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G-protein-coupled receptors (GPCRs) participate in virtually all
physiological processes. They constitute the largest and most
structurally conserved family of signaling molecules. Several
class C GPCRs have been shown to exist as dimers in their
active form and growing evidence indicates that many, if not all,
class A receptors also form dimers and/or higher-order
oligomers. High-resolution crystal structures are available only
for the detergent-solubilized light receptor rhodopsin (Rho), the
archetypal class A GPCR. In addition, Rho is the only GPCR for
which the presumed higher-order oligomeric state has been
demonstrated, by imaging native disk membranes using
atomic force microscopy (AFM). Based on these data and the
X-ray structure, an atomic model of Rho dimers has been
proposed, a model that is currently scrutinized in various ways.
AFM has also been used to measure the forces required to
unfold single Rho molecules, thereby revealing which residues
are responsible for Rho’s stability. Recent functional analyses
of fractions from solubilized disk membranes revealed that
higher-order Rho oligomers are the most active species. These
and other results have enhanced our understanding of GPCR
structure and function.
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Introduction
Nearly all physiological processes in higher organisms
involve G-protein-coupled receptors (GPCRs), which
represent the largest class of membrane proteins in the
human genome. Class A, the rhodopsin like, comprises
90% of all GPCRs and includes numerous odorant
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receptors. Class B represents the secretin-like GPCRs.
The most complex GPCRs belong to class C, which
includes mainly the glutamate metabotropic receptors
and the GABA receptors. GPCRs transduce different
sensory, chemotactic, hormonal, and neuronal signals,
and are involved in many essential functions of the
human body in health and disease. Therefore, GPCRs
are the targets of a large number of therapeutics and
provide opportunities for the development of new drugs
with applications in all clinical fields. GPCR structures
comprise seven transmembrane a-helices (TM1–TM7)
and share highly conserved residues that exhibit important functional roles.
Rhodopsin (Rho) is the archetypal class A GPCR and
structurally the best characterized today [1]. Its atomic
structure [2] serves as a model for structure prediction of
other GPCRs. Located in tightly packed disk membranes
of retinal photoreceptors, Rho initiates phototransduction. Activated by a single photon, Rho undergoes a
conformational change [3] and induces subunit dissociation of the heterotrimeric transducin molecule (Gt), the
cognate G protein, which amplifies the light signal [4].
Thus, Rho has served as a template for studying and
understanding the GPCR family and the signaling systems that it regulates. A majority of mutations in Rho lead
to the neurodegenerative disease retinitis pigmentosa,
which leads to loss of vision and affects about 0.05% of
the global population [5].
Recent studies indicate that the oligomeric state of
GPCRs influences their regulation and interaction with
G proteins [6–9]. Rho is the only receptor whose native
oligomeric arrangement has been revealed, using atomic
force microscopy (AFM) [10,11]. Based on these data
and the X-ray structure, an atomic model of Rho dimers
and higher-order oligomers has been proposed [11,12].
Accordingly, the intradimeric contacts have been shown
to involve TM4 and TM5, whereas contacts mainly
between TM1 and TM2 and the cytoplasmic loop
connecting TM5 and TM6 facilitate the formation of
rows of Rho dimers. Functional cross-talk between
GPCRs in a homodimeric or heterodimeric assembly
is expected to involve conformational changes at the
dimer interface. As the structure of this interface is not
yet established, the Rho dimer model has guided crosslinking studies of substituted cysteine residues in TM4
and TM5 of the dopamine D2 receptor (dopamine D2R)
[13].
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In this review, we first describe the stability of Rho in
native membranes, as determined by single-molecule
force spectroscopy. We then summarize the recent progress in modeling the native conformation of Rho based
on topographs of disk membranes recorded by AFM. This
Rho dimer model is discussed in the context of Rho’s
capacity to activate Gt and the rapidly increasing evidence that GPCRs are likely to function as dimers and/or
higher-order oligomers.

Structure and stability
GPCRs share highly conserved residues (80–100%), such
as the sequence motifs D(E)RY in TM3 and NPXXY in
TM7, and a stabilizing Cys–Cys disulfide bond, which all
play important functional roles [14,15]. Single-molecule
force spectroscopy carried out on native bovine disk
membranes revealed the molecular interactions that stabilize secondary structure elements of Rho [16]. The N
terminus of Rho can be tethered to the tip of an AFM
cantilever located over a disk membrane by applying a
vertical pressure pulse; subsequent retraction of the tip
unfolds a single Rho molecule, yielding a characteristic
force-distance curve. Such force curves demonstrate that
Rho can be divided into structural segments, each one
establishing sufficiently strong interactions to expose a
well-defined mechanical stability (Figure 1). Surprisingly,
the highly conserved sequence motifs of GPCRs are all
located within these structural segments, which suggests

their dual role: they stabilize the protein, and they position and hold conserved residues in functionally important environments. Mutations within these important
segments severely impair the function of Rho and lead
to retinitis pigmentosa [5].
Probing the molecular interactions of Rho in the absence
of the highly conserved Cys110–Cys187 bond revealed
that the nature of certain molecular interactions was
altered. Some of them shifted their location and stabilized
different structural segments within the molecule. This
affected the stability of a few highly conserved residues,
which could no longer be held in place by the stable
structural segments [16]. These changes highlight the
structural importance of this disulfide bond and may form
the basis of dysfunctions associated with its absence. The
results also demonstrate that single-molecule force spectroscopy may open an avenue to measuring whether and
how therapeutics could restabilize Rho molecules and
other GPCRs.

The arrangement of rhodopsin in disk
membranes
The native oligomeric arrangement of Rho in murine rod
outer segment (ROS) disk membranes was assessed in
buffer solution using AFM [10,11]. To prevent formation of opsin, the bleached retinal-free form of Rho,
membrane samples were never exposed to visible light

Figure 1

Secondary structure of wild-type Rho mapped with molecular interactions detected by single-molecule force spectroscopy. (a) Arrows and
numbers indicate the beginning and end of each structural segment stabilized by molecular interactions. Each segment was located by fitting the
peaks of the force spectroscopy curves (b) using the worm-like chain (WLC) model, which describes the stretching of a polymer chain. Highly
conserved residues (>80%) are highlighted in gold. Residues framed by dark red circles indicate the positions of mutations associated with
retinitis pigmentosa [43]. (b) Superposition of several force curves (n=42) enhances common features of the individual curves. Major (black) and
minor peaks (grey shaded) were fitted using the WLC model (colored lines). The analysis of force curves revealed the strengths and locations of
molecular interactions within Rho. Single-molecule force spectroscopy curves were recorded on native ROS disk membranes in buffer solution
by pulling with the AFM tip at the N terminus of Rho (a). The force curves exhibited a length of 65 nm, corresponding to entirely unfolded
wild-type Rho molecules with an intact Cys110–Cys187 bond.
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Figure 2

The oligomeric state of Rho determined by AFM, TEM and BN-PAGE. (a) AFM topography of an open, spread-flattened murine disk adsorbed
on mica and imaged in buffer solution. Four different surface types are evident: disk membranes densely packed with Rho (1 and 4), lipid (2)
and mica (3). The topographies of regions 1 and 4 are displayed in (b,c) at higher magnification; (b) paracrystals and (c) rafts of Rho are distinct.
Rho dimers are marked by ellipses and an occasional Rho monomer by an arrowhead. (d) Electron micrograph of a negatively stained native disk
membrane adsorbed on carbon film. Six power spectra were calculated from regions of the displayed murine disk membrane (broken circle 1).
The average (panel 1) indicates paracrystallinity of Rho in the membrane. No powder diffraction is evident in the average (panel 2) calculated
from six power spectra of regions of the carbon film (broken circle 2). (e) BN-PAGE of bovine dark-adapted disk membranes: Rho migrates as a
dimer when solubilized in DDM. Before BN-PAGE, disk membranes were solubilized in 0.3% DDM at a protein concentration of 0.6 mg/ml.
(f) TEM of negatively stained DDM-solubilized disk membranes. The selected Rho dimers, which are marked by broken circles, were magnified
and are displayed in the gallery at right. The frame size of the magnified particles in the gallery is 10.4 nm. Scale bars represent: (a,d) 250 nm,
(b,c) 15 nm, (d panels 1 and 2) (4 nm) 1 and (f) 50 nm.

and the AFM was operated with an IR deflection detector. Intact, double-layered disks and open, spread-flattened disk membranes were circular in shape with
diameters between 0.9 and 1.5 mm, and thicknesses
between 16–17 and 7–8 nm, respectively. In such membranes, Rho was organized in paracrystalline arrays
(Figure 2a, area 1) and raft-like structures (Figure 2a,
area 4). Densely packed double rows of protrusions were
typical of the organization of Rho in its native membrane
(Figure 2b,c). At the borders of paracrystals and rafts, Rho
dimers (Figure 2b,c, ellipses) breaking off at the ends of
the rows were distinct, identifying dimers as the building
blocks of these higher-order structures. The center-tocenter distance between the protrusions within dimers
was 3.8 nm, whereas the lattice parameters of the paracrystals were a = 8.4 nm, b = 3.8 nm and g = 858. The
density of Rho in fully packed disks and islands ranged
from 30 000 to 55 000 monomers per mm2 [10,11].
Negatively stained disk membranes from murine ROS
inspected by transmission electron microscopy (TEM)
exhibited the typical morphology of intact disks [17]
(Figure 2d). Power spectra (Figure 2d, panel 1) calculated
from circular areas on the disk membrane (broken circle 1)
showed a diffuse ring at (4 nm) 1, characteristic of the
randomly oriented Rho paracrystals and rafts observed by
AFM (Figure 2a).
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In agreement with these recent observations on intact
disk membranes, n-dodecyl-b-D-maltoside (DDM)-solubilized membranes examined by blue-native polyacrylamide gel electrophoresis (BN-PAGE) showed a single
distinct band corresponding to the Rho dimer, provided
that the correct DDM to protein ratio was used [18]
(Figure 2e). When inspected by TEM, negatively stained
single DDM-solubilized Rho particles exhibited bi-lobed
structures with a length of 6.5 nm and a separation of the
density maxima of 3.2 nm. Their morphology and dimensions are compatible with those of Rho dimers viewed
side-on [18] (Figure 2f).
Most recently, luminescence resonance energy transfer
and fluorescence resonance energy transfer (FRET)
methods have demonstrated that Rho reconstituted into
asolectin liposomes has the capacity to dimerize and form
higher-order oligomers at low density [19]. Fluorescently
labeled Rho molecules were fully functional, as demonstrated by their ability to activate Gt. The distance
between Rho molecules measured by luminescence resonance energy transfer was 4–5 nm. Amazingly, the FRET
efficiency was close to the theoretical maximum, indicating nearly quantitative Rho–Rho association.
FRET has also been used to demonstrate that serotonin
5-hydroxytryptamine2C receptors (5-HT2CRs) form
www.sciencedirect.com
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homodimers [20]. Moreover, an inactive 5-HT2CR coexpressed with wild-type 5-HT2CR was shown to inhibit
basal and 5-HT-stimulated inositol phosphate signaling,
as well as constitutive and 5-HT-stimulated endocytosis
of wild-type 5-HT2CR. Thus, FRET proved the existence of heterodimers of inactive and wild-type 5HT2CR [21]. These results are consistent with the idea
that one GPCR dimer activates one G protein, and
indicate that dimerization is essential for 5-HT receptor
function.
The unique property of selectively activating only GPCR
heterodimers but not homodimers has been demonstrated for the opioid receptor [22]. This work is a proof
of concept for functional GPCR heterodimerization. Targeting opioid heterodimers could provide an approach for
the design of analgesic drugs with reduced side effects.

The dimer model and cross-linking studies
Lattice parameters describing the densest packing of Rho
enabled an atomic model of Rho dimers and higher-order
oligomers to be proposed [11,12] (Figure 3a). Accordingly, the weakest interaction is between rows of dimers,
and is the result of a small contact of one row with another,

at the extracellular ends of TM1 (contact area: 146 Å2;
Figure 3a, contact 3). Rows can accommodate 10–30
dimers and are rather straight and hence stiff. This is
compatible with the extended contact between Rho
dimers within a row (contact area: 333 Å2; Figure 3a,
contact 2). The strongest interaction is between the
monomers of the Rho dimer and involves TM4 and
TM5 (contact area: 578 Å2; Figure 3a, contact 1).
Because no high-resolution structure of the native Rho
dimer is currently available, cross-linking experiments
using different specific bi-functional cross-linkers were
carried out to test the validity of the proposed Rho dimer
model. As shown in Figure 3a, the cross-linking products,
obtained from bovine disk membranes after treatment
with DSP and LC-SPDP, are all compatible with the
model [18]. As satisfactory as these experimental results
may be, they still do not provide information about the
nature of the intradimeric contacts. In particular, it is not
possible to assess the putative TM4–TM5 interface
between monomers in native bovine Rho.
Chimeras of cyan or yellow fluorescent protein and opsin
expressed in COS1 cells allowed the molecular state to be

Figure 3

Model of the Rho dimer/oligomer and the intradimeric interface [11,12]. (a) Model of the packing arrangement of Rho molecules within the
paracrystalline arrays in the native disk membrane. The intradimeric (contact 1), interdimeric (contact 2) and row–row (contact 3) contacts that
form the higher-order structure of Rho are indicated. Amino acid residues K66, K245, K248 and C140, which are involved in the cross-link
products observed by Suda et al. [18] using the homobifunctional cross-linker DSP and the heterobifunctional cross-linker LC-SPDP, are labeled.
The cross-links formed by DSP and LC-SPDP are marked by red and black lines, respectively. (b) The intradimeric interface of Rho formed by TM4
and TM5. The a- and b-carbon atoms (orange spheres) mark the location of the amino acid residues in Rho that correspond to the amino acid
residues found at the dimer interface of dopamine D2R, as identified by site-directed cysteine mutagenesis and cross-linking [13]. The models
are seen from the cytoplasmic side. Monomers that form a Rho dimer are indicated in green or brown. For better clarity, the connecting loops
and termini are displayed as tubes. The coordinates of this Rho dimer model are deposited at the Protein Data Bank (code 1N3M).
Figures 3 and 5 were prepared using DINO (http://www.dino3d.org).
www.sciencedirect.com
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measured by FRET and demonstrated intermolecular
interaction between opsin molecules in COS1 cells.
Based on the Rho dimer model shown in Figure 3a,
site-directed cysteine mutants were created, among
which mutants W175C and Y206C (both sites in TM4)
most rapidly formed dimers in the presence of Cu2+phenanthroline, indicating that these two amino acid
residues are located at the dimer interface [23].
TM4 was identified as part of the symmetrical dimer
interface of dopamine D2R using Cu2+-phenanthroline
induced cross-linking [24]. Because ligand binding did
not affect cross-linking, and because cross-linking influenced neither ligand binding nor receptor activation,
dopamine D2R was concluded to act as a constitutive
dimer. Although these experiments were interpreted on
the basis of recent structural data from electron crystallography of two-dimensional squid Rho crystals [25], they
are also compatible with the native dimer model displayed in Figure 3a.
Studies of dopamine D2R site-directed cysteine mutants
also revealed functional cross-talk across the dimer
interface formed by TM4 [13]. These experiments
demonstrate that susceptibilities to cross-linking are differentially altered by the presence of agonists and inverse
agonists. Inverse agonists slowed cross-linking of a set of
cysteines in TM4, whereas agonists accelerated cross-

linking of TM4 and locked the receptor in an active state.
Thus, a conformational change at the TM4 dimer
interface is part of the receptor activation mechanism.
Importantly, the TM4 dimer interface in the inverseagonist-bound conformation is consistent with the dimer
model derived from the AFM data (Figure 3a). Further
support for the AFM model comes from experiments in
which cross-linking of cysteine residues substituted at the
extracellular end of TM5 of dopamine D2R has been
observed [13] (Figure 3b).
In addition, cross-linking followed by size-exclusion chromatography, neutron scattering, and mass spectrometry
experiments showed that the complex formed between
the purified, activated leukotriene B4 receptor BLT1 and
Gai2b1g2 corresponds to a pentameric assembly of one
heterotrimeric G protein and one dimeric receptor [26].

G protein activation capacity of different
Rho preparations
When using different mild detergents, such as DDM,
n-tetradecyl-b-D-maltoside (TDM) or n-hexadecyl-b-Dmaltoside (HDM), for solubilizing disk membranes, Rho
was found to behave differently when purified by gel
filtration chromatography. TEM of such negatively
stained Rho preparations showed significant differences
in quaternary structure [27] (Figure 4). Rho exists as a
mixture of monomers and dimers after solubilization with

Figure 4

TEM and Gt activation capacity of Rho solubilized in DDM, TDM or HDM. Disk membranes solubilized in DDM, TDM or HDM were fractionated
by gel filtration chromatography. The fractions containing the highest concentration of Rho were inspected by TEM and their ability to activate
Gt was measured. (a) DDM-solubilized Rho contains a mixture of Rho monomers (see arrowhead in inset) and dimers. (b) TDM-solubilized and
(c) HDM-solubilized Rho preparations are not homogeneous and comprise larger structures than in the DDM fractions. Additionally, the TDM
and, in particular, the HDM fractions display worm-like structures (see inset in c), which have a similar width as the rows of dimers seen by AFM
(compare with Figure 2b,c). Gt activation by Meta II was the lowest for Rho solubilized in DDM (bottom of a) and increased for higher-order
oligomers (TDM, bottom of b; HDM, bottom of c). In HDM, where the highest order oligomers were present, Rho was the most active. The
regions denoted by the broken squares are magnified and displayed in the right-hand corner of the electron micrograph. The scale bars represent
150 nm and the insets are 102 nm wide.
Current Opinion in Structural Biology 2006, 16:252–259
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DDM (Figure 4a), whereas higher-order structures were
found with TDM (Figure 4b) and HDM (Figure 4c).
When solubilized with HDM, many particles appeared to
consist of tightly packed rows of Rho dimers (inset in
Figure 4c), akin to the structures observed in native disk
membranes (Figure 2b,c). Such preparations were
assessed for their ability to activate Gt. The specific
oligomeric form of Rho turned out to be critical to the
interaction with Gt. Although the monomer/dimer mixture of DDM-solubilized light-activated Rho (Meta II)
was capable of activating Gt, this process was much faster
with Rho solubilized in HDM (Figure 4c).

Conclusions and perspectives
Recent experimental data on GPCR dimerization have
unsettled the classical idea that GPCRs function as monomers [6,7,9,22,26,28–36]. Many GPCRs appear to exist
not only as homodimers and heterodimers, but also as
higher-order oligomers. Because Rho is the archetypal
GPCR as well as the only one for which an atomic structure
is available, the initial observation of Rho oligomers in
native disk membranes by AFM has provided important
insight into GPCR oligomerization [10]. In addition,
these data gave a solid basis to a proposed atomic model
of the native Rho dimer and the Rho–Gt heteropentamer
(Figure 5a) [11,12]. Although not verified by high-resolution structure determination methods, intermolecular
cross-linking experiments following site-directed cysteine
mutagenesis within TM4 of opsin [23] and TM4 and TM5
of dopamine D2R [13] produced results that are compatible with the AFM model. Although further experiments
are required to substantiate the model shown in Figure 3a,
it is currently the best working hypothesis.

The assessment of the Gt activation capacity of Rho
solubilized from disk membranes with different mild
detergents demonstrates the striking difference in the
activity of dimer/monomer mixtures of Rho compared
with that of rafts containing tightly packed rows of Rho
[27]. As illustrated in Figure 4c, HDM-solubilized Rho
is at least one order of magnitude more active than DDMsolubilized Rho. These experiments imply that Rho
monomers may activate Gt [37], but only with low efficiency. In contrast, a drastic increase in Rho activity is
observed when multiple Gts bind to rows of Rho dimers.
Plasmon-waveguide resonance spectroscopy showed the
binding affinity of Gt for dark-adapted Rho to be 64 nM,
but 0.7 nM for light-activated Rho* [38]. Hence, Gt
complexes, which are anchored in the bilayer through
the farnesyl moiety bound to the C terminus of Gtg [39],
may slide along Rho dimer rows, efficiently probing for
Rho*, to which they bind strongly and are then activated
(Figure 5b). With single photon detection capacity, the
sensory machinery in the ROS must be highly regulated
to adapt to the large variation in light intensities of the
environment. Arrestin is the key regulator: it binds
strongly to phosphorylated Rho*. As illustrated in
Figure 5c, arrestin has the correct dimensions and shape
to interact with the Rho dimer [11]. Recent support for
this model comes from co-immunoprecipitation experiments and fluorescence microscopy, which demonstrate
the recruitment of b-arrestins-1 to the plasma membrane
by different muscarinic receptor homodimers and heterodimers expressed in COS-7 cells [40].
In contrast to all these observations, the lateral organization of the neurokinin-1 receptor (NK1R) was shown by

Figure 5

Models of the Gt–Rho heteropentamer, Gt activation and the arrestin–Rho heterotrimer. (a) The size and shape of the Gt heterotrimer suggest
the Rho dimer to be an ideal docking platform. The specific Rho dimer–Gt interactions in this model are compatible with all known mutations and
have been extensively discussed by Filipek et al. [12]. (b) Cartoon describing efficient Gt activation. Gt, which has a binding affinity of 64 nM
and is anchored in the bilayer through the farnesyl moiety (indicated in purple) bound to the C terminus of Gtg, may slide along Rho dimer
rows. Gt sliding is stopped by binding at 0.7 nM to Rho* (dark green) [38] and subsequent activation. (c) Arrestin, which binds strongly to
phosphorylated Rho*, has the appropriate size and shape to interact with the Rho* dimer [11]. Rho dimers are colored in green or dark gray.
The subunits of Gt are colored in orange (Gta), yellow (Gtb), and red (Gtg). Arrestin is colored in blue.
www.sciencedirect.com
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FRET to comprise monomers within microdomains at
the surface of living cells [41]. NK1R was expressed as an
acyl carrier protein (ACP)–NK1R fusion protein to allow
subsequent labeling with fluorophores optimized for
quantitative FRET. However, it cannot be excluded that
the fusion of ACP to the N terminus of NK1R could
abolish dimerization. The N-terminal domain of Rho
forms a cup or plug [1] that is critical for its proper folding,
as indicated by dysfunction of the Rho mutation T4R in
dogs [42]. It is anticipated that extracellular domains will
form tightly packed structures in other GPCRs. Although
ACP–NK1R was found to activate Ca2+ signaling, a
quantitative assessment of G protein activation by
ACP–NK1R has not been achieved. Hence, the measurements on NK1R represent a puzzle that needs to be
solved.
GPCR dimerization seems to have different functional
consequences during the GPCR life cycle [7]. First,
dimerization appears to have a primary role in receptor
maturation and the correct trafficking of GPCRs to the
cell surface. Second, dimers may be a prerequisite for
ligand binding. Third, as demonstrated by dopamine
D2R, conformational changes at the dimer interface
may transfer information between the monomers. Fourth,
GPCR heterodimerization can invoke either positive or
negative ligand-binding cooperativity, and change G protein selectivity. Fifth, GPCR dimers or higher-order
oligomers are likely to be the platforms for G protein
activation. Sixth, heterodimerization can induce co-internalization of two receptors after stimulation of only one of
them. The concept of GPCR dimerization is likely to be
important in drug development and screening. Changes
in the ligand-binding and signaling properties of GPCR
heterodimers may introduce unsuspected pharmacological variety.
In view of these multiple functions, the elucidation of
the atomic structure of GPCR–G protein complexes is
of primary importance. Stable decoration of two-dimensional crystals of a GPCR with the cognate G protein
heterotrimer and study by electron crystallography
seems to be an option. An even more ambitious goal
would be the three-dimensional crystallization of such
a complex, and its subsequent analysis by X-ray
crystallography.

Acknowledgements
We would like to thank Slawomir Filipek for providing the coordinates
of the Gt–Rho heteropentamer and the arrestin–Rho heterotrimer
shown in Figure 5. This research was supported by the Swiss National
Research Foundation (grant 3100-059415), the ME Müller Foundation, the
Swiss National Center of Competence in Research (NCCR) ‘Structural
Biology’ and the NCCR ‘Nanoscale Science’. KP acknowledges support
by US Public Health Service grants EY01730 and EY08061 from the
National Eye Institute, and GM63020 from the National Institute of
General Medical Sciences, National Institutes of Health, Bethesda,
MD, USA.
Current Opinion in Structural Biology 2006, 16:252–259

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:
 of special interest
 of outstanding interest
1.

Filipek S, Stenkamp RE, Teller DC, Palczewski K: G proteincoupled receptor rhodopsin: a prospectus. Annu Rev Physiol
2003, 65:851-879.

2.

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H,
Fox BA, Le Trong I, Teller DC, Okada T, Stenkamp RE et al.:
Crystal structure of rhodopsin: a G protein-coupled receptor.
Science 2000, 289:739-745.

3.


Ruprecht JJ, Mielke T, Vogel R, Villa C, Schertler GF: Electron
crystallography reveals the structure of metarhodopsin I.
EMBO J 2004, 23:3609-3620.
Electron crystallography of two-dimensional crystals of bovine Rho
revealed that metarhodopsin I formation does not involve large rigidbody movements of helices, but rather a rearrangement of helix 6, at the
level of the retinal chromophore.
4.

Ridge KD, Abdulaev NG, Sousa M, Palczewski K:
Phototransduction: crystal clear. Trends Biochem Sci 2003,
28:479-487.

5.

Dryja TP, Li T: Molecular genetics of retinitis pigmentosa. Hum
Mol Genet 1995, 4 Spec No::1739-1743.

6.

Javitch JA: The ants go marching two by two: oligomeric
structure of G-protein-coupled receptors. Mol Pharmacol 2004,
66:1077-1082.

7.

Terrillon S, Bouvier M: Roles of G-protein-coupled receptor
dimerization. EMBO Rep 2004, 5:30-34.

8.

Park PS, Filipek S, Wells JW, Palczewski K: Oligomerization of G
protein-coupled receptors: past, present, and future.
Biochemistry 2004, 43:15643-15656.

9.

Park PS, Palczewski K: Diversifying the repertoire of G proteincoupled receptors through oligomerization. Proc Natl Acad Sci
USA 2005, 102:8793-8794.

10. Fotiadis D, Liang Y, Filipek S, Saperstein DA, Engel A,
 Palczewski K: Atomic-force microscopy: rhodopsin dimers in
native disc membranes. Nature 2003, 421:127-128.
AFM of disk membranes revealed the native arrangement of Rho for the
first time.
11. Liang Y, Fotiadis D, Filipek S, Saperstein DA, Palczewski K,
 Engel A: Organization of the G protein-coupled receptors
rhodopsin and opsin in native membranes. J Biol Chem 2003,
278:21655-21662.
The packing parameters obtained from disk membrane images acquired
using AFM allowed the best currently available model of a GPCR dimer to
be proposed.
12. Filipek S, Krzysko KA, Fotiadis D, Liang Y, Saperstein DA, Engel A,
Palczewski K: A concept for G protein activation by G
protein-coupled receptor dimers: the transducin/rhodopsin
interface. Photochem Photobiol Sci 2004, 3:1-12.
13. Guo W, Shi L, Filizola M, Weinstein H, Javitch JA: Crosstalk in G
 protein-coupled receptors: changes at the transmembrane
homodimer interface determine activation. Proc Natl Acad Sci
USA 2005, 102:17495-17500.
Site-directed cysteine mutagenesis within TM4 of dopamine D2R, combined with Cu2+-phenanthroline induced cross-linking, mapped the adjacent surface residues in the dopamine D2R dimer. In addition, ligandinduced conformational changes of the dimer interface were identified.
Importantly, several sites in TM5 also cross-linked, supporting the current
dimer model.
14. Ballesteros JA, Shi L, Javitch JA: Structural mimicry in G proteincoupled receptors: implications of the high-resolution
structure of rhodopsin for structure-function analysis of
rhodopsin-like receptors. Mol Pharmacol 2001, 60:1-19.
15. Rader AJ, Anderson G, Isin B, Khorana HG, Bahar I,
Klein-Seetharaman J: Identification of core amino acids
stabilizing rhodopsin. Proc Natl Acad Sci USA 2004,
101:7246-7251.
www.sciencedirect.com

Structure of the rhodopsin dimers and oligomers Fotiadis et al. 259

16. Sapra KT, Park PS, Filipek S, Engel A, Muller DJ, Palczewski K:

Detecting molecular interactions that stabilize native bovine
rhodopsin. J Mol Biol 2006, in press.
Molecular interactions that establish stable structural segments within
Rho were detected by single-molecule force spectroscopy. These segments harbor highly conserved residues (>80%) that ensure the stability
of Rho.

neurotransmission by adenosine A1-A2A receptor
heteromers. J Neurosci 2006, 26:2080-2087.
29. Pascal G, Milligan G: Functional complementation and the
analysis of opioid receptor homodimerization. Mol Pharmacol
2005, 68:905-915.

17. Fotiadis D, Liang Y, Filipek S, Saperstein DA, Engel A,
Palczewski K: The G protein-coupled receptor rhodopsin in the
native membrane. FEBS Lett 2004, 564:281-288.

30. Terrillon S, Barberis C, Bouvier M: Heterodimerization of V1a and
V2 vasopressin receptors determines the interaction with
beta-arrestin and their trafficking patterns. Proc Natl Acad Sci
USA 2004, 101:1548-1553.

18. Suda K, Filipek S, Palczewski K, Engel A, Fotiadis D: The
supramolecular structure of the GPCR rhodopsin in solution
and native disc membranes. Mol Membr Biol 2004, 21:435-446.

31. Breitwieser GE: G protein-coupled receptor oligomerization:
implications for G protein activation and cell signaling.
Circ Res 2004, 94:17-27.

19. Mansoor SE, Palczewski K, Farrens DL: Rhodopsin self
associates in asolectin liposomes. Proc Natl Acad Sci USA
2006, in press.
The authors show that Rho has the capacity to form dimers even when
reconstituted in lipid membranes at low concentrations.

32. Bai M: Dimerization of G-protein-coupled receptors: roles in
signal transduction. Cell Signal 2004, 16:175-186.

20. Herrick-Davis K, Grinde E, Mazurkiewicz JE: Biochemical and
biophysical characterization of serotonin 5-HT2C receptor
homodimers on the plasma membrane of living cells.
Biochemistry 2004, 43:13963-13971.
21. Herrick-Davis K, Grinde E, Harrigan TJ, Mazurkiewicz JE:
Inhibition of serotonin 5-hydroxytryptamine2c receptor
function through heterodimerization: receptor dimers bind
two molecules of ligand and one G-protein. J Biol Chem 2005,
280:40144-40151.
22. Waldhoer M, Fong J, Jones RM, Lunzer MM, Sharma SK,
 Kostenis E, Portoghese PS, Whistler JL: A heterodimer-selective
agonist shows in vivo relevance of G protein-coupled receptor
dimmers. Proc Natl Acad Sci USA 2005, 102:9050-9055.
The opioid agonist 6-guanidinonaltrindole activates only opioid receptor
heterodimers but not homodimers. This demonstrates that drug targeting
of GPCR heterodimers is possible, paving the way for designing drugs
with reduced side effects.
23. Kota P, Reeves PJ, Rajbhandary UL, Khorana HG: Opsin is
present as dimers in COS1 cells: identification of amino acids
at the dimeric interface, Proc Natl Acad Sci USA 2006, in press.
24. Guo W, Shi L, Javitch JA: The fourth transmembrane segment
forms the interface of the dopamine D2 receptor homodimer.
J Biol Chem 2003, 278:4385-4388.
25. Davies A, Gowen BE, Krebs AM, Schertler GF, Saibil HR: Threedimensional structure of an invertebrate rhodopsin and basis
for ordered alignment in the photoreceptor membrane.
J Mol Biol 2001, 314:455-463.
26. Baneres JL, Parello J: Structure-based analysis of GPCR
function: evidence for a novel pentameric assembly between
the dimeric leukotriene B4 receptor BLT1 and the G-protein.
J Mol Biol 2003, 329:815-829.
27. Jastrzebska B, Fotiadis D, Jang G, Stenkamp R, Engel A,
 Palczewski K: Functional and structural characterization of
rhodopsin oligomers. J Biol Chem 2006, in press.
Rho solubilized with different mild detergents exhibited transducinactivating capacities that differed by more than an order of magnitude.
When analyzed by TEM, the most active sample showed rows of Rho akin
to the rows observed by AFM.
28. Ciruela F, Casado V, Rodrigues RJ, Lujan R, Burgueno J,
Canals M, Borycz J, Rebola N, Goldberg SR, Mallol J et al.:
Presynaptic control of striatal glutamatergic

www.sciencedirect.com

33. Soyer OS, Dimmic MW, Neubig RR, Goldstein RA: Dimerization in
aminergic G-protein-coupled receptors: application of a
hidden-site class model of evolution. Biochemistry 2003,
42:14522-14531.
34. Lee SP, O’Dowd BF, George SR: Homo- and heterooligomerization of G protein-coupled receptors. Life Sci 2003,
74:173-180.
35. Klco JM, Lassere TB, Baranski TJ: C5a receptor oligomerization.
I. Disulfide trapping reveals oligomers and potential contact
surfaces in a G protein-coupled receptor. J Biol Chem 2003,
278:35345-35353.
36. Carrillo JJ, Pediani J, Milligan G: Dimers of class A G proteincoupled receptors function via agonist-mediated transactivation of associated G proteins. J Biol Chem 2003,
278:42578-42587.
37. Chabre M, le Maire M: Monomeric G-protein-coupled receptor
as a functional unit. Biochemistry 2005, 44:9395-9403.
38. Alves ID, Salgado GF, Salamon Z, Brown MF, Tollin G, Hruby VJ:
Phosphatidylethanolamine enhances rhodopsin
photoactivation and transducin binding in a solid supported
lipid bilayer as determined using plasmon-waveguide
resonance spectroscopy. Biophys J 2005, 88:198-210.
39. Zhang Z, Melia TJ, He F, Yuan C, McGough A, Schmid MF,
Wensel TG: How a G protein binds a membrane. J Biol Chem
2004, 279:33937-33945.
40. Novi F, Stanasila L, Giorgi F, Corsini GU, Cotecchia S, Maggio R:
Paired activation of two components within muscarinic M3
receptor dimers is required for recruitment of beta-arrestin-1
to the plasma membrane. J Biol Chem 2005, 280:19768-19776.
41. Meyer BH, Segura JM, Martinez KL, Hovius R, George N,
Johnsson K, Vogel H: FRET imaging reveals that functional
neurokinin-1 receptors are monomeric and reside in
membrane microdomains of live cells. Proc Natl Acad Sci USA
2006, 103:2138-2143.
42. Zhu L, Jang GF, Jastrzebska B, Filipek S, Pearce-Kelling SE,
Aguirre GD, Stenkamp RE, Acland GM, Palczewski K: A naturally
occurring mutation of the opsin gene (T4R) in dogs affects
glycosylation and stability of the G protein-coupled receptor.
J Biol Chem 2004, 279:53828-53839.
43. Okada T, Ernst OP, Palczewski K, Hofmann KP: Activation of
rhodopsin: new insights from structural and biochemical
studies. Trends Biochem Sci 2001, 26:318-324.

Current Opinion in Structural Biology 2006, 16:252–259

