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Abstract

G protein-coupled receptors (GPCRs) are versatile signaling proteins that mediate complex
cellular responses to hormones and neurotransmitters. Recent advances in GPCR crystallography
have provided inactive and active state structures for rhodopsin and the B, adrenergic receptor
(B2AR). Although these structures suggest a two-state ‘on-off” mechanism of receptor activation,
other biophysical studies and observed signaling versatility suggest that GPCRs are highly
dynamic and exist in a multitude of functionally distinct conformations. To fully understand how
GPCRs work, we must characterize these conformations and determine how ligands affect their
energetics and rates of interconversion. This brief review will compare and contrast the dynamic
properties of rhodopsin and B,AR that shed light on the role of structural dynamics in their distinct
signaling behaviors.

Introduction

G protein-coupled receptors exhibit a complex profile of signaling and regulatory behavior
upon activation by endogenous or synthetic agonists. For most GPCRs, binding of the
endogenous hormone or neurotransmitter leads to conformational changes at the
cytoplasmic ends of the transmembrane (TM) segments that provide an interaction interface
for cytosolic proteins including heterotrimeric G proteins, G protein-coupled receptor
kinases (GRKSs) and arrestins. In addition, GPCRs have been shown to localize to specific
signaling compartments at the plasma membrane through interactions between specific
sequences in their carboxyl termini or third intracellular loops and scaffolding proteins [1-
4]. More recent evidence suggests that some GPCRs may signal from intracellular
compartments such as endosomes [5,6].

Many GPCRs can signal in absence of endogenous agonists, a phenomenon termed basal
activity. GPCR ligands can induce a broad range of signaling responses. At saturating
concentrations, ligands can induce the maximal G protein signaling response (full agonists),
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induce submaximal signaling (partial agonists) or decrease basal levels of signaling (inverse
agonists). Furthermore, some ligands can act as agonists of one signaling pathway while
acting as inverse agonists of an alternative pathway (biased agonists).

There is a growing body of evidence that this functional versatility is due to structural
plasticity. GPCRs can no longer be described as simple bimodal switches, but rather exist as
ensembles of discrete conformations with energetics that can be influenced by ligands,
cytosolic signaling and regulatory proteins, lipids, pH, ions and possibly transmembrane
voltage gradients [7-9]. This structural plasticity may contribute in part to current challenges
in GPCR drug discovery. Further complicating our understanding of GPCR signaling is the
role of homo- and heterooligomers. While oligomerization of GPCRs has been extensively
studied, [10,11], the structure and dynamics of dimers/oligomers and their roles in receptor
function and physiology are not fully understood [12].

This review will focus on the very narrow topic of protein dynamics of individual GPCR
protomers. Proteins are often conceptualized as the rigid entities we observe in crystal
structures. However all proteins exhibit dynamic character at several levels, from
femtosecond bond vibrations, to side-chain motions that occur on the picosecond to
nanosecond timescales, to larger domain motions that happen over microseconds to seconds
[13]. Here we will review the possible role that protein dynamics plays in the functional
differences for the two most extensively studied GPCR model systems: rhodopsin and the B,
adrenergic receptor (82AR). As will be discussed below, these receptors have very similar
structures in their inactive and active states, but differ in signaling efficiency, complexity
and kinetics.

Rhodopsin is a highly efficient photoreceptor

Rhodopsin remains the best-characterized GPCR by biophysical methods to date. This can
be attributed in part to its physiologic importance, its natural abundance, its biochemical
stability, the ability to monitor its functional state by the spectroscopic properties of its
covalent ligand retinal, and the ability to precisely time its activation by light. Although
rhodopsin has long served as a prototypical GPCR, its function as a light sensor is uniquely
specialized for both sensitivity and fidelity. In the inactive state, rhodopsin is covalently
bound to 11-cis-retinal which acts as a highly efficacious inverse agonist to suppress basal
activity. The virtual absence of basal activity ensures high signal fidelity in the visual
system. Illumination by light induces isomerization of 11-cis-retinal to all-trans-retinal,
which acts as a highly efficacious agonist for activation of the specialized visual system G
protein transducin (Gy). In the absence of light, retinal isomerization has a very high energy
barrier (~45 kcal/mol) that prevents basal signaling [14]. Upon retinal isomerization,
rhodopsin activation follows a series of short-lived intermediates before reaching an
equilibrium between several metarhodopsin (Meta) states [15]. In physiological settings, the
Meta | state progresses to the Meta I states, which are fully active and capable to coupling
to G¢, within milliseconds. As seen below, virtually every light activated rhodopsin proceeds
to the active Meta 1l state even in the absence of transducin. It has been estimated that a
single active rhodopsin molecule can activate hundreds of transducin molecules [16].
Subsequent hydrolysis of the covalent link between retinal and rhodopsin yields the
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apoprotein opsin. The remarkable signal amplification in response to a photon is due in part
to the efficiency of rhodopsin as well as the highly organized structure of the rod outer
segments of the retina [17].

The B,AR is a versatile but less efficient signaling machine

The switch-like behavior of rhodopsin from completely inactive to fully active in
milliseconds is likely unigue to this GPCR and essential for its role in vision. In contrast,
like many other GPCRs the B,AR exhibits varying levels of basal activity and couples to
two different G proteins (G5 and G;) under physiologic conditions. In addition, the B,AR has
been shown to signal through arrestins in a G protein independent manner [18,19]. The
B2AR has been a pharmaceutical target for the treatment of asthma and chronic lung disease.
Consequently, there is a rich diversity of ligands that span the efficacy spectrum. It has been
observed that the efficacy profile for ligands differs for different signaling pathways [20,21],
supporting the existence of multiple ligand-specific signaling conformations.

Unlike the highly efficient activation of rhodopsin by light-induced isomerization of retinal,
the activation of the B,AR by its natural agonist adrenaline is much less efficient.
Comparing the energetics of retinal isomerization to adrenaline binding offers some insight
into this difference. Retinal isomerization provides approximately 35 kcal/mol in the
transition of rhodopsin to bathorhodopsin [22], which is the first photo-activated
intermediate. This energy is then transferred in multiple steps to achieve the Meta Il
conformation. In contrast, adrenaline binds with relatively low affinity to the B,AR (Ki of
~1 uM) in the absence of Gg, and this binding event generates only ~8.2 kcal/mol of energy
for BoAR activation. Furthermore, binding of adrenaline to the p,AR is dependent on the
concentration of the hormone. Rapid activation of the receptor, therefore, requires a high
concentration of adrenaline delivered at a synapse or via the circulation. Due to the
relatively low affinity and rapid dissociation rate of adrenaline, it is possible that not every
binding event leads to a signaling event. As will be shown below, even when bound to a
high affinity agonist at saturating concentrations, only a fraction of the p,AR achieves a
fully active conformation.

Methodological challenges in studying dynamics of GPCRs

Before proceeding, it is important to acknowledge the technical challenges and limitations in
studying the dynamic properties of GPCRs and other membrane proteins. Methods used to
study protein structure and dynamics include crystallography, nuclear magnetic resonance
(NMR) spectroscopy, fluorescence spectroscopy and electron paramagnetic resonance
(EPR) spectroscopy. To obtain information about the dynamics of specific structural
domains such as a TM segment, it is often necessary to chemically modify the TM at
specific sites (such as a single reactive cysteine) with small probes (typically < 500 Da) that
are sensitive to the local molecular environment and can be detected by fluorescence, EPR
or NMR spectroscopy. These methods generally require access to pure, functional protein
necessitating extraction of the GPCR from a native lipid bilayer using detergents. The
process of purifying proteins in detergent leads to loss of interactions with native lipids.
Thus studies are often carried out in detergent solutions or in artificial lipid bilayers. The
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amounts of protein required for these studies vary from 10-100 micrograms for fluorescence
studies to 1-10 milligrams for crystallographic trials and NMR experiments.

Another concern in understanding protein dynamics is the functional state of the protein. A
significant fraction of GPCRs purified from expression systems such as insect cells, yeast
and bacteria (particularly from inclusion bodies) may be nonfunctional due to improper
folding during biosynthesis or denaturation during purification. Accurate interpretation of
biophysical studies requires that virtually all of the protein be functional. Therefore it is
essential to include ligand affinity chromatography in the purification protocol and validate
the fraction of functional receptor during biophysical experiments.

An exception to the use of purified protein to study protein dynamics can be found in the
elegant studies using fluorescent protein reporters and FIAsH tags as described by Lohse et
al. in this issue. These approaches allow the study of protein Kinetics in native cell
membranes; however, due to the nature and size of the fluorescent probes, this approach is
limited in its ability to monitor the structure and dynamics of specific structural domains. A
technology of promise for future studies is the use of unnatural amino acids incorporated
using suppressor tRNA methods [23]. This approach may allow site-specific labeling of
GPCRs with small probes in living cells.

Given these experimental caveats, we have limited our comparisons of the dynamic
properties of the B,AR and rhodopsin to purified protein studied in similar environments,
most often the long alkyl chain maltoside detergent dodecylmaltoside. Thus, differences in
dynamics can be attributed to the intrinsic differences in these proteins rather than
differences in the experimental environment.

Models of B2AR and rhodopsin activation

The results of crystallography experiments and other biophysical studies discussed below
provide support for two different models of activation for rhodopsin and B,AR (Fig. 1).
Rhodopsin exists predominantly in two distinct conformations: inactive (bound to 11-cis-
retinal) or active (all-trans-retinal-bound Meta Il). While there are other well-characterized
intermediates, their lifetimes are too short to have direct roles in interactions with signaling
proteins [15]. This is illustrated in the cartoon and simple energy landscapes shown in Fig.
la. The light-activated state of rhodopsin is relatively stable such that the cytoplasmic
surface of nearly all Meta Il molecules is in the open conformation, even in the absence of
transducin. Transducin contributes relatively little to the stability of this open conformation.
In contrast, functional and biophysical studies suggest that the B,AR exists in an ensemble
of low energy conformations with different functional properties (Fig. 1b). Even when
bound to a nearly irreversible agonist with a dissociation half-life of 30 hours, the active
state is not fully stabilized and the receptor becomes more heterogeneous. Only in the
presence of the G protein is the active conformation fully stabilized.

Insights into dynamics from inactive and active state crystal structures

Recent advances in protein engineering, in meso crystallography, and micro-focus X-ray
diffraction data collection have enabled the structural characterization of many GPCRs.
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Among these, three have been crystallized in inactive and active conformations, including
rhodopsin [24-28], the B,AR [29-31], and the M, muscarinic receptor [32,33]. While only
the B>AR has been crystalized in complex with a G protein and a G protein mimetic
nanobody (Nb80), rhodopsin has been crystallized in complex with the carboxyl terminal
peptide of transducin (Gat+-CT) as a surrogate for the intact G protein. Comparison of
inactive and active structures indicates a conserved set of changes required to engage a G
protein. The most dramatic conformational change associated with receptor activation is a
7-14 angstrom displacement of transmembrane 6 (TM6) accompanied by more subtle
rearrangements of TM5 and TM7.

Although these crystal structures provide high-resolution insights into GPCR activation,
they represent two endpoints of a complex conformational ensemble. Crystallogenesis
usually traps low energy receptor conformations, and as a result, crystal structures usually
provide only limited insights into protein dynamics. Nevertheless, heterogeneity in
conformation of the same protein among multiple crystal structures can provide some clues
into protein dynamics. In cases where there are two or more molecules in the asymmetric
unit, one may observe distinct conformations. Several inactive-state structures of rhodopsin
have two molecules in the asymmetric unit. Comparison of these two molecules reveals a
root mean squared deviation (RMSD) of 0.5 A, and a single conformation of TM6 with an
interaction between the Glu134, Arg135 and Glu247. This interaction has been described as
the “ionic lock” responsible for stabilizing the inactive state of rhodopsin. While all of the
inactive-state structures of the B,AR to date have only one molecule in the asymmetric unit,
there are several structures of the highly homologous f1AR having two molecules in the
asymmetric unit. Among the various inactive B1AR monomers, TM6 exists in two different
conformations depending on the state of the ionic lock. While the overall RMSD between
these AR conformations is low (1.3 A), the cytoplasmic end of TM6 is displaced outward
by 7 A in the conformation with a broken ionic lock [34].

Differences in protein dynamics might also be deduced by comparing the methods required
to obtain active state structures of rhodopsin and the B,AR. Active state structures of the
B2AR have only been obtained in complex with a G protein [31] or G protein mimetic
nanobody (Nb80)[30] to stabilize the open conformation of TM6. In the absence of such a
stabilizing interaction at the cytoplasmic domain of the receptor, the B,AR either fails to
form crystals or crystallizes in an inactive conformation, even when bound to a covalent
agonist [35]. These results suggest that the active state of the B,AR is a relatively high-
energy state in the absence of its G protein, and even a high affinity agonist with virtually
complete occupancy at the receptor binding pocket cannot fully stabilize the active state.
Long time-scale molecular dynamics simulations further support this hypothesis. When
starting with the active state structure bound to an agonist, the cytoplasmic domains collapse
to the inactive state within 11 microseconds of simulation [35].

In contrast, there are several active state structures of rhodopsin including ligand-free opsin
and Meta Il, crystallized both with and without Ga-CT (Park, Scheerer et al. 2008,
Scheerer, Park et al. 2008, Choe, Kim et al. 2011, Standfuss, Edwards et al. 2011). All of
these structures are remarkably similar (RMSD < 0.5 A) suggesting that, at least under the
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conditions used for crystallography, the active conformation of rhodopsin is a low energy
state even in the absence of an agonist and transducin.

Insights into structural dynamics from biophysical studies

Numerous studies have applied biophysical methods to characterize structural changes and
dynamics of rhodopsin and the B2AR. These have been reviewed more extensively
elsewhere [7,15], and include more recent applications of NMR [36-39], and time-
dependent derivatization with chemical probes [40]. Additionally, molecular dynamics
simulations have provided insight into the activation of the oAR [41]. However, for the
purpose of this review, we will focus on a few studies that highlight a difference in the
dynamic behavior of rhodopsin and the B,AR that may be responsible for functional
differences.

Support for differences in protein dynamics between the f,AR and rhodopsin comes from a
few studies that characterize steady-state distributions of receptor conformations in
detergent-solubilized purified protein. As noted above, detergents are necessary for
extraction and purification of GPCRs from native membranes. They maintain the protein in
a uniform molecular environment and facilitate studies by EPR and NMR spectroscopy
where relatively high concentrations of protein are required. Detergents are amphipathic
molecules that act as a surrogate for a membrane environment, with the hydrophobic
component binding to the transmembrane segments and hydrophilic end facing outward
towards the aqueous environment. There is a broad spectrum of structurally different
detergents, and the sensitivity to membrane proteins to different detergents is related to the
overall stability of the membrane protein. Relatively few detergents are able to extract
GPCRs in a functional state. Consistent with the greater overall stability of rhodopsin, it is
more tolerant to detergents having short alkyl chains or charged head-groups than the f2AR
and most other GPCRs. For the studies discussed below, the detergent dodecylmaltoside is
used to extract, purify and study both rhodopsin and the p,AR. The B,AR in
dodecylmaltoside is able to bind both agonists and antagonists with the same rank order of
affinity as in a lipid environment. Both the B,AR and rhodopsin can couple to their
respective G proteins in dodecylmaltoside solutions. Thus, while not a native environment,
these biochemical preparations provide a suitable surrogate for comparing the structural
dynamics of these receptors that are relevant to their functional differences.

Rhodopsin dynamics

To directly examine structural changes in rhodopsin, Altenbach et al. utilized double
electron-electron resonance (DEER) spectroscopy to map the conformational changes in the
cytoplasmic domain of rhodopsin upon receptor activation [42]. In an intensive set of
experiments, rhodopsin was site specifically labeled with a nitroxide probe at nine sites in a
pairwise manner (Fig. 2a), yielding a total of 17 distance constraints for inactive and light-
activated receptor. A global analysis of these distance restraints established that, upon light
activation of rhodopsin, TM6 is displaced outward by 5 A (Fig. 2b). This change is
accompanied with smaller conformational changes in TM7 and helix 8. The conformation
for light activated rhodopsin observed by these DEER experiments was subsequently shown
to be highly similar to the crystal structure of opsin and Meta Il. While crystal structures of
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Meta Il required low pH or constitutively activated mutants, the DEER spectroscopy
experiments were performed at more physiological pH conditions. DEER spectroscopy
requires cryogenic temperatures that may affect receptor conformation. Light induced
conformational changes have also been examined by room temperature 1°F fluorine NMR
spectroscopy of trifluoroethanethiol labeled rhodopsin [43]. Like the DEER spectroscopy
results, 19F-NMR spectra also show a complete transition to the active conformation upon
illumination by light. Multiple lines of spectroscopic evidence, therefore, indicate that
isomerization of 11-cis-retinal by light induces a complete transition to Meta Il, with
virtually no receptor in inactive or intermediate conformations. These studies strongly
indicated that the active Meta Il conformation of rhodopsin is the lowest energy state in the
presence of all-trans-retinal and in the absence of transducin.

B>AR dynamics

While DEER studies have not been reported for the B2AR, recent NMR studies reveal
dynamic behavior supporting the model in Fig. 1b. In these studies, a modified B2AR having
only four native methionines was biosynthetically labeled with 13CHze-methionine (Fig.
3a), purified in dodecylmaltoside, and HSQC spectra were obtained in the absence of ligand,
the presence of an inverse agonist (carazolol), and the presence of a high affinity agonist
(BI-167107) with and without the G protein mimetic nanobody 80 (Nb80) [44]. The four
methionines, which could be resolved and assigned by mutagenesis (Fig. 3b), allow
simultaneous monitoring of conformational changes around the binding pocket (M82) and
the cytoplasmic ends of TM5 (M215) and TM6 (M279). In the absence of ligand or when
bound to the inverse agonist carazolol, the 2AR exhibited conformational heterogeneity as
evidenced by two well-resolved peaks representing the single M82. These two peaks
represent two distinct conformations having different chemical environments around M82
that exchange on a slow timescale (seconds). When bound to the agonist alone, the two M82
peaks shifted upfield and merged into a single more intense peak. In contrast, upon agonist
binding the peak originating from M215 in TM5 became notably weaker and shifted upfield,
and the peak from M279 in TM6 was no longer visible. The weakening or loss of intensity
of peaks representing M215 and M279 suggests that, when bound to a high affinity agonist,
the cytoplasmic ends of TM5 and TM6 exist in several conformational states that exchange
on an intermediate (millisecond) timescale (Fig. 1b). In the presence of agonist and the G
protein mimetic Nb80, a new peak representing M279 appears and the peak representing
M215 strengthens and shifts downfield, consistent with a more stable, uniform
conformation. Notably, the peaks for M215 and M279 observed in the presence of Nb80 are
not detected for B2AR bound to agonist alone, suggesting that the active conformation exists
at very low levels for agonist bound receptor. Taken together, these results are consistent
with the model in Fig. 1b and suggest that when bound to agonist alone the B,AR is more
conformationally heterogeneous than in the unliganded or inverse agonist bound
conformation, and that the G protein mimetic Nb80 is required to stabilize the active state.
These results are in agreement with earlier studies using fluorescence lifetime spectroscopy
showing that agonist binding leads to conformational heterogeneity, and that agonists and
partial agonists stabilize distinct conformational states [45]. While the experiments above
were performed on detergent solubilized receptor, the results are supported by experiments
in which fluorophore-labeled, purified B2AR was reconstituted into synthetic lipid bilayers
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in the presence and absence of the G protein Gs. Agonist alone did not fully stabilize the
conformation observed with agonist and G protein together [46].

Conclusions and future directions

We are only beginning to appreciate the role of protein dynamics in GPCR signaling. By
necessity, studies that provide the greatest structural insights involve the use of purified
protein in non-native environments. These experiments provided evidence for fundamental
differences between the B,AR and rhodopsin. The very efficient coupling of retinal isomers
to the cytoplasmic surface of rhodopsin is essential for its highly efficient response to light.
By contrast, the relatively inefficient coupling of the ligand-binding site to the cytoplasmic
surface in the BoAR may play a role in its more complex functional repertoire and the
diverse responses to different synthetic ligands. A more complete understanding of the role
of dynamics in GPCR function will require measurement of the timescales of receptor
dynamics from milliseconds to seconds and the ability to monitor conformational changes in
single receptor molecules as they function in a native cell membrane.
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Figure 1.

Differing models for activation of rhodopsin and the B,AR. (a) 11-cis-retinal bound
rhodopsin is inactive with a cytoplasmic domain incapable of coupling to transducin (Gy).
As the inactive conformation is the lowest energy state, dark rhodopsin displays minimal
conformational heterogeneity. Light induced isomerization of the ligand to all-trans-retinal
increases the energy of the inactive conformation resulting in a transition to the activated
Meta |1 state and an opening of the cytoplasmic domain. The C-terminus of transducin
interacts with the Meta |1 state to form the signaling complex. (b) Unliganded B,AR is
conformationally dynamic as a result of smaller energetic differences between inactive,
intermediate, and active states. Agonist binding increases B,AR dynamics by decreasing the
energy of intermediate and active states. However, agonists do not fully stabilize the active
state, and agonist bound B,AR primarily exists in inactive and intermediate conformations.
G; further stabilizes the active conformation and formation of the signaling complex is
required for the receptor to completely transition to the active state.
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Figure 2.
Double electron-electron resonance (DEER) spectroscopy of rhodopsin activation (adapted

from Altenbach et al. [42]). (a) View of the cytoplasmic surface of inactive rhodopsin. Nine
sites, depicted with Ca. carbons as red spheres, were site-specifically labeled pairwise with
nitroxide spin probes. Distance distributions between these sites were determined for
inactive and light-activated rhodopsin. (b) The displacement of each transmembrane helix
from a central reference point is shown. Light activation of rhodopsin results ina 5 A
outward displacement of TM6, with smaller changes in TM1 and TM7. Notably, these data
show that light activation results in a complete shift to the activated Meta Il conformation in
the absence of transducin, with almost no receptor in inactive or intermediate conformations.
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13CHze-methionine NMR spectroscopy of B,AR (adapted from Nygaard et al. [44]). (a)
View of the B,AR transmembrane helices showing 13CHze-methionine labeled carbons as
red spheres. NMR peaks in HSQC spectra originate from four distinct sites. (b) HSQC
spectra of B,AR in four states: unliganded, bound to inverse agonist carazolol, to agonist
BI-167107, and to BI-167107 with the G protein mimetic nanobody Nb80.
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