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ABSTRACT

Biological membranes are densely packed with membrane pro-
teins that occupy approximately half of their volume. In almost
all cases, membrane proteins in the native state lack the higher-
order symmetry required for their direct study by diffraction
methods. Despite many technical difficulties, numerous crystal
structures of detergent solubilized membrane proteins have
been determined that illustrate their internal organization.
Among such proteins, class A G protein-coupled receptors

have become amenable to crystallization and high resolution
X-ray diffraction analyses. The derived structures of native and
engineered receptors not only provide insights into their mo-
lecular arrangements but also furnish a framework for designing
and testing potential models of transformation from inactive to
active receptor signaling states and for initiating rational drug
design.

G protein-coupled receptors (GPCRs), composed of seven
transmembrane helices, are the largest superfamily of proteins
in the human body. Disruption of most individual GPCR genes
in mouse models is not lethal or developmentally harmful be-
cause genes encoding receptors responding to the same li-
gand(s) are highly redundant and/or encode regulatory proteins
for physiological processes that can be controlled by different
cellular mechanisms in case of failure. GPCRs, however, mod-
ulate almost all physiological processes because they are ubiq-
uitous and largely located in plasma membranes, where they
are readily accessible to endogenous signaling molecules, mak-
ing them extremely attractive drug targets. The human genome
sequence (Lander et al., 2001; Venter et al., 2001) indicates that
of the ~35,000 human genes, ~720 encode GPCRs, of which
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~400 are expected to be potential drug targets (Kroeze et al.,
2003). GPCR agonist and antagonist drugs have been success-
fully used to treat patients with a broad spectrum of diseases
owing to the large diversity of involved receptors (Drews, 2000;
Wise et al., 2002). For example, common human disorders as-
sociated with vision (involving rhodopsin mutations; Menon et
al., 2001), the cardiovascular system (caused by B;-adrenergic
receptors; Drake et al., 2006), asthma (attributable to B,-adren-
ergic receptors; Kawakami et al., 2004), and strokes and cere-
bral hypoperfusion (altered adenosine A,, receptor function in
accompanying heart disease) all involve aberrant GPCR signal-
ing. Identifying the pathophysiological roles of these potential
drug targets is fundamentally dependent on understanding
their inherent structures and three-dimensional ligand-protein
interactions (Klabunde and Hessler, 2002). Detailed structural
interactions between ligands and GPCRs are largely unresolved
because of the inherent difficulty of membrane protein crystal-
lization (Loll, 2003) despite new high-throughput technologies
designed to limit the amounts of sample required (Hansen et
al., 2002, 2006; Li et al., 2006).

Elucidation of the first mammalian GPCR structure of

ABBREVIATIONS: GPCR, G protein-coupled receptor; Mll, metarhodopsin Il; MI, metarhodopsin I; CGS21680, 2-[p-(2-carboxyethyl)phenethyl-
amino]-5'-N-ethylcarboxamidoadenosine; AR, adrenergic receptor; ZM241385, 4-{2-[7-amino-2-(2-furyl)[1,2,4]triazolo-[2,3-a][1,3,5]triazin-5-

ylamino]ethyl}phenol.
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native bovine rhodopsin (Palczewski et al., 2000) and subse-
quent higher resolution structures (Li et al., 2004; Okada et
al., 2004; Stenkamp, 2008) have opened the way to probe
ligand binding sites and assess structure-function relation-
ships for these membrane proteins (Lu et al., 2002; Hubbell
et al., 2003; Park et al., 2004). The newest X-ray defined
coordinates encompass all amino acids and post-transla-
tional modifications (Table 1). A mutant recombinant bovine
rhodopsin structure solved at lower resolution (3.4 A) than
native rhodopsin (2.2 A) has also been reported (Standfuss et
al., 2007) (Table 1), and it highlights the possibility of using
recombinant proteins for structural studies, as developed
recently for adrenergic and adenosine receptors. Moreover,
the structure of isorhodopsin was solved in which the native
11-cis-retinal of rhodopsin is replaced with the analog, 9-cis-
retinal (Nakamichi and Okada, 2007; Nakamichi et al.,
2007). No significant structural differences were noted be-
tween rhodopsin and isorhodopsin. The X-ray-defined struc-
ture of bovine rhodopsin initiated homology modeling of
GPCRs (Filipek et al., 2003b; Patny et al., 2006) to under-
stand the structures of other functionally important GPCRs
and use them for rational drug design (Becker et al., 2003).
Despite these efforts, the above methods failed to predict
models and possible ligands efficiently for therapeutic pur-
poses (Deupi et al., 2007). The only structural features com-
mon to all GPCRs are their seven transmembrane-spanning
a-helical segments connected by alternating intracellular
(C-) and extracellular (E-) loops, with the amino terminus
located on the extracellular side and the carboxyl terminus
on the intracellular side. Significant sequence homology is
found, however, within several subfamilies of GPCRs en-
gaged in redundant or unique functions (Gether, 2000).
These typically are classified by the presence of specific mo-
tifs, ligand sizes, relationships to a reference receptor, and
other criteria. The three major GPCR subfamilies in verte-
brates include those related to rhodopsin, adrenergic, and
adenosine receptors, totaling ~280 GPCRs (Kroeze et al.,
2003). These receptors can be classified as those that show a
highly conserved sequence homology of an Asp-Arg-Tyr motif
on the intracellular side of the C-III loop (class A), the secre-
tin-receptor family (class B), and those related to metabo-
tropic glutamate receptors (class C; Gether, 2000). X-ray
crystallography of structural forms of native rhodopsins, mu-
tant B;-adrenergic, and engineered B,-adrenergic and A,,
adenosine receptors have been solved at high resolution. This
review focuses on the elucidation of six new class A GPCR
structures and how their structural features differ slightly
from those existing in native bovine rhodopsin. Different
motifs specific to each new structure are featured that confer
its unique ligand specificity and activity. Also addressed are
structural artifacts attributable to the use of mutations and
fusion proteins for X-ray crystallography and the future im-
plications of structural work for cellular signaling mecha-
nisms and drug design.

Different Photointermediates of Rhodopsin

Rhodopsin is a GPCR expressed in rod retinal photorecep-
tors that plays a key role in vision by converting light into a
cascade of biochemical transformations called phototrans-
duction (Filipek et al., 2003a; Palczewski, 2006). Rhodopsin
was the first crystallized GPCR (Okada et al., 2000; Palczew-

ski et al., 2000), and subsequent work resulted in crystalli-
zation of rhodopsin photointermediates that improved under-
standing of the chromophore transformation cycle. The mem-
brane embedded chromophore contained in rhodopsin is 11-
cis-retinal. This is covalently bound to the inactive opsin
protein by a Lys residue (Lys296) in helix VII via a proton-
ated Schiff base. Upon absorption of a photon, isomerization
of this chromophore to an all-trans conformation induces
changes in the opsin structure, ultimately converting it from
an inactive to an activated signaling state. The last form of
this receptor, known as metarhodopsin I (MII or R*), relays
the activating changes to the retinal G protein, transducin
(Gy), that in turn initiates the series of biochemical reactions
culminating in a neuronal signal.

As the chromophore converts to the all-frans conformation
during photoactivation, rhodopsin progresses through a se-
ries of photointermediates. The first structurally character-
ized photointermediate, bathorhodopsin, thermally relaxes
to the blue-shifted intermediate bathorhodopsin, followed by
lumirhodopsin and then metarhodopsin I (MI). In MI, the
all-trans-retinal chromophore remains bound to opsin. How-
ever, during the MI-to-MII transition, the all-trans-retinyli-
dene Schiff base becomes deprotonated. MII, the signaling
state capable of G protein activation, ultimately decays to
form free all-trans-retinal and opsin. It is noteworthy that
two forms of MI and MII have been found, MIa/MIb and
MIIa/MIIb, both in a pH-dependent equilibrium; MIIb is the
only MII partner capable of activating G, (Okada et al., 2001;
Schertler, 2005; Ridge and Palczewski, 2007).

Because photoactivation of rhodopsin involves formation of
a series of reaction intermediates having different shapes
and dissimilar retinal ligands, different forms of rhodopsin
crystals should be ideal for studying the mechanism of GPCR
activation. With a high light-absorption coefficient, the in-
trinsic chromophore of rhodopsin is a sensitive indicator of
conformational changes because of its sensitivity to minor
changes in the first, second, and even the third environmen-
tal shell surrounding the chromophore binding pocket. This
property is harnessed by nature, which uses binding of an
identical chromophore to different opsins to regulate the A
maximum absorption, or the so-called opsin shift, to provide
a molecular mechanism for color vision. Because protonated
retinylidene interacts with its counter-ion, minimal changes
in the distance between this pair can produce large changes
in the A maximum, irrespective of changes in the overall
protein structure (Fig. 1). This hypothesis is well supported
by rhodopsin mutants with engineered disulfide bridges con-
necting helices to prevent large conformational changes that
both spectrally and in G protein assays achieve an MII state
(Yu et al., 1995). Thus, identification of rhodopsin interme-
diates by their spectral properties alone constitutes a funda-
mental problem if changes in the A maxima of these photo-
intermediates are considered indicative of alterations in
protein conformation rather than just a reflection of chro-
mophore status. Three-dimensional structures of bathorho-
dopsin and lumirhodopsin were obtained after trapping these
photolyzed states at low temperatures, whereas that of MI
was resolved by using electron crystallography of two dimen-
sional crystals (Ruprecht et al., 2004; Nakamichi and Okada,
2006a; Nakamichi and Okada, 2006b). A structure of the
deprotonated photoactivated state of rhodopsin, resembling
MII, has also been elucidated (Salom et al., 2006b).
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The first intermediate trapped after light absorption by
rhodopsin is bathorhodopsin; this occurs within a few hun-
dred femtoseconds at room temperature. X-ray diffraction
was used to calculate the difference in densities correspond-
ing to the retinal. The overall residual structural changes are
slight, but retinal does undergo a small displacement in the
B-ionone ring defined by the binding pocket that has room on
the extracellular side of the ring (Fiig. 1). Studies suggest that
the 11-cis-retinal binding pocket is designed to achieve a dual
function (i.e., retain retinal as an inverse agonist in the dark
and allow its efficient photoconversion to an agonist upon
exposure to light) (Nakamichi and Okada, 2006a).

Bathorhodopsin crystals were illuminated with visible
light and warmed, resulting in a gradual conversion to lumi-
rhodopsin, the second trappable intermediate. Retinal in lu-
mirhodopsin assumes an all-trans structural conformation.
Compared with retinal in bathorhodopsin, there is relaxation
of the curved polyene chain. This process is proposed to be the
key step in transferring stored photon energy to the sur-
rounding protein moiety by converting the 11-cis-retinyli-
dene inverse-agonist to an all-trans agonist (Nakamichi and
Okada, 2006b) (Fig. 1).

An equilibrium is formed between the later photointerme-
diates, MI and MII. MII corresponds to the fully activated
receptor, which binds to and activates the heterotrimeric G;.
MI was studied by freeze-trapping and electron microscopy.
Density maps revealed that MI formation does not involve
large movements or rotations of rhodopsin’s helices but
rather, as noted with the other photointermediates, confor-
mational changes localized around the chromophore binding
pocket. At this stage, photon energy is fully transferred to the
protein-chromophore complex and the excess of energy dissi-
pated as oscillation vibrations (Ruprecht et al., 2004).

The subsequent transformation from MI to MII is driven
by enthalpy. The inherent instability of rhodopsin in its
photoactivated deprotonated state required development of a
purification protocol and crystallization conditions that was
capable of withstanding photoactivation (Salom et al.,
2006a). This advance permitted the growth of ground state
crystals, albeit at lower resolution (4.1 A) than other rhodop-
sin structures, that upon exposure to light transformed rho-

Rhodopsin: |1-cis-retinylidene

Batho: all-trans-retinylidene

Lumi; all-trans-retinylidene

dopsin into a photoactivated deprotonated intermediate re-
sembling the MII biological state. Unlike the other rhodopsin
structures, the photoactivated structure did not have resi-
dues Val230 to GIn238, Lys311 to Phe313, and Asp330 to
Ala348 resolved (Table 1) as a result of low resolution and/or
flexibility of structural regions. Nonetheless, fine changes
were noted in this photoactivated structure (Fig. 2, A and B).
The X-ray crystallographic data elucidated that photoactiva-
tion primarily causes relaxation of the C-III loops, before the
chromophore is hydrolyzed from the binding site and rhodop-
sin is regenerated from opsin by freshly synthesized 11-cis-
retinal (Travis et al., 2007). A higher resolution structure of
this intermediate is needed.

Crystallographic snapshots of these photointermediates
help elucidate the process of chromophore turnover and in-
dicate that the entire activation process entails subtle
changes in the overall structure of rhodopsin. The impor-
tance of minimal changes found in the photoactivated struc-
tures is further highlighted by the potential for dimers of
rhodopsin to explain its physiological function. Nonphysi-
ological dimers of rhodopsin can be found in its first three-
dimensional (3D) crystals, where the two subunits are re-
lated by a rotation of 180° about an axis in the plane of the
membrane that seem to be induced by experimental crystal-
lization conditions (Palczewski et al., 2000; Okada et al.,
2001; Teller et al., 2001). However, the new crystal form of
the photoactivated structure unveiled a possible physiologi-
cally relevant dimer rhodopsin interface. The photoactivated
crystal reveals that the dimer is stabilized by a series of
intermolecular contacts previously observed in other 3D crys-
tals but rotated by 180° around a hydrophobic center (Salom
et al., 2006b). These results are consistent with data obtained
by atomic force microscopy and molecular modeling (Fotiadis
et al., 2003; Liang et al., 2003; Filipek et al., 2004; Liang et
al., 2004). Moreover, the finding of dimeric rhodopsin crystals
offers a potential explanation for its higher-order organiza-
tion in native membranes and provides a template to study
GPCR activation by crystallography (Miller et al., 2008).
Structural similarity between the activated and ground
states shows that rhodopsin is a good template for homology
models of other GPCRs.

Fig. 1. Structural transformations of rhodopsin during
photolysis. Alignment of the first three photointermedi-
ates, bovine rhodopsin colored by helix: helix I (blue),
helix II (cyan), helix III (violet), helix IV (red), helix V
(orange), helix VI (yellow), helix VII (green), and helix 8
(magenta); bovine bathorhodopsin (magenta); and bo-
vine lumirhodopsin (green) reveals that the most pro-
nounced structural changes occur in the chromophore
region (dashed rectangle). The chromophore from each
of the three structures is shown on the right to highlight
the changes as photolysis proceeds. Retinal is colored
red for ground state rhodopsin, magenta for bathorho-
dopsin, and green for lumirhodopsin. From the ground
state to bathorhodopsin, the C,; = C,, bond adopts a
trans configuration after illumination. From bathorho-
dopsin to lumirhodopsin, a conformational change in
the B-ionone ring of the retinal is apparent. Changes in
MII and opsin are more pronounced, with opsin showing
slight side chain shifts of helices surrounding the chro-
mophore binding site that allow retinal entry and exit
as illustrated in Fig. 4.
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We think that an urgent priority now includes the eluci-
dation of the structural complexes of photoactivated rhodop-
sin with its partner proteins, G, rhodopsin kinase (GRK1),
and arrestin. These structures will provide a truer physio-
logic perspective of how GPCRs achieve their signaling con-
formation(s). The complexity of these proteins, especially the
G proteins, as well as the instability and heterogeneity of
such complexes, will make these investigations extremely
challenging. Unfortunately, “domain” approaches are not
suitable for GPCR studies because their entire structures
form one signaling domain. As illustrated by work with pep-
tides encompassing different regions of GPCRs and interact-
ing proteins, fragments of these receptors’ partner proteins
inadequately mimic the native proteins’ interactions and
their thermodynamic properties.

Comparison of Invertebrate and Vertebrate Structures:
Squid versus Bovine Rhodopsin

In contrast to vertebrate vision, wherein signal transduction
is mediated by the second messenger cyclic GMP, invertebrate

bovine rhodopsin (rainbow helices)
photoactivated structure (green ribbon)
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phototransduction employs an inositol-1,4,5-triphosphate sig-
naling cascade in which a G, protein is stimulated by photoac-
tivated rhodopsin (Terakita et al., 1998). Understanding the
invertebrate visual transduction process was enhanced by dis-
covery of the X-ray-defined structure of squid rhodopsin (Mu-
rakami and Kouyama, 2008). The large C terminus of squid
rhodopsin was proteolytically removed, and the M1-N8 residues
were not resolved (Table 1). Invertebrate rhodopsin forms a
stable pigment with either 11-cis- or all-trans-retinylidene, so
resolution of these structures constitutes an initial step in
learning about the critical determinants protecting the chro-
mophore from hydrolysis. Comparison of squid and bovine rho-
dopsin in a tetragonal P4, crystal (Okada et al., 2004) revealed
that the most notable difference is in the C-III loop, a difference
attributable to the extra sequence of squid rhodopsin in this
region (Fig. 2, C and D). The C-III loop of bovine rhodopsin
takes on different conformations in different crystal forms (Li et
al., 2004; Stenkamp, 2008). Extensions of helices V and VI into
the cytoplasmic medium are probably important structural mo-
tifs for specifying the coupling mode with G,. Thus, squid rho-
dopsin provides insights into the differences in rhodopsin sig-
naling mechanisms between vertebrates and invertebrates.

Fig. 2. Comparison of rhodopsin with the photoacti-
vated state resembling the MII structure and squid
rhodopsin. A, side view. Molecules are colored as the
bovine photoactivated structure (green ribbon) and bo-
vine rhodopsin by helix I (blue), helix II (cyan), helix IIT
(violet), helix IV (red), helix V (orange), helix VI (yel-
low), helix VII (green), and helix 8 (magenta). These
structures revealed smaller conformational changes
than predicted from EPR studies. B, cytoplasmic view.
Although the photoactivated structure resembling MII
is structurally similar to that of the ground-state rho-
dopsin, portions of the C-II and C-III loops are disor-
dered in the photoactive state. The C-III loop does not
even follow the path of the loop found in the ground-
state crystals. This difference may reflect the impor-
tance of these loops’ dynamics in transducin activation.
C, side view of squid rhodopsin is shown as a green
ribbon overlying bovine rhodopsin colored by helix. D,
these two structures show immense structural homol-
ogy, with the most noticeable difference being the larger
C-III loop in squid rhodopsin as a result of an extra
sequence in that region. The difference in the C-III loop,
involved in the binding of transducin, suggests that this
may be an important structural motif for specifying
different modes of coupling with G,-type G proteins in
invertebrate rhodopsins.

bovine rhodopsin (rainbow helices)
squid rhodopsin (green ribbon)

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

6  Mustafi and Palczewski

Understanding Chromophore Exchange in Vision: Opsin
versus Rhodopsin

Native bovine opsin, an inactive form of rhodopsin lacking
the chromophore, was crystallized (Park et al., 2008a;
Scheerer et al., 2008) by optimizing the selective extraction of
rhodopsin from rod cell disc membranes (Okada et al., 1998;
Okada et al., 2000). This method enabled crystallization
without any modification of the protein that might cause
structural distortions. Structural examination of this opsin
reveals only slight changes relative to rhodopsin for trans-
membrane helices I to IV. The most obvious differences are
found in the region of transmembrane helices V to VII; these
are especially prominent at the cytoplasmic ends of these
helices and cause rearrangement of the C-II and C-III loops
(Fig. 3, A and B). Furthermore, the ionic lock is broken in the
opsin structure such that the rearranged cytoplasmic ends of
transmembrane helices five and six are locked by two new
interactions. Lack of the interacting prosthetic group of 11-
cis-retinal causes a few distinct structural alterations in the
retinal-binding pocket. Part of the space occupied by the
B-ionone ring is filled in opsin by the side chain of Trp?%®. In
addition, lack of stabilizing residues to hold the polyene
chain of the retinal in place causes helix III and the C-III loop
to move slightly away from transmembrane helices V to VII.
This allows the retinal-binding pocket to become wider to-
ward the retinal attachment site of Lys?°¢ (Park et al., 2008a;
Scheerer et al., 2008). The C terminus of the opsin structure
is not resolved from residues Pro327 to Ala348 (Table 1).
However, a complex between opsin and the C-terminal pep-
tide derived from a-subunit of G protein transducin opti-
mized for tight binding was recently reported (Scheerer et al.,
2008) (Table 1). In our opinion, further experiments are
essential to show regeneration of opsin crystals back to
rhodopsin with 11-cis-retinal chromophore because opsin
is inherently unstable in detergents and unable to rebind
chromophore (Buczytko et al., 1996; McKibbin et al., 2007).
This approach would also provide conclusive evidence that
the crystal form reported is of true biologic relevance. The
previously studied structure could represent opsin or a
more stable conformation of opsin that can no longer be
regenerated.

The two different openings of the retinal-binding site in
opsin suggesting different retinal entrance and exit routes
support the hypothesis that all-trans-retinal exits via a path-
way differing from the entrance route and remains bound to
an exit site (Schadel et al., 2003) with the opening between
helices I and VII serving as a possible release structure for
all-trans-retinal. The proposed uptake route between the ex-
tracellular ends of helices V and VI may be a general route of
ligand uptake among GPCRs as evidenced by our current
simulations and past chemical work. Amine ligands for the
Bs-adrenergic receptor exhibit structural similarities to reti-
nal and the aromatic carbazole ring of the inverse agonist,
carazolol, could enter the ligand binding pocket at the oppo-
site side of the E-III loop, between helice V and VI (Park et
al., 2008a; Scheerer et al., 2008). Studies before the opsin
structure was elucidated (Schadel et al., 2003) suggested the
existence of a tunnel for retinal to traverse, but it was not
until the opsin structure was solved that tunneling of the
ligand could be confidently deduced. Use of the online soft-
ware Caver (Petrek et al., 2006) allowed elucidation of the
tunneling pathway for retinal into the binding pocket to
covalently bind to Lys®°® (Fig. 4). This shows two distinct
sites, validating the hypothesis that the ligand enters and
exits through different parts of the protein. The larger open-
ing between helices V and VI (Fig. 4) is logical for the uptake
of 11-cis-retinal, whereas an exit route for all-trans-retinal
through the opening between helices I and VII also is real-
istic owing to its more sterically constricted tunneling con-
figuration.

The B-Adrenergic and Adenosine Receptors

B:-Adrenergic Receptor versus Rhodopsin. Rhodop-
sin and adrenergic receptors belong to class A, the largest
and most studied of all GPCR classes. In a crystallized mu-
tant form of the B;-adrenergic receptor in complex with the
high-affinity antagonist cyanopindolol, six residues were mu-
tated (R68S, M90V, C116L, Y227A, A282L, F327A, F338M,
and C358A), three regions were deleted (Asp2-Ser32,
Cys244—-Arg271, and Ala368—-Ala496), and large portions of
the structural Metl to Gly2, Ala33 to GIn39, Arg239 to
Arg243, Ala272 to Met283, and Pro360 to Leu367 regions

Fig. 3. Comparison of rhodopsin and opsin structures.
A, side view. Molecules colored as bovine opsin II (green
ribbon) and bovine rhodopsin by helix: helix I (blue),
helix II (cyan), helix III (violet), helix IV (red), helix V
(orange), helix VI (yellow), helix VII (green), and helix 8
(magenta). Despite overall helical plasticity, the struc-
tural overlay illustrates slight shifts in the side chains
that could explain retinal entry/exit (see Fig. 4). B,
cytoplasmic view. The opsin and rhodopsin structures
show similar tracings of the cytoplasmic loops, but
slight differences may indicate the importance of these
loop movements in activation or relaxation back to the
ground state.

bovine rhodopsin (rainbow helices)

bovine opsin (green ribbon)
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were not resolved (Table 1). Despite the overall structural
plasticity, the resulting modified structure has some parts
that differ from those of native rhodopsins. In all GPCRs,
C-IT and C-III loops are believed to have a role in the binding,
selectivity, and activation of G proteins, the C-II loop being
important for the strength of the interaction and the C-III
loop for specificity (Wong and Ross, 1994). The difference in
the conformation of C-II loop also is important because this
region is highly conserved between B;- and B,-adrenergic
receptors, although it is poorly conserved between these
structures and rhodopsin. In a mutated form of the turkey
B;i-adrenergic receptor (Fig. 5), the C-II loop forms a short
a-helix parallel to the membrane surface, whereas in both
the mutant B,-adrenergic receptor structures and in rhodop-
sin, this loop is in an extended conformation (Warne et al.,
2008). The C-III loop is absent in the B,-adrenergic recep-
tor-T4 chimera crystal structure and sequestered by the Fab
in the other B,-adrenergic receptor structure. Destruction of
important structural motifs like this probably has compro-
mised the utility of these structures because they do not
represent native conformations. Crystallographic artifacts
may also change structural insights into ligand binding and
thus adversely affect rational drug design. This alteration is
reflected by the mutated turkey ;-adrenergic receptor struc-
ture to which the natural agonists noradrenaline and iso-
prenaline bound more weakly by factors of 2470 and 650,
respectively, than to the wild-type form (Warne et al., 2008).

Bo-Adrenergic Receptor versus Rhodopsin. The over-
all structure of the B,-adrenergic receptor with its partial
inverse agonist, carazolol, is similar to that of rhodopsin and

Leu 40
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the B;-adrenergic receptor, with seven transmembrane heli-
ces and an eighth helix that runs parallel to the cytoplasmic
face of the membrane (Fig. 6) (Cherezov et al., 2007; Hanson
et al., 2008). However, the B,-adrenergic receptor was highly
engineered with E122W, N187E, Gln231 to Ser262 (replaced
by amino acids 2 to 161 of T4 lysozyme) mutated in the
protein, C1054T and C1097A mutated in the T4 lysozyme,
and C-terminally Tyr366 to Leu413 truncated. Moreover,
Metl to Arg28 and Arg343 to Gly365 were not resolved in
this structure (Table 1). Thus, we think that any detailed
comparison with rhodopsin should be considered with cau-
tion. Even so, the structurally conserved helices provide a
common core present throughout class A GPCRs, whereas
the variable helices confer binding-site plasticity with a re-
sulting architecture capable of binding a large spectrum of
ligands. In particular, and in contrast to rhodopsin, the B,-
adrenergic receptor has a more open structure. Both forms of
the fusion receptors show that the largest difference is in
helix I, which is relatively straight and lacks the pro-induced
kink found in rhodopsin; this feature may meet the need for
an accessible ligand binding site in the B,-adrenergic recep-
tor. Differences in the arrangement of the C-loops of the
transmembrane segments of the B,-adrenergic receptor and
rhodopsin may provide structural insights into basal receptor
activity, given that rhodopsin has no detectable basal activity
in contrast to the relatively high basal activity of the B,-
adrenergic receptor (Rasmussen et al., 2007). However, the
Bs-adrenergic receptor-T4 chimera crystal displayed choles-
terol-mediated dimeric contacts (Hanson et al., 2008) in a
similar orientation as discussed for rhodopsin.

rhodopsin

Fig. 4. Structural comparison between opsin
and rhodopsin illustrating a pathway for ret-
inal exchange. The opsin structure shows two
different openings to the retinal-binding
pocket (i.e., one between the extracellular
ends of helice V and VI and the other between
helices I and VII. These openings suggest
different chromophore entrance and exit
routes. Both bovine opsin and bovine rhodop-
sin are colored by helix: helix I (blue), helix IT
(cyan), helix III (violet), helix IV (red), helix V
(orange), helix VI (yellow), helix VII (green),
and helix 8 (magenta), whereas retinal is de-
picted as red sticks. A, use of the online soft-
ware Caver shows a tunneling path of retinal
through an entry site between helix V and
helix VI of opsin, with three key Phe residues
lining the path (Phe208, Phe212, and
Phe273). B, this retinal entry path is blocked
in rhodopsin as a result of shifts in helices V
and VI that cause repositioning of these three
key Phe residues. C, a distinct pathway for
retinal exit from opsin is formed between he-
lices I and VII and is illustrated as a clear
hole in the solvent accessible surface. D, sim-
ilar to the retinal entry pathway, the exit
pathway is closed off in rhodopsin, most no-
tably by a shift in Phe?*®, as evidenced by the
closed solvent accessible surface.
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Information from the Fab/mutant B,-adrenergic receptor
complex also provides a global understanding of receptor
topology, but the structure is less informative with regard to
the precise receptor topology related to physiologic ligand
interactions because its crystallization involved similar trun-
cations (Tyr366-Leu413) and unresolved residues Metl to
Met36, Lys60, Ala91 to Glu107, Ser165 to Ala202, GIn243 to
Lys263, Val292 to Leu310, and Ala349 to Gly365 (Table 1) as
well as adaptation of the C-III loop to bind the Fab antibody
fragment.

Adenosine Receptor versus Rhodopsin. Like the S,-
adrenergic receptor, the human A,, adenosine receptor was
crystallized after applying a T4L fusion strategy wherein
most of the third cytoplasmic loop is replaced with lysozyme
and the carboxyl-terminal tail (Ala317-Ser412) is truncated;
the resulting structure also revealed that Metl to Pro2,
GIn148 to Serl56, and GIn311 to Ala316 were unresolved

(Table 1). Despite these similarities, the adenosine receptor
has a phospholipid bound in the cholesterol consensus motif.
There is also evidence that may suggest that the fusion
protein may have shifted its structure toward the activated
state, as evidenced by an increased affinity for the subtype-
selective agonist CGS21680 compared with the wild-type
construct. The helical arrangement is similar among the
human B,AR, turkey B;AR, and squid/bovine rhodopsin
structures determined to date. However, the binding pocket
of the A,, adenosine receptor is shifted closer to helices VI
and VII, compared with the position of the retinal and cara-
zolol binding pocket in the vicinity of helices III, V, and VI. In
addition, the E-II loop of the adenosine receptor differs con-
siderably from its counterparts in B,AR, B;AR, and rhodop-
sin, in that it lacks any prominent secondary structural ele-
ment and possesses three disulfide linkages with the E-I
loop. This contributes to an extensive disulfide bond network

P=-adrenergic receptor
(green ribbon)

Ala 358

[1-adrenergic receptor (rainbow helices)

adenosine Az receptor (green ribbon)

Fig. 5. Comparison of B;-adrenergic receptor with rhodopsin, B,-adrenergic receptor, and A,, adenosine receptor structures. The turkey 8;-adrenergic
receptor was mutated to facilitate its crystallization. The mutated receptor evidenced enhanced thermostability and preferentially existed in an
antagonist-binding state. Stretches of amino acid sequence were deleted from the N-terminal region (i.e., the loop connecting helices V and VI and the
C-terminal region). A, the B3;-adrenergic receptor is colored by helix: helix I (blue), helix II (cyan), helix III (violet), helix IV (red), helix V (orange), helix
VI (yellow), helix VII (green), and helix VIII (magenta). Thermostabilizing mutations (R68S, M90V, Y227A, A282L (not resolved in the shown
structure), F327A, and F338M) and those that either increased functional expression (C116L) or eliminated a palmitoylation site (C358A) are shown
as balls/sticks. B, structure of the B;-adrenergic receptor (colored by helix) is shown with bovine rhodopsin (green ribbon) to illustrate key structural
differences. Despite some differences in the transmembrane helices, the main distinction is in the organization of the cytoplasmic (C-) loops. The C-II
loop in the B;-adrenergic receptor structure forms a short a-helix, whereas this loop is more extended in rhodopsin. In addition, rhodopsin has a native
C-III loop that is absent from the B;-adrenergic receptor structure as a result of deletions needed for crystallization. C, the structure of the
B;-adrenergic receptor (colored by helix) is displayed with the human B2-adrenergic receptor (green ribbon) to show the key structural differences. In
this case, the C-II loops of both the B;- and B,-adrenergic receptors are similar, but the a-helical conformation of the B;-adrenergic receptor cannot
be accommodated within the two crystallized structures of the B,-adrenergic receptor because of lattice contacts with adjacent molecules. D, the
structure of the B,-adrenergic receptor (colored by helix) is displayed with the human A,, adenosine receptor (green ribbon) to show key structural
differences. The main difference between these two structures lies in the distinct folding of the extracellular loops, with the adenosine receptor
adopting a more open surface for ligand binding as a result of this folding.
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that forms a rigid, open structure, exposing the ligand bind-
ing cavity to solvent. The ZM241385 ligand in the crystal-
lized adenosine receptor occupies a significantly different
position than retinal and amine ligands, lying perpendicular
to the membrane plane. This new structure indicates that the
binding pocket in GPCRs can vary in position and orienta-
tion, permitting greater receptor diversity and ligand selec-
tivity. We believe that this finding further highlights the
need for high-resolution GPCR structural determinations,
because the results of molecular modeling deviate signifi-
cantly from the empiric data now available for the adenosine
receptor.

GPCR Structure and Pharmacology

Although classic drug screening programs have been suc-
cessful, more structural knowledge is needed for optimal
drug design and improved therapy. The paucity of structural
knowledge about GPCRs has severely limited the application
of structure-based drug design (Lundstrom, 2006). Even
though >30% of all marketed therapeutics act on GPCRs
(Hopkins and Groom, 2002), these drugs target only ~30
members of this class, so there is enormous potential to
exploit the remaining family members, including the >100
orphan receptors (Civelli, 2005), for which no existing ligands
have yet been identified.

Even when a GPCR has high sequence homology and al-
gorithms are used to predict its overall structure and possibly
the location of the small-molecule binding site within the
transmembrane domain with some accuracy, small differ-
ences in the exact helical arrangement may greatly affect the

bovine rhodopsin (rainbow helices)
Bz-adrenergic receptors fused with
T4-lysozyme (A) or with Fab (green
ribbons) (B)
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shape of the small-molecule binding site. For the many class
A GPCRs that have a low sequence homology with bovine
rhodopsin, the only native ligand bound GPCR structure
known to date, homology models cannot accurately predict
helical topography and, even less so, the topology of the
small-molecule binding site (Schlyer and Horuk, 2006). This
problem further highlights the need for native ligand-bound
states of GPCRs to improve drug design. The structures of ;-
and PB,-adrenergic receptors, although informative on a
global scale, lack this native binding property, and the new
fusion A,, adenosine receptor illustrates how empiric data
can be in stark contrast to the predictive molecular modeling
data concerning the actual ligand binding pocket. Improved
expression and purification methods are badly needed to
obtain high resolution structures in their native conforma-
tions for optimal drug design.

What Have We Learned about GPCRs from Their
Structures?

Several additional points are worth mentioning:

1. It is remarkable how similar the overall structures of
rhodopsin, adrenergic, and adenosine receptors really are.
This fact is easily forgotten when relatively minor differ-
ences are featured in each new elucidated structure. For
all rhodopsin structures, root-mean-square displacements
for transmembrane regions are within 1.8 A of each other,
and even when the adrenergic receptors are compared
with rhodopsin, these displacements are 3.3 to 3.5 A for
B,-adrenergic receptor and 4.3 to 4.7 A for B,-adrenergic

bovine rhodopsin (rainbow helices)
Adenosine Az a receptor fused with
T4-lysozyme (C)

Fig. 6. Structural comparison of the B,-adrenergic and A,, adenosine fusion receptors with rhodopsin. Shown are structures of the human
Bs-adrenergic receptor fused to T4 lysozyme (A) and in complex with Fab (B) and the human A, , adenosine receptor fused to T4 lysozyme (C). Bovine
rhodopsin is colored by helix: helix I (blue), helix II (cyan), helix III (violet), helix IV (red), helix V (orange), helix VI (yellow), helix VII (green), and
helix 8 (magenta), whereas each of the two fusion B,-adrenergic receptors are displayed as green ribbons. There are differences in the transmembrane
helices between the B,-adrenergic receptor and rhodopsin, with the most pronounced disparity occurring in helix I because the Pro residue kink is
absent in the B,-adrenergic receptor structures. In addition, the B,-adrenergic receptor structures show minimal inter-receptor contacts illustrating
that protein engineering may have affected the crystal packing and disrupted any possible dimeric interfaces of these structures. The overall helical
differences between the adenosine receptor and rhodopsin are minimal, but the adenosine receptor has a distinct arrangement of the extracellular
loops for a more open structure of the ligand binding pocket that is shifted closer to helices VI and VII.
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receptor—closer to rhodopsin than to each other (D.
Lodowski, unpublished observations). This close superim-
poseability occurs, in large part, because of the similar
structures of interacting proteins such as the G proteins,
receptor kinases, and arrestins. Despite differences in
overall sequence homology among GPCRs, this natural
phenomenon allows the vast majority of these receptors to
present a similar topography. Preservation of only a few
essential features is likely to be required for the activation
process and engagement with G proteins (Mirzadegan et
al., 2003).

. A large number of compounds can bind to each of the

GPCRs, yet only a portion of this ligand binding results in
receptor activation and coupling with partner proteins.
Moreover, among these agonist-stimulated activations,
full or partial activity can be achieved. These facts indi-
cate that changes on the cytoplasmic surface lead to dif-
fering efficacy of these ligands in activating a particular
GPCR. Overall, small changes within 2 to 6 A observed for
rhodopsins and anticipated for other receptors suggest
that such subtle changes either directly lead to different
receptor conformations or indirectly affect the extent of
protonation/deprotonation of key residues (like these in
the DRY motif region) on the cytoplasmic surface that are
responsible for the efficacy of G protein coupling. For
photoactivated rhodopsin, meta-stable photointermedi-
ates of the activated receptor can be differentiated in part
from one another based on their protonation state. The
spectrally and functionally distinct MII intermediate ca-
pable of activating the heterotrimeric G protein differs
from its precursor photointermediates by taking up a pro-
ton from the bulk solvent that confers increased confor-
mational flexibility (Salom et al., 2006b).

. The inherent flexibility of GPCRs permits conformational

changes to be triggered by ligand binding. Energy for such
a transformation due to ligand binding is typically be-
tween 8 and 12 kcal/mol. Obviously, only a small fraction
of this energy is required for activation, and thus large
“rigid body movements” are very unlikely to occur because
they are not supported by the energetics of this process.
These examples show that even though embedding pro-
teins in a lipid bilayer imposes several restrictions on
their conformation and movement, membrane proteins
still retain considerable flexibility and mobility that are
intimately connected to their function. For class A GPCRs,
movement of the kind imposed by the Pro residue in helix
VI could be the only significant movement for part of this
helix during activation. Stevens noted that the organiza-
tion of helices in inactive forms of GPCRs are slightly
different (Jaakola et al., 2008). It is tempting to speculate
that these slight differences in helix organization are not
sufficient for activation of these receptors. Thus, how does
the allosteric activation of GPCRs take place?

. Water molecules could be involved in the activation pro-

cess by an already mentioned protonation/deprotonation
mechanism. Many candidate water molecules have al-
ready been identified in GPCRs, so discussion of this crit-
ical point in GPCR signaling will be the focus of additional
theoretical and experimental work. With the lack of major
movements along the GPCR helices, water seems to be a
logical choice to transmit the signal from the ligand bind-
ing site to the cytoplasmic surface through realigning the

position of amino acid rotamers along pathways connect-
ing these two sites.

5. Finally, membrane proteins often oligomerize because ex-
posure of hydrophobic regions to water incurs a large
energetic penalty. Moreover, immobilization and confor-
mational constraints imposed on these proteins by their
oligomerization would provide a stabilizing influence.
Both oligomerization and dissociation to monomers can be
described by two biophysical concepts that seem largely
adequate to explain both the size and formation dynamics
of these structures, as has been shown for syntaxin 1
oligomers (Periole et al., 2007). A detailed analysis of
oligomerization and its energetics has recently been pre-
sented (Miiller et al., 2008). Even transient self-associa-
tion of membrane proteins will guarantee that sufficient
time for catalysis or signaling is achieved. Studies of
GPCR oligomerization have generated much passionate
discussion (Chabre et al., 2003; Park et al., 2004; Salah-
pour and Masri, 2007). However, an overwhelming
amount of data accumulated over the years support the
concept that GPCRs function as oligomeric rather than
monomeric receptors (Milligan, 2004; Park et al., 2004;
Terrillon and Bouvier, 2004). This concept is slowly gain-
ing recognition, even in structural studies of GPCRs that
provide the intellectual basis for pharmacologically rele-
vant allosteric regulators (Park et al., 2008b).

Conclusions

Progress in elucidating the structures of membrane-bound
GPCRs has been astonishing despite considerable technical
difficulties. X-ray diffraction of GPCR crystals provides a
static snapshot of their structure that allows simultaneous
imaging of the involved structural amino acids. It can be
argued that GPCR crystals do not mimic native structures
because they form in high concentrations of the precipitant
resulting in internal crystal contacts that could deform the
structure and prevent conformational alterations in response
to changes in ligand occupancy. This concern is likely valid to
some degree, even though the precipitants were selected
because they are nondenaturing and crystals would never
form from an assembly of differing protein conformations.
Moreover, the examined structures are well hydrated (~70%)
and the protein concentration within the crystals of rhodop-
sin is between 9 and 14 mM, not much above the 5 mM found
in the native state (Nickell et al., 2007). Furthermore, deter-
gent and residual or added lipids do provide a milieu suffi-
cient in many cases to maintain the functional properties of
GPCRs. Undoubtedly, however, there is a critical need to
correlate X-ray crystallographic findings with the cellular
properties of these receptors. Even though crystallography of
membrane proteins is labor-intensive and time-consuming,
there is no obvious substitute yet. For a receptor with dimen-
sions of 75 X 45 x 30 A and conformational changes within
1 to 6 A, other methods with errors within these ranges or
possible artifacts exceeding 10 A derived from chemical mod-
ifications of examined proteins may not be too informative.
There also is the concern that structural information gained
from extensively engineered GPCRs may or may not be use-
ful for rational drug design where the native human protein
structure is critically needed.
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