBwaF v

Fig. 2.2 Sequence alignments of TMs 1-7 of GPCRs with known structures. The highly conserved amino acids in
each helix, used as reference points in TM sequence alignments are boxed in red

among different receptor subfamilies within the
extracellular side, near the binding site crevices,
responsible for recognition and selectivity of
diverse ligands.

Moreover, comparison among the crystal
structures of GPCRs revealed backbone
anomalies, in the form of kinks and bulges,
in the majority of TM helices. These non-
canonical elements are frequent in TM proteins,

modulating the polytopic membrane protein
architecture (Riek et al. 2001). Deviations from
the regular a-helical context have been associated
to prolines (Von Heijne 1991), glycines (Senes
et al. 2000), serines and threonines (Deupi et al.
2004, 2010), or to the insertion or deletions
(indels) of residues within the TMs (Deville
et al. 2009). Moreover, specific intra- and
interhelical interactions involving polar side
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Fig. 2.3 Comparison of
individual TM helices in
representative structures
of the inactive state of
GPCRs. The most
conserved domain of the
helices is superimposed.
The crystal structures of
GPCRs revealed backbone
anomalies, in the form of
kinks and bulges, in the
majority of TM helices

chains, backbone carbonyls, disulphide bridges
and, in some cases, structural water molecules
embedded in the TM bundle (Pardo et al. 2007)
also cause these distortions. Here we present a
detailed analysis of these distortions and their
implication in modeling other GPCRs. Figure 2.3
shows the superimposition of the more conserved
part of individual TM helices in representative
structures of the inactive state of GPCRs.

2.4.1 Transmembrane Helix 1

The extracellular region of TM1 displays a bend-
ing propensity in some of the crystal structures

B cxcar
M rHO
B s-or
[ s1PiR
A2AR
D3R
M2R
HIR
SHT28
ADRB2

T™M7

(Fig. 2.3). It appears shifted towards the central
axis of the receptor in Rho, A;sR, CXCR4,
opioid receptors, NTSR1, and PAR1. The major
displacement of TM1 corresponds to CXCR4 due
to the formation of a disulphide bond between
the C28 in the N-terminal region and C27472
in TM7 (Wu et al. 2010). In contrast, TM1 is
pointing outside of the bundle in biogenic amine
receptors. The highly conserved N'** (97 % in
class A non-olfactory GPCRs) most probably
influences the packing of the TM bundle (see
Fig. 2.3) since its Ns;-H atoms act as hydrogen
bond donors in the interaction with the backbone
carbonyl oxygen of residues at positions 1.46 and
7.46, linking TMs 1 and 7. Moreover, Og; of
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N!0 interacts with the highly conserved D>
(in 92 % of the sequences), via a conserved
water molecule, linking TMs 1 and 2. Previous
studies have shown that interactions involving
a polar Asn side chain provide a strong ther-
modynamic driving force for membrane helix
association (Choma et al. 2000).

2.4.2 Transmembrane Helix 2 -
Extracellular Loop 1

The shape of TM?2 at the extracellular part, which
bends towards TM1 and leans away from TM3,
is similar in all structures (Fig. 2.3); despite
the amino acid sequence is strongly divergent
with, for instance, Pro residues at either po-
sition 2.58 (CXCR4, opioid receptors, PAR1),
2.59 (biogenic amine receptors, NTSR1) or 2.60
(sRho). The only exception is TM2 of AjaR,
which contains Pro at position 2.59 but kinks
towards TM3 due to the Cys-bridge between
ECL1 and ECL2 exclusive of this family (not
shown); and TM2 of S1P;R that lacks Pro in
the helix (see below). Contrarily to S1PR, the
also Pro-lacking bRho and muscarinic receptors
possess TM2 structurally similar to the other
Pro-containing receptors due to the presence of
the GGXTT motif in bRho and N%>* in mus-
carinic receptors that hydrogen bonds the back-
bone carbonyl at position 2.55 (Gonzalez et al.
2012). Interestingly, the superimposition of struc-
tures reveals that the highly D> and the Pro
residue located at position 2.58, 2.59 or 2.60
are perfectly overlaid (Gonzalez et al. 2012).
Thus, the backbone helical conformation of the
amino acids located between these two residues
must differ. In this region, TM2 of CXCR4,
opioid receptors, and PAR1 adopts a 31y or tight
turn (~3.0 residues per turn), TM2 of biogenic
amine receptors and NTSR1 adopts a -bulge or
wide turn (~4.8 residues per turn), and TM2 of
sRho presents an extreme distortion (~9 residues
per turn) characterized by a cis P> backbone
conformation, which is stabilized by two water
molecules (Gonzalez et al. 2012). In contrast to
these receptors, SIP;R contains a canonical a-

A. Gonzalez et al.

helix at the extracellular part (~3.6 residues per
turn). This conformation of TM2 moves its extra-
cellular part away from the TM bundle, relative to
the other structures, and modifies the orientation
of the side chains at the extracellular side. In
order to translate these structural observations
into the sequence space, a two-residue gap in the
sequences of SIP|R, CXCR4, opioid receptors
and PARI, or one-residue gap in the sequences
of bRho, biogenic amine receptors and NTSR1,
relative to sRho, must be inserted (Gonzalez et al.
2012) (Fig. 2.2).

Importantly, the conserved Trp residue
in ECL1, part of the (W/F)x (F/L)G motif
previously identified (Klco et al. 2006), points
toward the helical bundle, between TMs 2 and
3, in the crystal structures with the exception of
S1P;R (not shown).

2.4.3 Transmembrane Helix 3

TM3 is the longest and most tilted helix in the
receptor structures. No major deviations among
structures are observed with the exception of
AR, due to the Cys-bridge between ECL1 and
ECL2 exclusive of this family (see above). The
highly conserved C*?3 forms a disulphide bridge
with a Cys residue located at various positions
in ECL2. The cytoplasmic side of TM3 contains
the highly conserved (D/E)R3Y(Y/W) motif in-
volved in receptor activation (see below). Impor-
tantly, the central location of TM3 within the
TM bundle allows the helix to interact with the
ligand at the extracellular part and with the G
protein at the intracellular part (Venkatakrishnan
et al. 2013).

2.4.4 Transmembrane Helix 4

TM4, the shortest helix, is almost perpendicular
to the membrane. However, significant structural
divergences at the extracellular part of TM 4
are found among structures, which may be re-
lated to the structural requirements necessary
to accommodate the diverse ECL2 architectures
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(see below). For instance, in contrast to TM4
of other biogenic amine receptors, TM4 of mus-
carinic receptors bends towards outside of the
bundle, away from TM3, due to the hydrogen
bond interactions between the side chain of Q*%
and the backbone carbonyl oxygen at position
4.62. Significantly, the shape of TM4 at the ex-
tracellular part, in peptide receptors (in which
ECL2 is formed by two B-strands, see below),
bends towards TM3. In CXCR4, TM4 is longer
and substantially deviate from the conformation
observed in other peptide receptors.

2.4.5 Transmembrane Helix 5

P339 (conserved in 76 % of the rhodopsin-like
sequences) induces a local opening of TMS, at
the 5.43-5.48 turn (Pro-unwinding), in all crystal
structures except S1P;R (see below), which has
been proposed to be involved in the mechanism of
ligand-induced receptor activation (Sansuk et al.
2011; Rasmussen et al. 2011a). Thus, P> trig-
gers a -bulge or wide turn conformation (~5
residues per turn). However, A;4R displays an
extended opening of TM5 from positions 5.35—
5.48, in contrast to other P>*°-containing struc-
tures in which the opening of the helix is re-
stricted to the 5.43-5.48 range of amino acids.
Moreover, P> is absent in melanocortin, gly-
coprotein hormone, lysosphingolipid, prostanoid,
and cannabinoid receptors. In these cases,
the similarly conserved Y>® (73 % of
the sequences), functionally involved in the
stabilization of the active state of the receptor
by interacting with R3>° of the (D/E)RY motif
in TM3, as revealed by the crystal structures
of BAR in complex with Gs (Rasmussen
et al. 2011b) and the ligand-free opsin (Park
et al. 2008), is used as reference for sequence
alignment of TMS5 (Fig. 2.2). The absence of
Pro in TMS of SIP|R leads to a regular a-
helical conformation (~3.6 residues per turn).
Thus, the alignment of the S1P;R sequence to
the other receptors requires two-residue gap
relative to AyaR and one-residue gap relative
to all other structures, which overlays Y37 (i-13

relative to P>%) of A;aR with F/Y>3® of the
P330_containing structures (i-12 relative to P>9)
and F/Y/W33 of the P3-lacking structures
(Fig. 2.2).

2.4.6 Transmembrane Helix 6

TM6 presents the most pronounced kink in the
TM bundle. This severe distortion is energetically
stabilized through two structural and functional
elements. First, P> of the highly conserved
CWxP%°(Y/F) motif introduces a flexible point
in TM6 facilitating this extreme conformation.
Second, a structural water molecule located in a
small cavity between TMs 6 and 7 help to main-
tain the Pro induced distortion. This water acts as
a hydrogen-bond acceptor in the interaction with
the backbone N-H amide at position 6.51, and as
a hydrogen bond donor in the interactions with
the backbone carbonyl at position 6.47 and 7.38.
Thus, in addition to stabilizing the kink of TM6,
this water molecule links TMs 6 and 7.

2.4.7 Transmembrane Helix 7

TMT7 start at different position among receptors.
TM7 in CXCR4 is two helical turns longer than
in other GPCRs. In this case, the longer TM7
allows C72° to be placed at the tip of the helix
in a favorable position to form a disulphide bond
with Cys28 in the N-terminal region. TM7 is
kinked at P7° of the highly conserved NPxxY
motif. This region of TM7, involved in key con-
formational changes associated with GPCR ac-
tivation (Rosenbaum et al. 2009), is highly ir-
regular. A network of water molecules stabilizes
the helical deformation of TM7 and provides
hydrogen-bonding partners to polar side chains.
For instance, the unusual P7° deformation re-
moves the intrahelical hydrogen bond between
the carbonyl group and the N-H amide at po-
sitions 7.45 and 7.49, respectively. A conserved
water molecule is located between the backbone
carbonyl at position 7.45 and the backbone N-H
amide at position 7.49.
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The Extracellular Surface
in Class A G Protein-Coupled
Receptors

2.5

The extracellular surface of GPCRs is defined by
the conformation of the N-terminus region and
ECLs1-3. Notably, the N-terminus and ECL2 in
particular are highly variable in sequence, length,
and structure (Peeters et al. 2011) (Fig. 2.4).
In rhodopsin, the N-terminus (formed by two
B-strands) and ECL2 (two P-strands) block the
access of the extracellular ligand to the core of
the receptor (Palczewski et al. 2000). Similarly,
in S1P;R, the N-terminus (contains a short
a-helix) covers half the binding pocket and
ECL2 (formed by a family-specific disulphide
bridge within ECL 2, but lacking the conserved
disulphide bridge between TM3 and ECL 2)

covers the other half (Hanson et al. 2012). In
these cases, retinal (Hildebrand et al. 20009;
Park et al. 2008) and sphingosine-1-phosphate
(Hanson et al. 2012) may gain access to the
binding pocket from the lipid bilayer (Martin-
Couce et al. 2012). In contrast, ECL2 in
biogenic amine receptors, adenosine and peptide
receptors adopt different spatial conformations
that maintain the binding site rather accessible
from the extracellular environment (Fig. 2.4).
ECL2 of peptide receptors are formed by two -
strands, whereas a helical segment forms ECL2
of adrenergic receptors. This o-helix between
TM4 and the disulphide bridge is not conserved
in the other members of the biogenic amine
receptor family. Thus, each receptor subfamily
has probably developed, during evolution, a
specific N-terminus/ECL2 to adjust the structural
characteristics of its cognate ligands, and to

Fig. 2.4 Molecular surface of the extracellular domain in known crystal structures of GPCRs. The N-terminus
domain is shown in red, ECL2 is shown in yellow, and the ligand in the binding site is shown as spheres
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modulate the ligand binding/unbinding events
(Hurst et al. 2010; Dror et al. 2011; Gonzalez
et al. 2011).

2.6 LigandBindingto G

Protein-Coupled Receptors

Analysis of the known crystal structures of
GPCRs shows that ligand binding mostly occurs
in a main cavity located between the extracellular
segments of TMs 3, 5, 6, and 7 or in a minor
binding cavity located between the extracellular
segments of TMs 1, 2, 3, and 7 (Rosenkilde
et al. 2010) (Fig. 2.5a). Despite these common
pockets, different ligands penetrate to different
depths within the TM bundle (Venkatakrishnan
et al. 2013) (Fig. 2.5b—f). A major issue in these
common binding modes is the specificity of
ligands among subfamilies of receptors.

Intracellular Structural
Changes Associated

with Activation of G
Protein-Coupled Receptors

2.7

The publication of the crystal structure of the
ligand-free opsin (Park et al. 2008), which con-
tains several distinctive features of the active state
as it has been confirmed in the recent structure
of the P,-adrenergic receptor bound to Gs (Ras-
mussen et al. 2011b), showed that during the
process of receptor activation the intracellular
part of TM6 tilts outwards, TMS5 nears TM6, and
R within the (D/E)RY motif in TM3 adopts
an extended conformation pointing towards the
protein core, to interact with the highly conserved
Y38 in TMS and Y733 of the (N/D)PxxY motif in
TM7 (Fig. 2.6). As shown in the original publica-
tion of the opsin structure, these conformational

Fig. 2.5 Ligand binding to GPCRs. (a) Binding cav-
ities in P, AR. (b) The binding of vorapaxar (white) to
PARI (Zhang et al. 2012), IT1t (gray) to CXCR4 (Wu
et al. 2010), and morphinan (olive) to n-OR (Manglik
et al. 2012). (¢) The binding of the CVX15 cyclic peptide
(olive) to CXCR4 (Wu et al. 2010) and aminoacids 8—
13 of neurotensin (pink) to NTSR1 (White et al. 2012).

(d) The binding of doxepin (white) to HiR (Shimamura
etal. 2011) and ergotamine (gray) to SHT,R (Wang et al.
2013a). (e) The binding of ZM241385 (white) to AsaR
(Jaakola et al. 2008). (f) The binding of ML056 to SIP;R
(Hanson et al. 2012). The structures of retinal (orange
sticks) and C*>? and WO (green sticks) are shown in
panels B-F for comparison purposes
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Fig. 2.6 Intracellular
structural changes
associated with receptor
activation. Comparison of
(a, ¢) the crystal structure
of inactive rhodopsin
(1GZM) with (b, d) the
crystal structure of the
ligand-free opsin (3CAP),
which contains several
distinctive features of the
active state, in views
parallel (c, d) and
perpendicular (a, b) to the
membrane. Panel B shows
the positions of TMs 3, 5-7
in rhodopsin (transparent
cylinders) and opsin
(opaque cylinders) for
comparison purposes

changes disrupt the ionic interaction between
R30 with negatively charged side chains at po-
sitions 3.49 in TM3 and 6.30 in TM6 (Fig. 2.6a,
¢) and facilitates the interaction between K>-9°
in TM 5 and E®¥* in TM 6 (Fig. 2.6b, d). It
has been suggested that conserved hydrophobic
amino acids in the environment of these key
polar residues form hydrophobic cages, which
also restrain GPCRs in inactive conformations
(Caltabiano et al. 2013).

Mechanism of
Ligand-Induced G
Protein-Coupled Receptor
Activation

2.8

The crystal structure of a nanobody-stabilized
active state of the f,-adrenergic receptor bound to
the BI-167107 agonist (Rasmussen et al. 2011a)
shows hydrogen bonding interactions with S342
and S°#° (Fig. 2.7a). These interactions stabilize
a receptor conformation that includes a 2.1 A
inward movement of TMS at position 5.46 and
1.4 A inward movement of the conserved P>
relative to the inactive, carazolol-bound structure
(Rosenbaum et al. 2007). This key distortion is
stabilized in the known crystal structures by a
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5.66

bulky hydrophobic side chain at position 3.40
(Fig. 2.7a), highly conserved in the whole Class
A GPCR family (I:140 %, V:25 %, L:11 %).
Mutation of I**° to either Ala or Gly, i.e. re-
moving the bulky side chain at this position,
abolishes the constitutive activity of the histamine
H, receptor, the effect of constitutive-activity
increasing mutations, as well as the histamine-
induced receptor activation (Sansuk et al. 2011).
Thus, the inward movement of P3>° upon ag-
onist binding repositions I**° and F®**, which
contributes to a rotation and outward movement
of TM6 for receptor activation (Rasmussen et al.
2011a).

The structures of metarhodopsin II (Choe et al.
2011), the constitutively active rhodopsin (Stand-
fuss et al. 2011) and the A5 adenosine receptor
in complex with the agonist UK-432097 (Xu
et al. 2011) have shown that W®*® moves toward
TMS relative to the inactive structures (Fig. 2.7b),
facilitating the rotation and tilt of the intracellular
part of TM6.

The role of the extracellular domain in re-
ceptor function still remains unclear. However,
NMR studies on the f,-adrenergic receptor have
shown ligand-specific conformational changes on
the extracellular domain (Bokoch et al. 2010).
Similarly, it has recently been reported that a



2 Modeling of G Protein-Coupled Receptors Using Crystal Structures... 25

Fig. 2.7 Mechanisms of ligand-induced receptor ac-
tivation. (a) Detailed view of the P,-adrenergic recep-
tor bound to the full agonist BI-167107 (in orange).
The hydrogen bond interaction between full agonists
and S stabilizes a receptor conformation that in-
cludes an inward movement of TMS5 relative to the
inactive (shown in white for comparison purposes),

small cavity (vestibule) present at the entrance
of the ligand-binding cavity controls the extent
of receptor movement to govern a hierarchical
order of G-protein coupling (Bock et al. 2012).
Finally, the N-terminal domain of melanocortin
receptors plays a significant role in their consti-
tutive, ligand-independent, activity (Ersoy et al.
2012).

29  GProtein-Coupled Receptor

Oligomerization

GPCRs have been classically described as
monomeric TM receptors that form a ternary
complex: a ligand, the GPCR, and its associated
G protein. This is compatible with observations
that monomeric rhodopsin and f;-adrenergic
receptor are capable of activating G proteins
(Ernst et al. 2007; Whorton et al. 2007).
Nevertheless, it is now well accepted that many
GPCRs have been observed to oligomerize in
cells (Pin et al. 2007; Ferre et al. 2009). It has
been shown that receptor activation is modulated
by allosteric communication between protomers
of dopamine class A GPCR dimers (Han et al.
2009). The minimal signaling unit, two receptors

carazolol-boundstructure. (b) The conformational change
of inactive 11-cis retinal (in white) to the active 11-trans
retinal (in orange) stabilizes a receptor conformation that
includes an inward movement of TM5 together with a
movement of W*® toward TMS5 relative to the inactive
structures (shown in white for comparison purposes)

and a single G protein, is maximally activated
by agonist binding to a single protomer. Inverse
agonist binding to the second protomer enhances
signaling, whereas agonist binding to the second
protomer blunts signaling. Moreover, binding of
agonists or the G protein to f,- regulates receptor
oligomerization (Fung et al. 2009). Cysteine
cross-linking experiments have suggested that
receptor oligomerization involves hydrophobic
interactions via the surfaces of TMsl1, 4, and/or
5 (Klco et al. 2003; Guo et al. 2005, 2008).
Nevertheless, electrostatic interactions of the
intracellular domains are key in the formation of
receptor heteromers (Navarro et al. 2010).

The recent release of the high-resolution crys-
tal structures of WOR (Manglik et al. 2012) and
B1-AR (Huang et al. 2013) in the form of homo-
oligomers (Fig. 2.8) facilitates the task of mod-
eling GPCR dimers and higher order oligomers.
The structure of WOR shows receptor molecules
associated into pairs through two different in-
terfaces (Fig. 2.8a). The first interface is via
TMs1 and 2 and Hx8, and the second interface
comprises TMs 5 and 6. The structure of §;-AR
contains a similar TMs1 and 2 and Hx8 interface
but the other interface engages residues from
TMs4 and 5 (Fig. 2.8b).
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protomer 1 protomer 2

p-opioid (4DKL)

™5 ™1 ™4

protomer 1 profomer 2 protomer 3 protomer 1 protomer 2

B1-adrenergic (4GPO) histamine H1 (3RZE)

Fig. 2.8 GPCR oligomerization. The recent high- of homo-oligomers, and sRho (Murakami and Kouyama
resolution crystal structures of (a) pOR (Manglik et al. 2008) and H;R (Shimamura et al. 2011) in the form of
2012) and (b) B;-AR (Huang et al. 2013) in the form  homo-dimers
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Additional crystal structures with GPCR
dimers have been published. Interestingly, a TM 1
interface, similar to the one observed for WOR
and B-AR, is present in the structures of the kOR
(Wu et al. 2012), opsin (Scheerer et al. 2008), and
metarhodopsin II (Choe et al. 2011). Moreover,
the TM4/5 interface of P;-AR resembles the
interface previously obtained for rhodopsin
using atomic force microscopy (Fotiadis et al.
2003). The crystal structure of the histamine H;
receptor (Shimamura et al. 2011) contains a TM4
interface (Fig. 2.8d), which is different from the
TM4/5 interface of f;-AR due to the absence
of TMS5 contacts. Similarly, the structures of
CXCR4 (Wu et al. 2010) and squid rhodopsin
(Murakami and Kouyama 2008) contain a TM5
interface (Fig. 2.8c), which are different from the
TMA4/5 interface of B1-AR or the TM5/6 interface
of WOR.

2.10 TheBinding of G
Protein-Coupled Receptors
to the G Protein

The formation of the complex between the
active conformation of the receptor and the
heterotrimeric G protein triggers GDP release
from the Ga-subunit, GTP binding to the Ga-
subunit and dissociation of the Gy-subunits
(Chung et al. 2011), which finally leads to a
cascade of signals depending on the G-protein
type. Noteworthy, more than 800 known GPCRs
can bind 17 different Ga subunits, which have
been grouped into four different classes (Gay,
Gaj, Gogq and Goyp) (Simon et al. 1991). To
date, the crystal structures of the ligand-free
opsin (Scheerer et al. 2008), metarhodopsin
II (Choe et al. 2011) and the constitutively
active rhodopsin mutant E*28Q (Standfuss
et al. 2011) in complex with a peptide derived
from the carboxy terminus of the o-subunit
of the G protein transducin, together with the
structure of the P,-adrenergic receptor bound
to Gs (Rasmussen et al. 2011b) have been
released. These structures have shown that the C-

terminal a5 helix of Ga binds to the intracellular
cavity that is opened by the movement of
the cytoplasmic end of TM6 away from TM3
and towards TMS5 (see above). The C-terminal
a5 helix of the a-subunit interacts with the
extended conformation of R3°, the short loop
connecting TM7 and HxS8, and the inner side of
the cytoplasmic TMs 5 and 6 (Fig. 2.9).

2.11 The Binding of the C-Tail of G
Protein-Coupled Receptors

to Arrestin

Phosphorylation of several residues of the C-tail
of GPCRs, by Ser/Thr kinases called G protein-
coupled receptor kinases (GRKs), promotes the
interactions between the receptor and arrestin,
leading to receptor desensitization (Lefkowitz
and Shenoy 2005). GPCRs can bind four different
arrestin proteins: arrestin-1 and arrestin-4 (known
as visual arrestins) bind to the phosphorylated
form of active rhodopsin, whereas arrestin-2
and arrestin-3 interact and regulate the activity
of non-visual GPCRs (Gurevich and Gurevich
20006).

Arrestin comprises two domains (N- and
C- domains) of antiparallel p-sheets connected
through a hinge region (Granzin et al. 1998)
(Fig. 2.10). The binding region for phosphory-
lated ligand-activated receptor is located at the N-
terminal domain, which is occupied by the long
C-terminal tail in the basal state (blue peptide
in Fig. 2.10a). The crystal structure of arrestin-2
in complex with a phosphorylated 29-aminoacid
carboxy-terminal peptide derived from the human
V2 vasopressin receptor (V2Rpp) (Shukla et al.
2013) has recently released. This structure shows
that the phosphorylated C-tail region of GPCRs
(yellow peptide in Fig. 2.10a) displaces the C-
tail of arrestin. Moreover, an active conformation
of arrestin-1, mimicked by C-tail truncation,
has also been published (Kim et al. 2013).
Both structures show significant conformational
changes relative to inactive, basal, arrestin.
These include rotation of the N- and C-terminal
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Fig. 2.9 G-protein binding. (a) Crystal structure of
the B,-adrenergic receptor in complex with the Gs het-
erotrimer (a-subunit in olive, B-subunit in white, and y-
subunit in gray). The C-terminal o5 helix of the a-subunit
is shown in orange. The rectangle shows the part of the

domains relative to each other, and major
reorientations of the lariat, middle, and finger
loops (Fig. 2.10b).

2.12 Conclusions

GPCRs are disordered allosteric proteins that
exhibit modulator behavior with a number of
guests in both the extracellular (ligand) and
intracellular (G protein, arrestin) spaces (Kenakin
and Miller 2010). This considers GPCRs as
monomeric TM receptors. Nevertheless, it is
now well accepted that many GPCRs form
homo- and hetero-oligomers (Khelashvili et al.
2010). Since 2007, innovative crystallographic
techniques (Venkatakrishnan et al. 2013) have
resulted in an exponential growth in the number

complex depicted in panel B. (b) Detailed view of the
interaction between the C-terminal a5 helix of the a-
subunit (in orange) with the short loop connecting TM7
and Hx8 (light blue), TM3 (red), and the inner side of the
cytoplasmic TMs 5 (green) and 6 (blue)

of solved structures that include several members
of the GPCR family (bound to either agonists,
antagonists, or inverse agonists), in the form
of monomers or homo-oligomers, in complex
with the G protein, or the C-tail bound to
arrestin. Thus, the used of these structures
as templates allows molecular modelers to
simulate the process of signal transduction
through the cell membrane. These tailor-made
models can study ligand binding, receptor
specificity, receptor activation, G protein
coupling, allosteric communication among
protomers, among others. However, we want
to emphasize that homology modeling of GPCRs
is far from being a routine technique. Clearly,
the inclusion of experimental results can improve
the reliability of the models, and their predictive
character.
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N domain

Fig. 2.10 The binding of the C-tail of GPCRs to ar-
restin. (a) The active conformation of arrestin-2 (PDB
id 4JQI, shown in orange) is superimposed to inactive
arrestin-2 (1G4M, in gray). The phosphorylated C-tail
region of GPCRs (yellow peptide) displaces the C-tail
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