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Abstract

G-protein-coupled receptors (GPCRs) are the largest family of eukaryotic plasma membrane

receptors, and are responsible for the majority of cellular responses to external signals. GPCRs

share a common architecture comprising seven transmembrane (TM) helices. Binding of an

activating ligand enables the receptor to catalyze the exchange of GTP for GDP in a heterotrimeric

G protein. GPCRs are in a conformational equilibrium between inactive and activating states.

Crystallographic and spectroscopic studies of the visual pigment rhodopsin and two b-adrenergic

receptors have defined some of the conformational changes associated with activation.

Introduction

G-protein-coupled receptors (GPCRs) are a large family of integral membrane proteins

responsible for the majority of signal transduction across the eukaryotic cell membrane.

GPCRs mediate responses to hormones, neurotransmitters, odorants, and light. As such, they

represent important pharmacological targets, and are the targets of somewhere between 25

and 40% of all drugs currently in use. GPCRs share a common architecture within the

membrane consisting of seven transmembrane (TM)-spanning helices, with an extracellular

amino terminus and a cytoplasmic carboxy terminus.

Binding of an activating ligand to a GPCR leads to the interaction of the cytoplasmic side of

the receptor with a cognate heterotrimeric G protein. Most GPCRs examined to date

catalyze a baseline level of nucleotide exchange by the cognate G protein in the absence of a

ligand. Addition of an activating ligand (an agonist or a partial agonist) increases the

exchange activity over this baseline, whereas addition of an inverse agonist reduces activity

relative to the unliganded state. Ligands designated antagonists do not affect the baseline

exchange activity but prevent the binding of other ligands. These observations suggest that

the GPCR exists in a conformational equilibrium in which an activating conformation is

sampled sufficiently to produce a baseline level of activity. In this view, agonists and partial

☆Ballesteros–Weinstein numbering is used throughout the text as superscripts to the protein numbering. Within each helix is a single
most conserved residue among the class A GPCRs. This residue is designated x.50, where x is the number of the transmembrane helix.
All other residues on that helix are numbered relative to this conserved position.
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agonists shift the equilibrium toward an activating state, whereas inverse agonists shift the

equilibrium toward an inactive state. Evidence from both functional and biophysical studies

suggests that most GPCRs sample multiple conformations [1].

Given their importance, understanding the mechanism of ligand binding and conformational

change associated with GPCR activation has been a long-standing goal. Because of the

conformational heterogeneity found in GPCRs, obtaining high-resolution structural

information, which requires visualizing one state, has been exceptionally difficult. A very

important exception is rhodopsin, the GPCR responsible for sensing light. Unlike GPCRs

that bind to diffusible ligands, rhodopsin contains a covalently bound ligand, retinal. In the

dark, retinal is in the 11-cis form; this form of the receptor is completely inactive toward its

G protein transducin, a property essential for proper visual physiology. The interaction of

retinal with light results in the isomerization of 11-cis retinal to the all-trans form, which

triggers conformational changes (detected by a series of spectroscopic intermediates

occurring in the femtosecond to millisecond range) that ultimately result in the activated

form, metarhodopsin II. Rhodopsin is a member of the largest subgroup of GPCRs, the so-

called class A receptors.

The first insights into GPCR structure came from the two-dimensional crystals of rhodopsin

[2,3]. These structures revealed the general architecture of the seven TM helices. The first

three-dimensional crystal structure of dark rhodopsin was reported in 2000 [4] at 2.8Å, and

subsequent structures have been refined to resolutions as high as 2.2Å [4–9]. These

structures revealed a number of features likely to be associated with inactivity such as the

ionic lock linking the highly conserved E/DRY sequence found at the cytoplasmic end of

TM3 in 70% of class A GPCRs to TM6 [10] (discussed in more detail below).

The past year has seen remarkable advances in the analysis of GPCR structures. Crystal

structures of a cephalopod rhodopsin reveal structural differences that may be related to its

specificity for the G protein Gq rather than for transducin, the visual G protein found in the

mammalian retina [11• ,12• ]. Crystal structures of two b-adrenergic receptors, which are

also class A GPCRs, bound to inverse agonists represent the first structures of GPCRs bound

to diffusible ligands [13••,14••,15••,16••,17•]. In addition, the crystal structure of bovine opsin

[18•], along with new spectroscopic studies [19••], has provided snapshots along the pathway

to activation.

Crystal structures of β-adrenergic receptors

Dark rhodopsin is an atypical GPCR in that it is completely inactive toward transducin,

suggesting that it is conformationally constrained. In contrast, most GPCRs sample multiple

conformations [1], implying that a receptor must be forced into a narrow region of its

conformational space in order to be crystallized. Several approaches were taken to overcome

the conformational complexity of the β1-adrenergic and β2-adrenergic receptors (ARs). In

both cases, crystals were obtained with receptors bound to inverse agonists. In the case of

the β2AR, the inverse agonist carazolol suppresses only half of its basal activity toward the

G protein Gs [13•• ]. Additional measures to stabilize the b2AR focused upon the third

intracellular loop (ICL3) that links TM5 and TM6, which is a major site of interaction with
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G proteins. Several lines of evidence suggest that this is a particularly dynamic region of the

β2AR. Spectroscopic measurements indicate that receptor activation involves movements of

TM5 with respect to TM6 [20], and fluorescence lifetime experiments suggest that the

cytoplasmic end of TM6 is conformationally heterogeneous [21]. Functional β2AR can be

obtained by coexpressing two β2AR fragments split at ICL3 [22], indicating that the intact

ICL3 sequence is not needed to stabilize a particular conformation of the receptor. These

observations indicate that the conformation of the TM5–ICL3–TM6 region is linked to the

equilibrium between inactive and active forms of the receptor. Therefore, stabilizing a single

conformation of this region is important for generating a defined state for crystallization.

The first approach to generating and crystallizing a defined conformation of the β2AR was

to form a complex with an antibody fragment [13••,23]. Most membrane protein crystals are

formed by interaction between the water-soluble, extramembranous portions of the

molecules, so complexes with Fab or Fv frag ments can provide additional water-soluble

surface area that increases the likelihood of lattice formation. An antibody was obtained that

recognized a three-dimensional epitope composed of the cytoplasmic ends of TM5 and

TM6. A Fab fragment prepared from the antibody bound tightly to the native receptor but

did not interfere with ligand binding or with the ability to change conformation upon

binding to an agonist [23]. The complex of this Fab with purified receptor was used for

crystallization. The native receptor is not very stable in detergents, and diffracting crystals

were obtained from lipid bicelles [24,25]. The crystals diffracted anisotropically, with a

resolution of 3.4Å parallel to the plane of the membrane and 3.7Å in the perpendicular

direction [13••]. The cytoplasmic side of the receptor and the Fab were reasonably well

defined in the electron density map, but the density becomes weaker toward the extracellular

side such that none of the extracellular loops were visible, and the ligand-binding site was

poorly defined.

The second approach taken to crystallize the β2AR was the replacement of the flexible ICL3

with a small stable protein [14••, 15••]. As with the Fab, the aim was to increase the amount

of water-soluble, structured protein surface area for lattice contacts. T4 lysozyme (T4L) was

chosen as it has been crystallized under many conditions and because the distance between

its N-terminus and its C-terminus is similar to the expected distance between the end of

TM5 and the start of TM6. A chimeric β2AR–T4L fusion protein bound inverse agonists

and antagonists with the same affinity as the wild-type β2AR, whereas it bound agonists

about twofold to threefold more strongly than the wild-type protein [14••]. Carazolol-bound

β2AR–T4L was crystallized in a lipidic cubic phase made from monoolein doped with 8–

10% cholesterol [15••]. The β2AR–T4L crystals diffracted to 2.4Å resolution, and all the

amino acids except for the 22 N-terminal residues and the last 71 C-terminal residues could

be visualized, as well as the ligand carazolol and several lipid and water molecules. The TM

helices of the T4L chimera superimpose closely with those of the wild-type protein in the

Fab complex, demonstrating that the structure is not disturbed significantly by the

replacement of ICL3 by T4L.

Superposition of the β2AR and dark rhodopsin structures reveals substantial differences in

the relative disposition of the TM helices [15••], particularly in helices III, IV, and V. The

overall root-mean-square deviation in the TM helix Ca positions is 2.7Å, which is larger
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than expected based on homology and likely reflects the difference in activation state: β2AR

displays G-protein activation activity even when bound to carazolol [13••], as opposed to the

complete inactivity of dark rhodopsin. An important correlate of this difference in activity is

shown in Figure 1. In rhodopsin, Glu1343.49 and Arg1353.50 of TM3 form a network of

hydrogen bond and ionic interactions with Glu2476.30 at the cytoplasmic end of TM6. These

interactions constitute the ionic lock, which has been proposed to keep dark rhodopsin and

other GPCRs in an inactive state [10]. In β2AR, TM3 and TM6 are farther apart and the salt

bridge between Arg1313.50 and Glu2686.30 is absent.

In addition to the broken ionic lock, rhodopsin and β2AR differ substantially on their

extracellular faces (Figure 2). In rhodopsin, the second extracellular loop (ECL2) contains

two short antiparallel b strands that pair with two strands from the N-terminus to form a

four-stranded b sheet that buries retinal. In β2AR the N-terminal peptide is disordered, and

ECL2 forms an a helix that is locked in position by two disulfide bonds and a number of

hydro-phobic packing interactions. The position of the helix leaves the ligand-binding site

accessible to the extracellular environment, as might be expected for a receptor that binds

diffusible ligands.

The carazolol-binding site lies near the extracellular side of the receptor, and is formed

principally by residues from TM helices 3, 5, 6, and 7. The location corresponds to the

retinal-binding site of rhodopsin. The observed interactions are consistent with mutational

studies that identified residues critical for binding to both antagonists and agonists [14••].

Also, several residues identified as interacting only with agonists do not contact carazolol.

Modeling of the site with the agonist isoproterenol indicated that the structure must

rearrange in order for these residues to contact bound agonist [14••]. The difference between

the inverse agonist-bound and the agonist-bound structures will be essential for

understanding how agonist binding propagates changes to the cytoplasmic side of the

receptor for activating G proteins.

An interesting feature shared by both rhodopsin and the β2AR is a collection of water

molecules that participate in a hydrogen-bonding network extending from the ligand-binding

pocket to the cytoplasmic face of the receptor (Figure 3). This network, which includes

several of the most highly conserved residues in class A GPCRs, has been proposed to be

involved in propagating activating conformational changes in rhodopsin and other GPCRs

[9,26].

In a distinct approach to obtaining GPCR crystals, Tate and coworkers used site-directed

mutagenesis to produce turkey β1AR variants that are more thermostable than the wild-type

receptor [27••]. By introducing mutations at six positions in the TM region and deleting

residues from the long ICL3 and the extended C-terminus, they produced a protein stable in

detergents when bound to antagonists. Crystals diffracting to 2.7Å resolution were obtained

in the detergent octylthioglucoside, from protein bound to the antagonist cyanopindolol

[16••].

The structures of the turkey β1AR and the human β2AR are overall very similar, including

the disulfide-stabilized helix on ECL2 and a broken ionic lock. The two structures are bound
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to structurally similar, nonselective ligands, and the basis for subtype-selective binding in

these two receptors is not obvious, as the majority of amino acids making contact with the

ligand are identical. Subtype selectivity might involve interactions between the ligands and

the more diverse channel leading into the binding pocket [16••]. An interesting difference

between the structures occurs in ICL2, which is thought to be involved in G-protein

activation. In the β1AR structure, this loop contains a short a helix, whereas the β2AR ICL2

adopts a less regular structure.

Activated rhodopsin structure

Structural and spectroscopic data have provided important insights into the active

conformation of GPCRs. EPR and fluorescence studies in which labels are attached to

cysteines introduced at various positions demonstrated that TM6 undergoes an outward

movement relative to TM3 [28–30]. A more recent EPR method called double-electron-

electron resonance (DEER) spectroscopy enabled Hubbel and coworkers to generate a more

detailed map of conformational changes involved in the transition of rhodopsin to

metarhodopsin II [19••]. By labeling each of the seven helices in roughly the same plane

(near the cytoplasmic surface of the membrane), an outward 5Å radial movement of TM6

relative to a core composed of TM helices 1–4 appears to be the principal large-scale change

associated with the change to an active conformation.

A low-resolution (4.15Å) crystal structure of a light-activated rhodopsin crystal shows the

changes in the relative positions of TM3 and 6 and has a broken lock [31]. Although the

spectroscopic signature of the chromophore is similar to that of metarhodopsin II, the

relative movements of helices in this case are not as large as expected, and their positions

are similar to those of the β-adrenergic receptors bound to partial inverse agonists. Since the

crystals are formed from dark rhodopsin and then bleached, the changes may be restricted by

lattice packing forces.

The recent crystal structure of opsin may provide additional insights into the active state of

rhodopsin [18••]. The apoprotein opsin, which is formed by the hydrolysis of the Schiff base

linkage of retinal to the protein after photobleaching, displays at low pH an infrared

spectrum similar to that of metarhodopsin II, suggesting that it is in an active conformation

[32]. The crystal structure of low pH opsin revealed major movements of TM6 consistent

with the DEER experiments on metarhodopsin II [19••]. The largest differences between

opsin and dark rhodopsin occur at the cytoplasmic end of TM3, TM5, and TM6 (Figure 1).

In opsin, the ionic lock is broken, and TM5 and TM6 are now stabilized in new positions by

two new interactions involving residues that form the ionic lock in the inactive state.

R1353.50 on TM3, which in the dark forms a salt bridge with E2476.30 of TM6, now

interacts with Y2235.58 of TM5; E2476.30 now interacts with K2315.66 of TM5. It is not

known how these structural changes relate to the ability of the activated receptor to interact

with its G protein. Although the carazolol-bound b2AR is structurally more similar to

rhodopsin, the ionic lock is not formed between Arg1313.50 in TM3 and Glu 2686.30 in

TM6. Moreover, the position of TM5 is more similar to TM5 of opsin, and TM6 is slightly

displaced toward the position of TM6 in opsin. Thus, the structure of the β2AR appears to be

in an intermediate conformation, which may explain its basal activity toward Gs.
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The recent structural studies on GPCRs provide important new insights into the process of

receptor activation. However, defining the pathway from agonist binding to G protein

activation will require a combination of crystal structures (including structures of GPCR–G

protein complexes), which provide snapshots along the activation pathway, and dynamical

information from spectroscopy and molecular dynamics simulations.
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Figure 1.
An overlay of dark rhodopsin (purple; PDB 1gzm), low pH opsin (green; PDB 3cap), and

carazolol-bound β2AR–T4L (blue; PDB 2rh1) in the vicinity of the ionic lock. In dark

rhodopsin, Arg1353.50 in the conserved D/ERY sequence near the cytoplasmic end of TM3

forms a salt bridge with Glu2476.30 at the cytoplasmic end of TM6. Arg3.50 is further

stabilized by a salt bridge to the preceding conserved acid at position 3.49 in both rhodopsin

and β2AR. In opsin, Arg1353.50 interacts with Tyr2235.58 in TM5, and Glu2476.30 forms a

salt bridge with Lys2315.66. The homologous ionic lock residues Arg1313.50 and Glu2686.30

from the β2AR are also shown. The amino acids are numbered using the Ballesteros–

Weinstein system. Within each helix is a single most conserved residue among the class A

GPCRs. This residue is designated x.50, where x is the number of the transmembrane helix.

All other residues on that helix are numbered relative to this conserved position.
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Figure 2.
Comparison of rhodopsin (purple; PDB 1gzm) and carazolol-bound β2AR–T4L (blue; PDB

2rh1). Extracellular loop 2 (ECL2) of rhodopsin forms a lid over the retinal-binding pocket,

whereas the position of ECL2 of the β2AR allows relatively free access to the carazolol-

binding pocket.
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Figure 3.
Superimposed structures of rhodopsin (purple; PDB 1gzm) and carazolol-bound β2AR–T4L

(blue; PDB 2rh1) highlighting water molecules that form a hydrogen-bond network with

conserved amino acids. Atoms of carazolol and retinal are shown as spheres. The amino

acids are numbered using the Ballesteros–Weinstein system (see Figure 1).
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