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■ Abstract The recent report of the crystal structure of rhodopsin provides insights
concerning structure-activity relationships in visual pigments and related G protein–
coupled receptors (GPCRs). The seven transmembrane helices of rhodopsin are inter-
rupted or kinked at multiple sites. An extensive network of interhelical interactions
stabilizes the ground state of the receptor. The ligand-binding pocket of rhodopsin is
remarkably compact, and several chromophore-protein interactions were not predicted
from mutagenesis or spectroscopic studies. The helix movement model of receptor
activation, which likely applies to all GPCRs of the rhodopsin family, is supported by
several structural elements that suggest how light-induced conformational changes in
the ligand-binding pocket are transmitted to the cytoplasmic surface. The cytoplasmic
domain of the receptor includes a helical domain extending from the seventh trans-
membrane segment parallel to the bilayer surface. The cytoplasmic surface appears to
be approximately large enough to bind to the transducin heterotrimer in a one-to-one
complex. The structural basis for several unique biophysical properties of rhodopsin,
including its extremely low dark noise level and high quantum efficiency, can now be
addressed using a combination of structural biology and various spectroscopic meth-
ods. Future high-resolution structural studies of rhodopsin and other GPCRs will form
the basis to elucidate the detailed molecular mechanism of GPCR-mediated signal
transduction.
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INTRODUCTION

Rhodopsin (Rho) is a highly specialized G protein–coupled receptor (GPCR) that
detects photons in the rod photoreceptor cell. Within the superfamily of GPCRs that
couple to heterotrimeric G proteins, Rho defines the so-called Family A GPCRs,
which share primary structural homology (192, 207). Rho can be obtained from
bovine retinae (0.5–1.0 mg/retina) by a sucrose density gradient centrifugation
preparation of the rod outer-segment disc membranes (175). Rho is stable enough
in the dark to be purified further by various chromatographic procedures, and it
remains stable in solution in a variety of detergents (168). Bovine Rho was the first
GPCR to be sequenced by amino acid sequencing (84, 171), the first to be cloned
(157, 158), the first to be crystallized (167), and the first to yield a crystal structure
(172).

Visual pigments share several structural features with other GPCRs (193).
Their core structure consists of seven transmembrane (TM) segments (H1 to H7)
(Figure 1). A pair of highly conserved Cys residues is found on the extracel-
luar surface of the receptor and forms a disulfide bond. A Glu(Asp)/Arg/Tyr(Trp)
tripeptide sequence is found at the cytoplasmic border of H3. This sequence is
conserved in Family A GPCRs and is involved in G protein interaction (59, 60).
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Figure 1 A secondary structure diagram of bovine Rho. Amino acid residues are depicted
in single-letter code. The amino-terminal tail and extracellular domain is toward the top, and
the carboxyl-terminal tail and cytoplasmic domain is toward the bottom. Transmembrane
α-helical segments (H1 to H7) and the cationic amphipathic helix H8 are shown in cylinders.
An essential disulfide bond links Cys-110 and Cys-187. Cys-322 and Cys-323 are palmitoy-
lated. (Inset) The structure of the RET chromophore. Carbon atoms are numbered 1 through
20.

Sites of light-dependent phosphorylation at Ser and Thr residues are found at
the carboxyl-terminal tail of most visual pigments. These sites are analogous to
phosphorylation sites found on the carboxyl-terminal tails of other GPCRs (22).

Although it shares many similarities with other GPCRs, as a visual pigment Rho
displays many specialized features not found in other GPCRs. In particular, visual
pigments are made of opsin apoprotein plus chromophore. The chromophore is not
a ligand in the classical sense because it is linked covalently via a protonated Schiff
base bond in the membrane-embedded domain of the protein. The Lys residue that
acts as the linkage site for the chromophore (Lys-296) is conserved within H7. A
carboxylic acid residue that serves as the counterion to the protonated, positively
charged retinylidene Schiff base (Glu-113) is conserved within H3. The position
analogous to the Schiff base counterion is one helix turn away from the position of
an Asp residue conserved in biogenic amine receptors that serves as the counterion
to the cationic amine ligands.
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The chromophore in all Rhos is derived from the aldehyde of vitamin A1, 11-cis-
retinal (RET) (Figure 1). Some fishes, amphibians, reptiles, and aquatic mammals
may also employ the aldehyde of vitamin A2, 11-cis-3,4-didehydroretinal, which
contains an additional carbon-carbon double bond. All pigments with a vitamin A2–
derived chromophore are called porphyropsins. An important structural feature of
the RET chromophore in Rho, in addition to its Schiff base linkage, is its extended
polyene structure, which accounts for its visible absorption properties and allows
for resonance structures (183).

Rho displays a broad visible absorption maximum (λmax) at about 500 nm
(Figure 2). Photon capture leading to photoisomerization of the 11-cis to all-trans
form of the RET chromophore is the primary event in visual signal transduction,
and it is the only light-dependent step (223). After photoisomerization, the pigment
decays thermally to metarhodopsin II (M-II) with aλmaxvalue of 380 nm. The M-II
intermediate is characterized by a deprotonated Schiff base chromophore linkage.
M-II is the active form of the receptor (R∗), which catalyzes guanine nucleotide
exchange by the rod cell heterotrimeric G protein, transducin (Gt). In contrast with
vertebrate vision, invertebrate vision is generally photochromic—a photoactivated
invertebrate pigment can be inactivated by absorption of a second photon that
induces isomerization to the ground-statecisconformation.

In the case of the vertebrate visual system, Gt activation leads to the activa-
tion of a cyclic-GMP phosphodiesterase (cGMP-PDE) and the closing of cGMP-
gated cation channels in the plasma membrane of the rod cell. Light causes a
graded hyperpolarization of the photoreceptor cell. The amplification, modula-
tion, and regulation of the light response is of great physiological importance and
has been discussed in detail elsewhere (15, 32, 211, 223). Activation of a single
Rho molecule by a single photon has been estimated to prevent the entry of as
many as 107 cations into the rod cell. Recent studies have estimated that at room
temperature, each R∗ triggers activation of cGMP-PDE at rates of 1000 to 2000
molecules per second (120). Despite the fact that the visual system functions over
about a 106-fold range of light intensity, the retinal rod cell has single-photon
detection capability due to extremely low levels of dark noise in Rho and a signif-
icant degree of biochemical amplification. Thermal isomerization in a single Rho
molecule at physiological temperature has been estimated to occur about once in
470 years (14). The possibility of single-pheromone molecule detection by insect
olfactory systems notwithstanding, the visual system is unique among sensory
signal transduction systems in that it can detect single events.

This review focuses on what has been learned from the recently published
crystal structure of Rho (172). What insight does the structure provide about the
mechanism of the “opsin shift” and spectral tuning? What is the structural basis for
the incredible stability of Rho in the rod cell disc membrane in the dark? How does
Rho achieve high photochemical specificity and high quantum yield? How does
a single R∗ catalyze guanine nucleotide exchange by hundreds of Gt molecules?
What does the Rho structure tell us about structure-activity relationships in other
GPCRs (148, 194)? Finally, when possible, attempts are made to reconcile previous
key findings from biochemical studies and the analysis of site-directed mutant
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Figure 2 (A) A UV-visible absorption spectrum of purified recombinant COS-cell
Rho in detergent solution (dark) shows a characteristic broad visible absorbance with
a λmax value of 500 nm. The 280-nm peak represents the protein component. After
exposure to light, the pigment is converted to metarhodopsin II (M-II) with aλmaxvalue
of 380 nm characteristic of an unprotonated Schiff base imine. M-II is the active form
of the receptor that interacts with Gt. Inset: The photobleaching difference spectrum
obtained by subtracting the light spectrum from the dark spectrum. Essentially identical
results can be obtained with Rho from bovine retinas purified by concanavalin-A
lectin-affinity chromatography. (B) A kinetic assay of the activation of Gt by R∗. The
intrinsic tryptophan fluorescence of Gt increases significantly when GTP replaces GDP.
Therefore, the fluorescence emission of a mixture of purified components (Rho, Gt,
GDP, GTPγS) in detergent solution can be measured as a function of time. The sample
is illuminated to convert Rho to R∗, which catalyzes GTPγS uptake by Gt and causes
an increase in fluorescence. The reaction is started by injecting GTPγS into the cuvette
(200 sec).

pigments with the Rho crystal structure. Some of the material herein has been
presented in the context of the physiology rather than the biophysics of Rho,
although there is obvious overlap (149). In addition, excellent recent reviews by
Gether (69) and Ballesteros et al. (13) have focused more on the implications of
the structure of Rho for understanding the structure and function of other GPCRs.
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MOLECULAR STRUCTURE OF RHODOPSIN

Overview of the Crystal Structure of Rhodopsin

To obtain crystals, bovine Rho was purified from rod outer-segment membranes
and crystallized from a detergent solution—nonylthiolglucoside supplemented
with the small amphiphile heptane 1,2,3-triol (167, 168). The resolution of the
crystallographic data of the original data set was approximately 2.8Å, but small
segments of the cytoplasmic surface domain are not resolved. A more recent re-
finement of the data has also been reported (218). The structure represents the
inactive form of Rho with its bound RET chromophore intact. A ribbon diagram
of the Rho peptide backbone structure with the RET chromophore is presented
in Figure 3. The structure discussed in this chapter is that of the A chain in the

Figure 3 The RET chromophore-binding pocket of bovine Rho. The RET
chromophore-binding pocket is shown from within the plane of the membrane bi-
layer. The cyclohexenyl ring and the Schiff base imine are labeled. At least 16 amino
acid residues are within 4.5̊A of the RET ligand: Glu-113, Ala-117, Thr-118, Gly-121,
Glu-122, Glu-181, Ser-186, Tyr-191, Met-207, His-211, Phe-212, Phe-261, Trp-265,
Tyr-268, Ala-269, and Ala-292. Some additional key amino acid residues are labeled,
including the Cys-110/Cys-187 disulfide bond. RET is situated such that its proximal
end (approximately C9 to C15) lies along theβ4 strand and its distal end (approximately
C9 to the cyclohexenyl ring) lies along H-3.
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crystal unit cell dimer. A detailed description of the crystal structure was recently
presented (149).

As an integral membrane protein, Rho comprises three topological domains:
the extracellular surface, the membrane-embedded domain, and the intracellular
surface. Due to the location of Rho in the disc membrane of the rod outer seg-
ment, the extracellular domain is sometimes referred to as intradiscal. The amino
terminus of Rho is extracellular and the carboxyl terminus in intracellular. The
membrane-embedded domain consists of seven TM segments (H1 to H7), which
are predominantlyα-helical. The helical segments form a compact bundle that
contains the binding site for the RET chromophore.

Crystal Structure of the Extracellular Surface
Domain of Rhodopsin

The extracellular surface domain of Rho comprises the amino-terminal tail (NT)
and three interhelical loops (E1, E2, and E3) (Figure 1). There is significant sec-
ondary structure in the extracellular domain and several intra- and interdomain
interactions. NT extends from the amino terminus to Pro-34 and contains five dis-
torted strands (β1, β2, S3, S4, and S5). NT is glycosylated at Asn-2 and Asn-15.
The oligosaccharides extend away from the extracellular domain and do not seem
to interact with any part of the molecule. The extracellular surface domain also
contains three extracellular interhelical loops: loop E1 (a.a. 101–106) connects
H2 and H3, loop E2 (a.a. 174–199) connects H4 and H5, loop E3 (a.a. 278–285)
connects H6 and H7.

One of the most striking features of the Rho structure is the presence and
positioning of theβ4 strand (Ser-186/Cys-187/Gly-188/Ile-189), which forms an
extracellular roof for the RET-binding pocket. Theβ4 strand runs nearly parallel
to the length of the polyene chain from about C9 to the Schiff base imine nitrogen.
The opposite end of RET from the cyclohexenyl ring to about C10 runs along H3,
which is tilted with respect to the plane of the membrane. The result is that this
end of RET seems to be held very firmly in place by multiple contacts.

Crystal Structure of the Membrane-Embedded
Domain of Rhodopsin

The crystal structure of Rho suggests that 194 amino acid residues make up the
seven TM segments (H1 to H7) included in the membrane-embedded domain: H1
(a.a. 35–64), H2 (a.a. 71–100), H3 (a.a. 107–139), H4 (a.a. 151–173), H5 (a.a.
200–225), H6 (a.a. 247–277), and H7 (a.a. 286–306). The crystal structure of this
domain is remarkable for a number of kinks and distortions of the individual TM
segments, which are otherwise generallyα-helical in secondary structure. Many
of these distortions from canonical secondary structure were not accounted for
in molecular graphics models of Rho based on projection density maps obtained
from cryoelectron microscopy (12, 119, 199, 219).
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Crystal Structure of the Chromophore-Binding
Pocket of Rhodopsin

The binding site of the RET chromophore lies within the membrane-embedded do-
main of the receptor (Figure 3). At least 16 amino acid residues are within 4.5Å of
the RET moiety: Glu-113, Ala-117, Thr-118, Gly-121, Glu-122, Glu-181, Ser-186,
Tyr-191, Met-207, His-211, Phe-212, Phe-261, Trp-265, Tyr-268, Ala-269, and
Ala-292. The most striking feature of the RET-binding pocket is the presence of
many polar or polarizable groups to coordinate an essentially hydrophobic ligand
(Figure 3). The chromophore is located closer to the extracellular side of the TM
domain of the receptor than to the cytoplasmic side. The chromophore polyene
from C6 to C11 runs almost parallel to H3, which provides many of the amino
acid side chains that form the chromophore-binding pocket: Glu-113, Gly-114,
Ala-117, Thr-118, Gly-120, and Gly-121. The polyene chain facing toward the
extracellular side of the receptor is covered, or capped, by the amino acid residues
from theβ4-sheet (Ser-186 to Ile-189) of the E2 loop as described above. The
carboxylic acid side chain of Glu-181 in theβ3-sheet of the E2 loop points toward
the center of the RET polyene chain.

Glu-113 serves as the RET Schiff base counterion. A number of other amino
acid side chains surround the imine moiety, including Tyr-43, Met-44 and Leu-
47 in H1, Thr-94 in H2, and Phe-293 in H7. In particular, Met-44 and Leu-47,
in addition to the peptide bond between Phe-293 and Phe-294, help to orient
the side chain of Lys-296 in the direction of the long axis of Rho. The phenyl
rings of Phe-293 and Phe-294 also interact with side chains of adjacent helices.
The two oxygen atoms of the Glu-113 carboxylate side chain of Glu-113 are
located 3.3Å and 3.5Å from the imine nitrogen. The hydroxyl group of Thr-94
is also about 3.4̊A from one of the Glu-113 carboxylate oxygens. Thr-92 and
Thr-93 are also in the vicinity of the Schiff base imine but may not be close
enough to contribute significantly to stabilization of its protonated ground state.
The presence of water molecules in the Schiff base region has been postulated, but
the crystal structure at the reported resolution does not contain defined water in this
region (153).

The position of the cyclohexenyl ring of the chromophore is largely constrained
on the cytoplasmic side of the binding pocket by three residues: Glu-122 (H3),
Phe-261 (H6), and Trp-265 (H6). The indole side chain of Trp-265 points inward
from the more cytoplasmic position of the Trp-265 backbone and comes within
about 3.8Å of the RET C20. Side chains from Met-207, His-211, and Phe-212 on
H5, and Tyr-268 and Ala-269 on H6 further constrain the chromophore ring.

Gly-121 interacts with RET in a direct steric manner and lies closest to the
C18-methyl group bonded to C5 of the cyclohexenyl ring (Gly-121 Cα-RET C18

distance—3.5̊A). Gly-121 is close to Phe-261 (H6) in the Rho crystal structure.
They pair to form one boundary of the RET-binding site, defining the C4-C5-C18

orientation (Phe-261 Cz-Gly-121 Cα distance, 5Å; Phe-261 Cz-RET C4 distance,
3.7 Å). This portion of the RET-binding pocket around H3 and H6 appears to be
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held rigidly together by tight van der Waals interactions. H4 contributes only one
residue, Cys-167, directly to the chromophore-binding pocket.

Crystal Structure of the Cytoplasmic
Surface Domain of Rhodopsin

The cytoplasmic domain of Rho comprises three cytoplasmic loops and the
carboxyl-terminal tail: C1 (a.a. 65–70), C2 (a.a. 140–150), C3 (a.a. 226–246),
and CT (a.a. 307–348). Loops C1 and C2 are resolved in the crystal structure, but
only residues 226 to 235 and 240 to 246 are resolved in C3. CT is divided into
two structural domains. C4 extends from the cytoplasmic end of H7 at Ile-307 to
Gly-324, just beyond two vicinal Cys residues (Cys-322 and Cys-323), which are
posttranslationally palmitoylated. The remainder of CT extends from Lys-325 to
the carboxyl terminus of Rho at Ala-348. The crystal structure does not resolve
residues 328 to 333 in CT.

The hallmark of the C4 loop is anα-helical stretch, H8. H8 is connected to
H7 by the Met-309/Asn-310/Lys-311 tripeptide that acts as a short linker. H8 lies
nearly perpendicular to H7, and together with the Asn/Pro/X/X/Tyr motif in H7,
it is one of the most highly conserved long stretches of primary structure in Rho.
The environment around H8 is mainly hydrophobic, which may lead to increased
helical stability. H8 might be best described as a cationic amphipathicα-helix,
with Lys-311 and Arg-314 on one face of the helix and Phe-313, Met-317, and
Leu-321 buried in the hydrophobic core of the bilayer between H1 and H7. H8
points away from the center of Rho and it appears that the palmitoyl groups linked
to Cys-322 and Cys-323 by thioester bonds may be anchored in the membrane
bilayer, although this is not resolved in the crystal structure. The helical structure
of H8 is terminated by Gly-324. The residues at the extreme carboxyl-terminal
end of CT compose the most solvent-exposed region of Rho. CT folds back over
a small portion of the helical bundle at H1 and H7.

STRUCTURE-ACTIVITY RELATIONSHIPS IN RHODOPSIN

Structure-Activity Relationships in the
Extracellular Surface Domain

The extracellular loops and amino-terminal tail of bovine Rho have been shown
in a deletion analysis to be important for proper folding of the receptor that al-
lows cellular processing and chromophore binding (42). Insertional mutagenesis
was also used in a related study to probe the topology of Rho and to correlate
the location of epitope insertion to stability and cell trafficking (27). Interestingly,
several mutations that interfered with the formation of a correct tertiary structure
on the intradiscal surface resulted in mutant opsins that appeared to be retained in
the endoplasmic reticulum during heterologous expression and were complexed
with molecular chaperones (9). Antibody accessibility studies suggested that the
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NT domain constitutes a defined tertiary structure that contributes to the overall
extracellular domain (31). Rho is glycosylated at Asn-2 and Asn-15 of the NT. A
nonglycosylated Rho, which was prepared in the presence of tunicamycin, was de-
fective in light-dependent activation of Gt (104). The structural basis of this finding
is not clear from the Rho crystal structure because the oligosaccharide chains point
away from the molecule and do not seem to engage in intramolecular interactions.

Several point mutations that result in amino acid substitutions in the NT domain
are linked to autosomal dominant retinitis pigmentosa (ADRP), including positions
Pro-23 and Gln-28. ADRP is an inherited human disease that causes progressive
retinal degeneration, loss of dim-light vision, loss of peripheral vision, and eventual
blindness. Pro-23 and Gln-28 interact with Tyr-102, which is in the E1 loop. This
interaction might maintain an essential structural orientation between NT and E1
that is disrupted in the NT of the ADRP mutants. Thus, Tyr-102 interacts with
Pro-23 and Gln-28 to maintain proper orientation between E1 and NT. The roles
of specific amino acid residues in the NT domain were also studied in various
transgenic mice strains harboring point mutations that correspond to sites linked
to ADRP (149).

Cys-110 and Cys-187 form a disulfide linkage in an elegant study in which
the four intracellular and three membrane-embedded Cys residues were removed
by site-directed mutagenesis to create a mutant receptor with only the three ex-
tracellular Cys residues remaining (102). In a related study, the double mutant
C110A/C187A was shown to bind RET to form a Rho-like pigment (39). How-
ever, the M-II–like photoproduct of the mutant pigment, which could activate Gt

in response to light, was considerably less stable than native M-II (39).
Glu-181 arises from the linker betweenβ3 andβ4 and points toward the polyene

chain. Glu-181 may serve to influence the electron density of the conjugated
polyene system of the retinal chromophore so that photoisomerization occurs ex-
clusively at the C11-C12 double bond. Another potential role for Glu-181 may be
to control the rate of decay of M-II. Recent experiments with site-directed mutants
with replacements of Glu-181 show that the rate of M-II decay as measured by
the decay of Trp fluorescence quenching can be either accelerated or slowed when
the amino acid at position 181 is changed (M. Kazmi, S. De, E. Marin, E. Yan,
R. A. Mathies & T. P. Sakmar, manuscript in preparation).

Structure-Activity Relationships in the
Membrane-Embedded Domain of Rhodopsin

The membrane-embedded domain of Rho is characterized by the presence of sev-
eral intramolecular interactions that may be important in stabilizing the ground-
state structure of the receptor. One of the hallmarks of the molecular physiology of
Rho is that it is essentially biochemically silent in the dark. The RET chromophore
serves as a potent pharmacological inverse agonist to minimize activity. The re-
sult is that the rod cell can attain single-photon sensitivity (86). The Rho struc-
ture reveals numerous potentially stabilizing intramolecular interactions—some
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mediated by the RET chromophore and some arising mainly from interhelical inter-
actions that do not involve the RET-binding pocket directly. For example, Phe-293
interacts with Leu-40 and Phe-294 interacts with Cys-264. These interactions seem
to be facilitated by the slight distortion of H6 in the region near Ile-263. In addition
to these core interactions, four hydrogen (H)-bond networks appear to provide sta-
bilizing interhelical interactions at or near the cytoplasmic surface of the receptor.

H-bond network 1 links H1, H2, and H7. The helical structure of H7 is elongated
in the region from Ala-295 to Tyr-301, which permits the backbone carbonyl group
of Ala-299 to H-bond with the side chains of Asn-55 and Asp-83. Asn-55 is a highly
conserved residue that plays the central role in the H-bond network 1 because it
H-bonds to both Asp-83 and the backbone carbonyl of Ala-299. Asp-83 may be
connected to the backbone carbonyl of Gly-120 in H3 through a water molecule.

H-bond network 2 links H2, H3, and H4. This network involves Asn-78 as the
key residue, which H-bonds to the hydroxyl functions of Ser-127 (H3),
Thr-160 (H4), Trp-161 (H4), and the backbone carbonyl of Phe-159. Mutant pig-
ments S127A and T160V displayed normal ground-state spectral properties con-
sistent with a lack of direct contact with RET (96). Another possible interhelical
interaction in this region might involve Glu-122 (H3), Met-163 (H4), and His-211
(H5). An indirect functional interaction between Glu-122 and His-211 has been
demonstrated experimentally (18).

H-bond network 3 links H3 and H6. This network involves the conserved Arg-
135, which interacts with Glu-134 and with the hydroxyl group of Thr-251 and side
chain of Glu-247. The carboxylate of Glu-134 seems to be in position to form a salt
bridge with the guanidinium group of Arg-135. This would be consistent with the
hypothesis that Glu-134 is unprotonated in Rho and becomes protonated during the
transition to R∗ (10, 50). It is interesting to note the three consecutive Val residues
(Val-137, Val-138, and Val-139) are situated to form a cytoplasmic cap to H3 so that
the Glu-134/Arg-135 dipeptide is between the receptor core and the Val tripeptide.
This Val cap might act to stabilize the Glu-134/Arg-135 salt bridge, which in turn
acts to keep the receptor in its off-state in the dark. It is also interesting to note
that Thr-251 in Rho is in the position equivalent to Ala-293 in theα1B-adrenergic
receptor. Mutation of Ala-293 causes the receptor to become constitutively active
(112). The Asp(Glu)/Arg/Tyr(Trp) motif at the cytoplasmic border of H3 is one of
the most highly conserved structural motifs in Family A GPCRs.

Finally, H-bond network 4 links H6 and H7. The key interaction here is be-
tween Met-257 and Asn-302. The precise functional importance of the highly
conserved Asn/Pro/X/X/Tyr motif (Asn-302/Pro-303/Val-304/Ile-305/Tyr-306 in
Rho) is unclear. However, one key structural role is to mediate several interhelical
interactions. The side chains of Asn-302 and Tyr-306 project toward the center of
the helical bundle. The hydroxyl group of Tyr-306 is close to Asn-73 (cytoplasmic
border of H2), which is also highly conserved. A key structural water molecule
may facilitate a H-bond interaction between Asn-302 and Asp-83 (H2). A recent
mutagenesis study of the human platelet-activating factor receptor showed that
replacement of amino acids at the positions equivalent to Asp-78 and Asn-302 in
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Rho with residues that could not H-bond prevented agonist-dependent receptor
internalization and G protein activation (125).

The interaction between Met-257 and the Asn/Pro/X/X/Tyr motif was predicted
earlier to explain the results of a mutagenesis study in which Met-257 was replaced
by each of the 19 other amino acid residues (82). Nearly all Met-257 replacements
caused constitutive activity of the mutant opsins. Constitutive activity refers to the
ability of an opsin to activate Gt in the absence of any chromophore. A decrease in
interaction between Met-257 and Asn-302 might relieve an interhelical constraint
that stabilizes the ground-state structure of Rho. However, the most highly con-
stitutively active Met-257 mutants were M257Y, M257N, and M257S, which are all
theoretically capable of forming H-bonds with the adjacent Asn-302. It is conceiv-
able that the amino acid residue at position 257 in a mutant receptor forms H-bond
interactions that stabilize the active-state structure of the receptor as well. Whether
constitutive activity is caused simply by a lack of H6/H7 interactions, or whether a
gain of active-state stabilizing interactions is required could be determined by test-
ing mutant receptors with alterations of the Asn/Pro/X/X/Tyr motif, for example,
N302A and I305A in Rho, or analogous mutations in other Family A GPCRs.

Structure-Activity Relationships in the
Chromophore-Binding Pocket of Rhodopsin

The RET chromophore is a derivative of vitamin A1 with a total of 20 carbon atoms
(Figure 1). The carbon atoms of the cyclohexenyl ring are numbered C1 to C6.
The polyene carbons extend from C7 to C15. Two methyl groups (C16 and C17) are
bonded to C1, and single methyl groups are attached at each of three other carbons:
C5 (C18 methyl), C9 (C19 methyl), and C13 (C20 methyl). The structural conforma-
tion of the bound chromophore in the Rho crystal structure appears to be 6-s-cis,
11-cis, 12-s-trans. The protonated Schiff base bond appears to be in theanticonfor-
mation. A higher-resolution Rho structure would be required for a crystallographic
determination of the precise chromophore structure. Although a variety of spec-
troscopic studies support the 6-s-cis, 11-cis, 12-s-transRET conformation, recent
NMR and computational experiments suggest a 6-s-transconformation (74, 202).

A number of experimental approaches have been employed to investigate RET-
protein interactions in the membrane-embedded domain of bovine Rho. Several
spectroscopic methods such as resonance Raman spectroscopy (93, 117, 129),
Fourier-transform infrared (FTIR)-difference spectroscopy (51) and NMR
spectroscopy (44, 74, 75, 221) have been reported. Other approaches have included
reconstitution of opsin apoprotein with synthetic retinal analogues (92, 137) and
photochemical cross-linking (26, 154, 232).

Lys-296 and Glu-113 are two of the key amino acid residues that define the
structure and function of the retinal chromophore in Rho. The Schiff base linkage
of the chromophore to Lys-296 is a key feature of Rho structure (83). Light-
dependent Schiff base deprotonation is required for the formation of the active
state of the receptor, R∗ (106, 136). However, light can induce the receptor active
state in the absence of a Schiff base chromophore linkage to the opsin (169, 234).
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Glu-113 in bovine Rho serves as the counterion to the positive charge of the
RET-protonated Schiff base (49, 156, 196, 233). Glu-113 is unprotonated and neg-
atively charged in the ground state of Rho (48). It becomes protonated upon light-
dependent formation of M-II and is the net proton acceptor for the Schiff base
proton (97). The Glu-113–protonated Schiff base interaction serves to stabilize
the Schiff base proton such that its acid dissociation constant (pKa) in Rho is es-
timated to be>12, compared to a value of∼7 for a model compound in aqueous
solution, although the mechanism of protonated Schiff base stabilization is not en-
tirely clear from the crystal structure. The stable interaction between Glu-113 and
the protonated Schiff base may also inhibit hydrolysis of the Schiff base linkage
in darkness. For example, hydroxylamine does not react with the Schiff base of
Rho, but readily reacts with that of M-II or with Rho mutants in which Glu-113
is replaced by a neutral amino acid residue by mutagenesis (196). This is an im-
portant consideration since the opsin alone, without the RET chromophore, has a
small but measurable activity (29, 183, 189, 215).

The chemical environment of Schiff base has recently been probed using magic
angle spinning (MAS) NMR. Recombinant Rho was labeled with 6-15N-lysine
and 2-13C-glycine by expression of opsin in tissue culture with defined media.
The UV-visible spectrum of the labeled Rho was indistinguishable from that of
wild-type Rho. The peak corresponding to the15N-PSB was observed at 156.8
ppm in the MAS NMR spectrum. This peak position suggests that the distance
between the PSB and its counterion at Glu-113 is greater than 4Å, consistent with
structural H-bonded water between the PSB nitrogen and Glu-113 (44). Similar
results were obtained by Creemers et al. (38). More recently MAS NMR was carried
out on artificial rhodopsin prepared by regeneration of opsin with a synthetic retinal
containing13C at ten positions (222).

The high sensitivity of the rod cell depends upon an extremely low intrinsic level
of signaling in darkness. Dark noise can be generated by thermal isomerization
events in Rho (16, 17, 229), by the presence of opsin lacking the RET chromophore,
which acts as an inverse agonist, or by mutant opsins that display the property
of constitutive activity (189). Generally, a mutation that disrupts a putative salt
bridge between Glu-113 and Lys-296 in the opsin apoprotein leads to constitutive
activity. Replacement of either Glu-113 or Lys-296 by a neutral amino acid results
in a mutant opsin with constitutive activity.

Other mutations such as G90D or A292E also result in constitutive activ-
ity, presumably because the introduction of the negatively charged residue into
the membrane-embedded domain of the receptor affects the stability of the Glu-
113/Lys-296 salt bridge (36, 184). The crystal structure shows that H2 is kinked
around vicinal Gly residues, Gly-89 and Gly-90, so that this region of H2 is brought
closer to H3 than to H1. This feature is interesting in that Gly-90 comes into close
proximity to the retinylidene Schiff base counterion, Glu-113, on H3. A mutation
that results in the replacement of Gly-90 by an Asp residue causes congenital sta-
tionary night blindness in humans, probably because of destabilization of the ionic
interaction between Glu-113 and the Schiff base (235), or because of constitutive
activity of the mutant opsin apoprotein that results from a disruption of a salt bridge
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between Glu-113 and Lys-296 (184). The mechanism of constitutive activity of
opsins and the potential relevance of constitutive activity to visual diseases such
as congenital night blindness have been reviewed (185).

The C12 of RET is within about 4–5̊A of Glu-181 from the E2 loop. Glu-181
may serve to influence the electron density of the conjugated polyene system of the
RET chromophore so that photoisomerization occurs exclusively at the C11–C12

double bond. The potential for ionic interaction between RET and Glu-181 also
suggests that it may have a role in the mechanism of the opsin shift. Perturbation
of the electron distribution near the center of the polyene chain is one mechanism
to facilitate spectral tuning (92). Glu-181 is highly conserved among vertebrate
opsins, blue and UV cone pigments. The corresponding position in green and red
cone pigments is His-197, which forms part of a chloride ion–binding site. Chloride
binding causes a red shift in absorption of the green and red pigments. Interestingly,
the H197E/R200Q mutant of the human green cone pigment displays a visibleλmax

value of 500 nm (225), which is the same as theλmaxvalue of Rho, suggesting that
perturbation of the polyene by chloride may be the only element in the green cone
pigment responsible for its spectral difference from Rho. The negative charge of the
chloride ion bound to His-197 in the long-wavelength-sensing cone pigments might
be brought closer to RET than the charge of the carboxylate of Glu-181 in Rho.

The position of the cyclohexenyl ring of the chromophore is largely constrained
on the cytoplasmic side of the binding pocket by three residues: Glu-122 (H3),
Phe-261 (H6), and Trp-265 (H6). The indole side chain of Trp-265 points inward
from the more cytoplasmic position of the Trp-265 backbone and comes within
about 3.8Å of the RET C20. Trp-265 is close enough to RET that it can serve as an
intrinsic probe of the chromophore conformation (130). Side chains from Met-207,
His-211, and Phe-212 on H5, and Tyr-268 and Ala-269 on H6 further constrain the
chromophore ring. Replacements of Phe-261 by Tyr or Ala-269 by Thr produce
bathochromic spectral shifts in theλmax values of the resulting mutant pigments
(34). These residues are also responsible in part for the spectral shift in red cone
pigments. Whereas red pigments have Thr and Tyr at the positions corresponding
to 261 and 269 in Rho, green cone pigments have Phe and Ala (11, 161).

The interaction between Gly-121 and RET is consistent with mutagenesis ex-
periments in which replacement of Gly-121 caused blue-shiftedλmax values and
decreased RET binding that corresponded to the bulk of the substituted side chain
(80). Second-site replacement of Phe-261 by Ala caused a reversion of the loss of
function Gly-121 mutant phenotypes, which was interpreted to mean that Gly-121
and Phe-261 interacted to form a part of the RET-binding pocket (79). Gly-121
and Phe-261 are indeed very close together in the Rho crystal structure. They pair
to form one boundary of the RET-binding site to define the C4-C5-C18 orienta-
tion (Phe-261 Cz-Gly-121 Cα distance, 5̊A; Phe-261 Cz-RET C4 distance, 3.7̊A).
Interestingly, Gly-121 is conserved among all vertebrate and invertebrate visual
pigments (181), and Phe-261 is strictly conserved among nearly all GPCRs (5). In
long-wavelength-sensing cone pigments, Phe-261 is replaced by a tyrosine that is
involved in spectral tuning (34).
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Structure-Activity Relationships in the
Cytoplasmic Domain of Rhodopsin

A number of cytoplasmic proteins interact exclusively with R∗. Because the crystal
structure depicts the inactive Rho structure that does not interact significantly with
cytoplasmic proteins, the structure can provide only indirect information about the
relevant R∗ state. In addition, two regions of the cytoplasmic surface domain of Rho
(amino acid residues 236–239 and 328–333) are not fully resolved in the crystal
structure. Potentially important structural information relevant to understanding
protein-protein interactions in the visual transduction cascade may be lacking in the
reported structure. The borders between the TM helical segments and the cytoplas-
mic loops do not necessarily represent the boundary between aqueous phase and
membrane bilayer. The helical segments generally tend to extend into the cytoplas-
mic aqueous phase. A number of amino acid residues that are involved in Gt binding
or activation, such as Glu-134 or Lys-248, are situated in the helical segments.

Detailed biochemical and biophysical analysis of the R∗-Gt interaction has been
aided by mutagenesis of the cytoplasmic domain of bovine Rho. Numerous Rho
mutants defective in the ability to activate Gt have been identified (60). Several of
these mutant receptors were studied by flash photolysis (46, 59), light scattering
(45), or proton uptake assays (10). Recently, a combination of site-directed muta-
genesis and peptide-binding studies clearly showed that the C4 loop region, which
includes H8, is involved in Gt binding and activation (46, 143). Direct evidence for
the interaction between H8 and Gt comes from studies using a synthetic peptide cor-
responding to Asn-310 to Leu-321 of Rho, which binds to Gt (143). The key overall
result of these studies is that C2, C3, and H8 are involved in R∗-Gt interaction.

H8 is a cationic amphipathic helix that may bind a phospholipid molecule,
especially a negatively charged phospholipid such as phosphatidyl serine. In fact,
spectroscopic evidence has been reported to show an interaction between Rho and
a lipid molecule that is altered in the transition of Rho to M-II (19, 96). High
conservation of Phe-313 and Arg-314 suggests that the amphipathic character
of H8 may be functionally important. H8 points away from the center of Rho,
and the area of the membrane surface covered by the entire cytoplasmic surface
domain appears to be roughly large enough to accommodate Gt in a one-to-one
complex. Recent evidence from fluorescence anisotropy and circular dichroism
spectroscopy suggests that the structure of H8 is highly dependent on environment.
Specifically, peptides corresponding to H8 adopt a random coil configuration in
aqueous solution but formα-helices upon exposure to sodium dodecyl sulfate or
binding to phospholipid liposomes (A. G. Krishna, T. J. Tracy, S. T. Menon & T. P.
Sakmar, manuscript in preparation). The CT distal to the palmitoylated Cys-322
and Cys-323 residues appears to be highly disordered and dynamic based upon the
results of site-directed electron paramagnetic resonance (EPR) spin labeling (124).

The structure of the cytoplasmic surface of Rho was also probed by solution
19F nuclear Overhauser effect (NOE) NMR. NOE resonance depends on the dis-
tance between two atomic nuclei that undergo spin-spin coupling. To facilitate
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NOE NMR in Rho,19F was introduced at specific sites in Rho using site-directed
mutagenesis, which replaced the targeted amino acid with Cys. The Cys residue
was then reacted with 4,4′-dithiodipyridine followed by trifluoroethylthio to yield
a disulfide-linked trifluoroethyl moiety. As a control, individual Cys mutants
were prepared in this manner to give the19F label at Cys-67, Cys-140, Cys-245,
Cys-248, Cys-311, and Cys-316. Illumination of the individual mutants to form
M-II produced upfield chemical shifts for the proteins labeled at positions 67
and 140, and downfield shifts for labels at positions 248 and 316. There
was little or no change for proteins labeled at 245 and 311 (113). To allow the NOE
strategy, three pairs of Cys residues were labeled in the same manner: Cys-140/
Cys-316, Cys-65/Cys-316, and Cys-139/Cys-257. The labeled recombinant pig-
ments were studied in the dark. No enhancement of the NOE signal was observed
for the Cys-139/Cys-257 pair, moderate negative enhancement was observed for
the Cys-65/Cys-316 pair, and strong negative enhancement was observed for the
Cys-139/Cys-251 pair, indicating proximity of Cys-139 and Cys-251 (135).

THE MOLECULAR MECHANISM OF
RECEPTOR ACTIVATION

Although the crystal structure of Rho does not provide direct information about
the structure of R∗ or about the dynamics of the Rho-to-R∗ transition, it does
provide a wealth of information that should help to design experiments using ex-
isting methods to address specific questions regarding the molecular mechanism
of Rho activation. Fourier-transform infrared (FTIR)-difference spectroscopy has
proven to be a well-suited technique for the study of light-induced conforma-
tional changes in recombinant Rho mutants (51, 190, 201). For example, among
the membrane-embedded carboxylic acid groups, light-induced changes of pro-
tonation states or H-bond strengths were deduced from characteristic frequency
shifts of C O stretching vibrations of protonated carboxylic acid groups in FTIR-
difference spectra. Their assignment to specific Asp or Glu residues was based on
the disappearance of specific difference bands in site-directed mutants and revealed
that Asp-83 (48, 186) and Glu-122 (48) are protonated in both dark Rho and M-II,
whereas Glu-113 is ionized in the dark state and becomes protonated in M-II (97).
Recently, attenuated total reflectance (ATR) FTIR-difference spectroscopy of the
R∗-Gt (or peptides derived from Gt) complex revealed an infrared-difference band
that could be assigned to protonation of Glu-134 (47, 52, 163).

Evidence for the importance of steric interactions distal to the Schiff base
comes from FTIR studies using ring-modified retinal analogues. Increased flex-
ibility, as in 5,6-dihydro (65) or 7,8-dihydro analogues (173), reduces the usu-
ally observed torsions along the retinal chain in the intermediate trapped at 80 K
where bathorhodopsin would normally be stable. In addition, the protein conforma-
tional changes observed at temperatures that stabilize the metarhodopsin I (M-I) or
M-II intermediates differ from those observed in native Rho. In an extreme case,
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illumination of a pigment regenerated with a retinal analogue lacking the cyclo-
hexenyl ring fails to induce the complete set of infrared absorption changes typical
of the M-II conformation and results in reduced Gt activation (98). Therefore,
the cyclohexenyl ring must transmit important steric changes to the protein. This
model seems consistent with the location of the RET ring in the crystal structure
of Rho.

Movement ofα-helical domains is known to be involved in the signal transduc-
tion mechanisms of some TM receptor proteins, such as the bacterial chemore-
ceptors (150), and has been shown to occur during the proton-pumping cycle fol-
lowing retinal isomerization in bacteriorhodopsin (bR), the seven-transmembrane
segment light-driven proton pump (212–214). Recent studies have suggested that
steric and/or electrostatic changes in the ligand-binding pocket of Rho may cause
changes in the relative disposition of TM helices within the core of the receptor.
These changes may be responsible for transmitting a signal from the membrane-
embedded–binding site to the cytoplasmic surface of the receptor. Trp mutagenesis
(130), mutagenesis of conserved amino acid residues on H3 and H6 (79, 80), and
the introduction of pairs of His residues at the cytoplasmic borders of TM helices
to create sites for metal chelation (200) have recently provided insights regarding
the functional role of specific helix-helix interactions in Rho.

The indole group of a Trp amino acid residue is often used as a noninvasive
environment-sensitive probe of protein structure because of its unique absorption
and fluorescence properties. UV-absorption spectroscopy has suggested that the
local protein environment around Trp residues changes during the conversion of
Rho to M-II (182). In addition, a linear dichroism study of UV-difference bands
indicated a reorientation of an indole side chain during the M-I to M-II conversion
(33). More specifically Trp-126 and Trp-265 were shown to move to more polar
environments during activation of the receptor (130). It was further suggested that
the photoactivation of Rho involved a change in the relative disposition of H3
and H6, which contain Trp-126 and Trp-265 within theα-helical bundle of the
receptor.

The functional interaction of H3 and H6 was further probed in a study in
which metal ion–binding sites were introduced between the cytoplasmic surfaces of
TM helices with the aim of restraining specific activation-induced conformational
changes (200). Pairs of His residues are capable of chelating metal ions such
as Zn(II) if the distance and geometry between the residues are appropriate. His
residues substituted for the native amino acids at the cytoplasmic ends of H3 and
H6, but not H5 and H7, created mutant proteins that activated Gt in the absence, but
not in the presence, of metal ions. It was concluded that specific metal ion cross-
links between positions 138 and 251, or 141 and 251, on H3 and H6 prevented
receptor activation. These results indicated a direct coupling of receptor activation
to a change in the spatial disposition of H3 and H6. This could occur if movements
of H3 and H6 were coupled to changes in the conformation of the connected
intracellular loops, which contribute to binding surfaces and tertiary contacts of
Rho with Gt (59, 60).
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More evidence for changes in interhelical interactions upon receptor activation
was provided by extensive site-directed spin labeling and EPR spectroscopy studies
of the transition of Rho to R∗ in modified or expressed mutant pigments. The results
suggested a requirement for rigid body motion of TM helices, especially H3 and
H6, in the activation of Rho (55). A slight reorientation of helical segments upon
receptor activation is also supported by experiments using polarized attenuated
total reflectance infrared-difference spectroscopy (40). Finally, movement of H6
was also detected by site-specific chemical labeling and fluorescence spectroscopy
(43). The structural rearrangement of helices upon activation might not result in
a R∗ structure that is drastically different from that of Rho since an engineered
receptor with four disulfide bonds (between the cytoplasmic ends of H1 and H7
and H3 and H5, and the extracellular ends of H3 and H4 and H5 and H6) was still
able to activate Gt (209).

However, some conformational changes must occur at the cytoplasmic surface
of Rho to produce R∗ that can activate Gt. Does the Rho structure provide any
potential insights that might help to predict the identity of these conformational
changes? Does H8 unwind or come off the membrane surface on activation? Do
C2 and C3, which are known to be important for Gt activation, move? What are
the active-state conformations of the conserved Glu-134/Arg-135/Tyr-136 in H3
and the conserved Asn-302/Pro-303/Val-304/Ile-305/Tyr-306 in H7?

Mutagenesis experiments can be designed to elucidate the light-dependent al-
terations of physical or chemical states of specific amino acids required for Gt

activation. For example, structural changes in the cytoplasmic surface domain of
Rho were suggested by changes in the reactivities of Cys residues introduced at
various positions by site-directed mutagenesis (114). Conformation-dependent in-
terhelical interactions and tertiary contacts on the cytoplasmic surface were also
probed biochemically using site-directed disulfide bond formation (208) and/or
expression of split receptors (230, 231). Using the core of Rho as a scaffold, cyto-
plasmic loops of other GPCRs were substituted for those of Rho, the results of G
protein–activation experiments suggested that C2 and C3 might have distinct roles
in Gt activation and G protein–subtype specificity (228). These results also indi-
rectly support the general activation mechanism of helix movement that transmits
a signal from the membrane-embedded core to the surface loops of the receptor.

Time-resolved (54) and static EPR spectroscopy studies (187) on site-specific
spin-labeled Rho showed that the cytoplasmic terminations of H3 and H7 undergo
structural rearrangements in the vicinities of Cys-140 and Cys-316. These changes
have been specifically assigned to the M-II conformation. Cys-140 is close to the
highly conserved Glu-134/Arg-135/Tyr-136 tripeptide at the cytoplasmic border of
H3. Site-directed spin labeling of the amino acid residues from Tyr-306 to Leu-321
was also carried out. The information obtained regarding conformational changes
in H8 upon M-II formation was limited by the relative lack of reactivity of the Cys
residues engineered into positions 317, 318, 320, and 321. However, structural
changes were detected at positions 306, 313, and 316, consistent with movements
of the nearby H6 and with biochemical evidence for a light-dependent interaction
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between Cys-65 and Cys-316 in native Rho (6, 30). Consistent with the notion of
light-dependent structural changes in the vicinity of the cytoplasmic end of H7 is
the observation that a monoclonal antibody with an epitope that was mapped to the
amino acid sequence 304 to 311 bound only to R∗ and not to Rho (1). Only relatively
small light-dependent structural changes were noted in and around the C1 loop
when residues 56 to 75 were individually probed by site-directed spin labeling (7).

An EPR study of Rho mutants with a substitution of Glu-134 showed that the
mutant receptors displayed an EPR signature consistent with a partially activated
conformational state in the dark (107). This finding seems to be consistent with
extensive earlier studies of Glu-134 replacement mutants. The structural change
detected by EPR spectroscopy may be directly related to the apparent requirement
for protonation of Glu-134 upon R∗ formation. A rearrangement of neighboring
H-bonding partners may be necessary for protonation of Glu-134 to occur. The pH
profile of Gt activation (50) as well as the abolishment of the uptake of two protons
in mutant E134Q (10) suggests the existence of other titratable groups influenced
by Glu-134. Glu-134 interacts primarily with Arg-135 in Rho, but it is not clear
whether Glu-134 would interact with other side chains in R∗ or simply be in a
position to interact with bound Gt. The Glu-134/Arg-135 dipeptide may form a
functional microdomain that is responsible for inducing the release of GDP from
R∗-bound Gt (3, 128).

Any model of receptor activation has to account for the fact that the chemical
environment of the Schiff base is altered so that net proton transfer occurs be-
tween the Schiff base imine and Glu-113 (97). This change in the RET-binding
pocket must be transmitted to the cytoplasmic surface of the receptor. The Rho
crystal structure is consistent with the helix movement model of receptor acti-
vation (55, 200) since it provides a structural basis to explain how chromophore
isomerization could lead to displacement of H3 and H6 that would subsequently
result in a change in orientation of Glu-134 at the cytoplasmic border. The struc-
ture suggests possible contacts between the cyclohexenyl ring of the chromophore
and H3, which should change upon photoisomerization (26). At the Schiff base
end of the chromophore, the C20 methyl group seems to interact with Trp-265,
and this interaction should also change upon isomerization. Other key interheli-
cal constraints are expected to be directly sensitive to chromophore isomeriza-
tion, including those mediated by Phe-294, Ala-299, Asn-302, and Tyr-306. Any
concerted disruption of stabilizing interhelical interactions may be expected to
lead to helix movement and rearrangement of the helical bundle.

MECHANISM OF THE OPSIN SHIFT
AND SPECTRAL TUNING

Rho has been used as a model pigment for a variety of chemical and spectroscopic
studies to elucidate the mechanism of the opsin shift. In this context, the opsin
shift may be defined as the difference between theλmax value of a RET Schiff
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base model compound (about 440 nm) in solution and that of Rho (500 nm).
One important result to arise from the study of mutant bovine Rho pigments was
the identification of Glu-113 as the RET Schiff base counterion (156, 196, 233).
UV-visible spectroscopy (155, 156, 196, 233) and microprobe resonance Raman
spectroscopy (132) were also used to characterize other membrane-embedded
carboxylic acid residues. Additional studies including the use of photoaffinity
reagents (154, 232), retinal analogues regenerated with site-directed mutants (188)
or site-directed mutant pigments (79, 80, 130, 155), led to a more complete picture
of the amino acid residues in the membrane-embedded domain of Rho that interact
with the retinal chromophore.

Microprobe Raman spectroscopy of recombinant visual pigments and mutant
pigments in particular has provided useful information about the mechanism of
the opsin shift (132). Raman spectroscopy measures the energy loss of photons
that are scattered after laser excitation of a nonabsorbing medium. The energy loss
(expressed in wavenumbers) is proportional to the vibrational frequencies of the
excited molecule. Conditions can be chosen such that a vibrational spectrum of
the 11-cis-retinylidene chromophore can be obtained within its binding pocket in
the Rho pigment. Vibrational modes are represented as peaks of Raman intensity.
Some of the modes are delocalized. The in-phase ethylenic stretching mode at
1545 cm−1 represents the coupled vibrations of the conjugated carbon-carbon
double bonds. Other modes are localized and represent specific atomic vibrations
within the chromophore. The 1650 cm−1 mode represents the CN stretching
vibration of the protonated Schiff base. The 970 cm−1 mode represents the coupled
hydrogen-out-of-plane (HOOP) wagging of C11-H and C12-H. The 1212 cm−1

mode represents the coupled C8-C9 stretching and C-H rocking motions. Other
C-C stretching modes are represented by the 1098 (C10-C11), 1190 (C14-C15),
and 1238 cm−1 (C12-C13) peaks. These modes can be used as probes of local
structure and may be sensitive to specific amino acid replacements introduced by
site-directed mutagenesis (116).

The crystal structure now provides a clear picture of the RET chromophore-
binding pocket in Rho (Figure 3). Available data suggest that the dominant mecha-
nism responsible for the opsin shift is the interaction of dipolar amino acid residues
with both the ground-state and excited-state charge distributions of the chro-
mophore (116, 131). This general mechanism is supported by the crystal structure
in that the RET-binding pocket contains a large number of dipolar or polarizable
amino acid residues.

THE RHODOPSIN PHOTOCYCLE

The chromophore photoisomerization occurs on an ultrafast timescale and was
observed to be a vibrationally coherent process (224). At low temperature, a number
of photointermediates that characterize the transition of Rho to R∗ can be trapped
and studied by a variety of spectroscopic techniques. Laser flash photolysis coupled
with nanosecond time-resolved UV-visible spectroscopy has identified the Rho
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photocycle that occurs at or near physiological temperature: Rho (500 nm)→
bathorhodopsin (543 nm)↔ blue-shifted intermediate (BSI) (477 nm)→ lumirho-
dopsin (497 nm)→M-I (480 nm)↔M-II (380 nm). M-II decays to metarhodopsin
III (M-III) (450 nm) and finally to opsin plus free 11-trans-retinal (126).

The photointermediates of Rho and a variety of native visual pigments, chemi-
cally modified pigments, and artificial pigments have been studied by optical, res-
onance Raman, FTIR, and NMR spectroscopy (24, 48, 53, 57, 81, 113, 115, 127,
130, 132, 173, 180, 195, 201). These studies provide specific detailed information
about chromophore structures and about dynamic chromophore-opsin interactions.
The photocycle can also be studied under a variety of conditions that might pro-
vide a basis for identifying specific amino acid residues that might be involved
in intramolecular proton transfer reactions. For example, the pH dependency was
determined for the formation of Rho photoproducts from lumi to M-II (99).

THE STRUCTURAL BASIS OF RHODOPSIN-TRANSDUCIN
INTERACTIONS

Structural Studies of Transducin

Gt plays a central role in the phototransduction cascade (210, 223). Gt couples
together two separate highly specialized proteins: the photon detector rhodopsin
and the efficient second messenger modulator PDE. Gt activation by R∗ represents
a key amplification step in the cascade in that a single R∗ can catalyze the activation
of hundreds of Gt molecules (63, 87). In addition, Gt exhibits a low rate of basal
(uncatalyzed) nucleotide exchange that contributes to sensitivity by maintaining
low background noise. Finally, Gt provides an important site of regulation. The rates
of GTP loading and GTP hydrolysis by Gt determine to a large extent the amplitude
and the temporal resolution of the resulting signal. Crystal structures of several
conformations of Gt have been solved to date, including the GTPγS- (164), the
GDP- (121), and the GDP/AlF4−-bound structures of Gαt (205), as well as the GDP-
bound heterotrimer (122) and free Gβγ t (204) (Table 1; follow the Supplemental
Material link on the Annual Reviews homepage at http://www.annualreviews.org/).
More recently, the structure of the ternary complex of Gαt bound to its effector
PDEγ and RGS9 was reported (203). These structures have provided detailed
information on a number of G protein mechanisms, including the nature of the
conformational change induced by GTP binding, the mechanism and regulation
of GTP hydrolysis, and the nature of interactions between Gαt and Gβγ t.

Gαt, a 350–amino acid protein, consists of two domains (Figure 4)—the Ras-
like domain, so named because of its homology with the structure of the monomeric
G protein, p21ras (Ras), and the helical domain, so named to reflect its composition
of sixα-helices (αA-αF). The nucleotide is bound in a cleft between the domains.
The Ras-like domain consists of a central mixed six-strandedβ-sheet (designated
β1-β6) surrounded on either side by a total of sixα-helices (designatedα1-α5, plus
αG). The majority of the direct contacts to the nucleotide originate from conserved
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regions of the Ras-like domain, which map to loops emanating from the strands of
the centralβ-sheets. These loops are homologous to canonical nucleotide-binding
domains of the monomeric G proteins (206). The Ras-like domain contains four
regions not homologous to Ras, called Inserts 1–4.

The conformational changes that accompany the exchange of GDP for GTP are
localized to three regions, denoted Switch I, II, and III. Switch I (Ser-173-Thr-183)
and II (Phe-195-Thr-215) are similar to Switch regions described in Ras; Switch
III (Asp-227-Arg-238) is unique to the heterotrimeric G proteins. Switch I and II
respond directly to the presence of theγ phosphate of GTP, but Switch III appears
to move in response to reorganization of the Switch II (121). The conformational
changes in Switch II involve a partial rotation of theα2-helix, which leads to the
movement of several amino acid side chains from exposed to partially buried posi-
tions. These changes serve as the basis of assays of Gαt activation. In particular, the
movement of Trp-207 is detected as a large increase in fluorescence emission inten-
sity (52, 56), and the burial of Arg-204 protects it from cleavage by trypsin (62, 141).
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Gαt-GTP activates PDE, a tetrameric enzyme consisting ofα,β, andγ subunits
in a 1:1:2 stoichiometry, by removing the inhibitory constraints that theγ subunits
exert upon the catalyticα andβ subunits. The binding site of PDEγ on Gαt was
recently determined by X-ray crystallography and found to reside between the
α2-helix of the Switch II region and the adjacentα3-helix (203).

Gαt hydrolyzes bound GTP to return to its inactive GDP-bound state. Rapid
turn-off of the cascade is essential for the temporal resolution of the signal (85).
GTP hydrolysis is accelerated by the simultaneous binding of the effector, cGMP
PDEγ subunit, and a second protein, regulator of G protein signaling 9 (RGS9)
(85). Gαt (GDP) recombines with Gβγ t and can then be activated again by
another R∗.

Gβ t is a 340–amino acid protein, constructed from an amino-terminalα-helix,
followed by a β-propeller structure (204). Theβ-propeller consists of seven
“blades,” each consisting of fourβ-sheets. Each blade is roughly related to the
others by rotational symmetry. At the sequence level, Gβ t is notable for seven
WD40 domains, sequence repeats of roughly 40 amino acids that frequently end

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4 Interactions between Rho and Gt at the cytoplasmic surface of the disc
membrane. A molecular graphics ribbon diagram of Rho prepared from the crystal
structure coordinates at 2.8̊A resolution is shown at thetop. The figure was produced
using the A chain of the published crystal structure coordinates (172). The amino
terminus (N) and extracellular (or intradiscal) surface is toward the top of the figure
and the carboxyl terminus (C) and intracellular (or cytoplasmic) surface is toward
the bottom. Seven transmembrane segments (H1 to H7), which are characteristic of
GPCRs, are shown. The RET chromophore is shown as a ball and stick model. The
Rho crystal structure does not resolve a small segment of the C3 loop linking H5 and
H6 or a longer segment of the carboxyl-terminal tail distal to H8. The transmembrane
segments are tilted with respect to the presumed plane of the membrane bilayer. They
are generallyα-helical, but they contain significant kinks and irregularities as described
in the text. The chromophore is labeled with anarrow pointing to the cyclohexenyl
ring. The Schiff base linkage of the chromophore lies approximately 25Å from the
cytoplasmic surface of the membrane bilayer. The structure is the GDP bound form of
Gt shown at the bottom with the surface that presumably interacts with Rho facing up.
The Ras-like domain of Gαt is above the GDP-binding pocket and the helical domain
of Gαt is below. Gβ t and Gγ t are to the left. The bound GDP may be up to 25Å from the
surface of Gt. The amino and carboxyl termini of each subunit are labeled. Structures
thought to interact with Rho and/or the membrane, including the amino and carboxyl
termini of Gαt and the carboxyl terminus of Gγ t, cluster on a common surface of Gt.
The relative orientation of the cytoplasmic surface of Rho and the Rho-binding surface
of Gt is arbitrary. Upon formation of the Rho-Gt complex, the chromophore-binding
pocket of Rho becomes allosterically coupled to the nucleotide-binding pocket of Gt,
which is approximately 50̊A away. The structure of the R∗-Gt complex has not yet
been determined.
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with Trp-Asp (WD in the single letter code). Each WD40 repeat corresponds to
the fourth strand of one propeller blade and the first three strands of an adjacent
blade. Gβ t is a member of a large family of proteins containing WD40 repeats,
which perform a variety of functions; all are thought to fold intoβ-propeller struc-
tures (67, 160). Gβ t is also a member of a larger family of proteins that fold into
β-propeller structures, many of which do not share significant sequence homology.

Gγ t is the shortest Gt subunit, consisting of only 73 amino acids. It contains
an amino-terminalα-helix, which interacts with the amino terminus of Gβ t in a
coiled-coil conformation (Figure 4). Interestingly, a study conducted prior to the
determination of the structure showed that peptides derived from the helical regions
of Gβ t and Gγ t do not associate with each other in solution (144). The remainder
of Gγ t wraps around Gβ t in an extended conformation. Gβ t and Gγ t can be dis-
sociated from one another only under denaturing conditions, and physiologically
they function as a single entity.

The structure of the Gt heterotrimer (122) reveals two distinct sites of interaction
between Gαt and Gβγ t: The amino-terminal helix of Gαt interacts with the side
of the Gβ t-propeller, and the Switch I/II region of Gαt interacts with the top of the
Gβ t-propeller structure. Direct contacts between Gαt and Gγ t are not observed in
the structure, although interactions between lipids attached to each subunit have
been proposed. The structure of free Gβγ t compared with Gβγ t in the heterotrimer
reveals that Gβγ t is virtually unchanged by the binding of Gαt (204). However,
the structure of Gαt is altered in the conformationally flexible Switch I/II-binding
region, which makes contacts with Gβ t (122). The structure of the amino-terminal
helix of Gαt is also likely altered by the binding of Gβγ t.

A number of important posttranslational modifications of Gt have been des-
cribed. Gαt is heterogeneously acylated, primarily with saturated C12 and C14 es-
terified fatty acids, at its amino-terminal glycine (118). This modification is thought
to be important for interactions with Gβγ t (118) and possibly with membranes
and rhodopsin (151). Recently, a report describing the phosphorylation of Gαt

at Tyr-142 by the tyrosine kinase Src in rod outer segments has been published
(20). The significance of this modification is not yet understood. Gγ t is modified
in a three-step process that includes farnesylation of a cysteine in the carboxyl-
terminal CAAX (Cys-Ala-Ala-X) motif, cleavage of the three carboxyl-terminal
amino acids, and carboxymethylation of the free carboxyl terminus (226). Farnesy-
lation has been found to be important for interactions with Gαt (145) as well as
with rhodopsin (109, 198). There is evidence that rhodopsin can discriminate bet-
ween farnesyl (C15) and geranylgeranyl (C20) esterified fatty acids (109), which
suggests the existence of a specific prenyl-binding site on Rho.

Many biochemical and biophysical techniques have been used to identify sites
on Gt that interact with membranes and with R∗. The involvement of the carboxyl-
terminal 11 amino acids of Gαt (a.a. 340–350) in interactions with R∗ is suggested
by many studies, including (a) the finding that Pertussis toxin catalyzes the ADP-
ribosylation of Cys-347, which uncouples Gt from R∗; (b) a peptide corresponding
to amino acids 340–350 can uncouple R∗ from Gt and can itself bind to R∗ and
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mimic the effects of Gt (78, 111); (c) site-directed mutagenesis (66, 170); and (d)
the demonstration in related G proteins that specificity of coupling to particular
receptors resides in their carboxyl termini (37). In addition, peptide competition
and site-directed mutagenesis studies have suggested the involvement of theα4/β6
loop of Gαt, which lies adjacent to the carboxyl terminus, in interacting with R∗

(78, 159). Experimental evidence suggests that Gβγ t is also in direct contact with
rhodopsin (105, 178). The specific contacts between Gβγ t and R∗ involve the
carboxyl terminus of Gγ t, as suggested by studies with peptides derived from that
region (108, 109) and possibly the seventh propeller blade of Gβγ t (217).

All the structures of Gt that are thought to participate in interactions with Rho
or the membrane cluster to a common face on the structure of Gt and identify
a putative Rho-interacting surface (25, 122) (Figure 4). However, in the crystal
structure of the heterotrimer, neither the carboxyl terminus of Gαt nor that of Gγ t

are included. Thus, the structure of the specific Rho-interacting regions is unclear.
A partial remedy has been provided by an NMR study of a peptide derived from
the carboxyl terminus of Gαt in its Rho-bound conformation; these data suggest
that it forms an extension of theα5-helix of Gαt (110).

The Mechanism of Rhodopsin-Catalyzed Nucleotide Exchange

The photoisomerization of 11-cis-retinal to ATR leads to local structural alter-
ations in the chromophore-binding pocket of Rho. These structural changes are
propagated to the cytoplasmic surface of Rho, and following binding of Gt, on
to the nucleotide-binding pocket of Gαt where GDP is released. In this way, the
chromophore-binding pocket of Rho is allosterically coupled to the nucleotide-
binding pocket of Gαt approximately 5 nm away (Figure 4). Several key observa-
tions characterize the process of R∗-catalyzed nucleotide exchange. In the absence
of a catalyst, the rate-limiting step in nucleotide exchange is release of GDP from
Gαt to form empty-pocket Gt, Gαt(e)βγ t. Gαt(e) is by itself very unstable. R∗

catalyzes nucleotide exchange by inducing GDP release and stabilizing the reac-
tion intermediate, Gαt(e)βγ t. The empty-pocket Gt can be dissociated from R∗

by either GDP or GTP; R∗ and nucleotide binding are mutually exclusive. GTP
binding is nearly irreversible since conformational changes in the Switch II region
destroy the Gβγ t-binding site and induce dissociation of Gαt(GTP) from Gβγ t

and R∗. R∗ interacts specifically with heterotrimeric Gt; Gβγ t appears to be ab-
solutely required for efficient R∗-catalyzed nucleotide exchange on Gαt (61). It
is unclear whether Gβγ t plays a mechanistic role in catalysis (95) or whether it
merely facilitates binding between Rho and Gαt (179). Binding of Gt to R∗ and
dissociation of GDP appear to be distinct steps; Rho mutants that bind Gt but do
not induce GDP release have been described (45, 59).

The molecular mechanism by which R∗ induces GDP release from Gt is the least-
understood step in the Gt signaling cycle. Despite a great deal of data regarding
structures of Gt and Rho that interact with each other, little is known about the
detailed structure of the complex (133). The structure of R∗ is not known, and
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the conformational changes, if any, that occur in R∗ and Gt-GDP upon complex
formation are not known. Few sites of point-to-point contacts between R∗ and G
protein have been reliably identified (4), and those that have been found do not
greatly constrain possible geometric alignments of the two proteins in the complex.
Crystallographic analysis of the R∗-Gt(e) complex may prove difficult owing to
the instability of R∗. The alignment of the interacting surfaces in the structures
of Rho and Gt produces a hypothetical low-resolution model of the complex (28)
(Figure 4). These analyses, although lacking details, do suggest clearly that the
cytoplasmic loops of Rho, which are roughly 1.5 nm long (at most) are too short
to contact directly the nucleotide-binding pocket of Gαt, which is at least 2.5 nm
from the Rho-binding surface of Gt. Consequently, R∗ must act “at-a-distance” to
induce nucleotide exchange in Gαt (95).

One long-standing hypothesis regarding the mechanism of nucleotide exchange
suggested that interdomain interactions between amino acid side chains of the Ras-
like and the helical domains of Gαt regulated nucleotide exchange rate. Recently,
Marin et al. developed a method to assay the rates of both uncatalyzed and R∗-
catalyzed nucleotide exchange of Gαt and Gαt mutants expressed in vitro (141).
They demonstrated that contrary to what was predicted, disruption of interdomain
interactions by site-directed mutations did not affect either basal or R∗-catalyzed
nucleotide exchange rates in Gαt (141). However, additional studies identified a
cluster of residues on theα5-helix, which, when mutated, dramatically accelerated
nucleotide exchange. These results suggested a key role for theα5-helix of Gαt

in mediating nucleotide exchange. Theα5-helix connects the carboxyl terminus
to theβ6/α5 loop, which lies adjacent to the nucleotide. It is possible that the
binding of R∗ to this region of Gαt perturbs key stabilizing interactions to induce
GDP release (142).

Additional Protein-Protein Interactions

A number of cytoplasmic proteins besides Gt are known to interact with R∗. These
include Rho kinase, which phosphorylates R∗ at specific serine residues (Ser-334,
Ser-338, and Ser-343) (147, 165, 174). Reconstitution experiments suggest that
light-dependent phosphorylation of Rho is catalyzed primarily by Rho kinase and
not by protein kinase C (166). Phosphorylation decreases the effective lifetime
of R∗ but paradoxically shifts the M-I/M-II equilibrium toward M-II (70). Signal
quenching requires that arrestin binds to phosphorylated R∗ to prevent it from ac-
tivating Gt. The role of the distal carboxyl-terminal tail in the shut-off of the light
signal in the rod cell was shown convincingly in a study using a transgenic mouse
strain. The mice, whose rod cells expressed a Rho transgene with a truncated
carboxyl-terminal tail, were studied by electrophysiological techniques. Phospho-
rylation of the carboxyl-terminal tail was required for termination of light-induced
signaling (35). The current state of the structural biology of proteins involved in
vertebrate phototransduction is summarized in Table 1 (available as Supplemental
Material: follow the Supplemental Material link on the Annual Reviews homepage
at http://www.annualreviews.org/).
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STRUCTURAL STUDIES OF BACTERIORHODOPSIN

Although Rho shares no primary structural homology with archaebacterial retinal-
based ion pumps or sensory pigments, some obvious similarities do exist. The
general molecular topology is conserved among visual pigments and archaebac-
terial retinal-based pigments because of the existence in both classes of seven TM
segments and an extracellular N-terminal tail. In addition, the retinylidene chro-
mophore in all cases is bound to a lysine residue on H-7 through a Schiff base
linkage. A detailed discussion of archaebacterial pigments is beyond the intended
scope of this chapter. However, since several high-resolution structures have re-
cently become available, particularly of bacteriorhodopsin (bR), the light-driven
proton pump ofHalobacterium salinarium, a short summary is presented below. A
comparison of the crystal structures of Rho and bR has also been recently discussed
(218).

Recent advances in the refinement of X-ray crystallographic structural detail
in bR have helped to elucidate its proton-pumping mechanism, particularly with
respect to the involvement of internal water molecules in the vectorial transfer
of protons through the translocation channel. A major breakthrough in the struc-
tural biology of bR was achieved a decade ago by high-resolution electron cryo-
microscopy at 3.5Å resolution (88). There followed a number of refinements,
notably correcting electron-crystallographic data for diffuse scattering and the
addition of phase information (73). Attempts to obtain crystals of bR suitable for
X-ray diffraction measurements were not successful for a number of years presum-
ably because removal from the phospholipid membrane, even by mild detergent,
caused structural inhomogeneities. The development of lipidic cubic phases for
the crystallization of membrane proteins made possible the preparation of three-
dimensional hexagonal plate-like crystals of bR and of mutants of bR (123, 177).
The bicontinuous lipidic cubic phase is an ordered three-dimensional matrix per-
forated by a regular channel system that allows free diffusion of hydrophilic as
well as hydrophobic solutes. The size of the hexagonal plate-like bR crystals was
typically in the range of 80× 80× 15µm (21, 138). The use of high-energy X-
rays made possible short exposure times at low temperatures (microfocus beamline
from a synchrotron,λ close to 1.000̊A, 120 frames at 30 sec/frame, 110 K). These
conditions cause a minimum of damage to the reactive molecule and may also
be used to determine structures of reaction intermediates in the photocycle. bR
structures with resolutions of 1.9̊A (21) and 1.55Å (140) have been reported.

Minimal conformational changes are apparent in the TM helices during the
initial fast kinetics steps of the bR photocycle, when the intermediates K (590 nm)
and L (550 nm) are observed (138). The L→M step involves the deprotonation of
the positively charged Schiff base at Lys-216. It is well established that the Schiff
base is deprotonated only in the M intermediate during the photocycle. There is
strong evidence that there are two variants, M1 (412 nm) and M2 (412 nm), also
designated as early M and late M. The two species are distinguished kinetically (23)
and can be detected in FTIR double-flash experiments (90). Discussion continues
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regarding the details of structural and conformational changes during the M for-
mation and decay (103). A reasonable sequence of occurrences is that L→M1→
M2 constitutes first the deprotonation of the Schiff base by transfer of a proton to
the carboxylate of Asp-85 with outward bending of H-3, facilitating exposure to
the extracellular surface, followed by the release of a proton from Glu-204 to an
extracellular water molecule.

The reaction M (412 nm)→ N (560 nm) restores the protonation of the Schiff
base by transfer of a proton from Asp-96 (138). With the formation of intermediate
N, H-3 has regained its original conformation and the cytoplasmic half of the H-6
is bent outward, allowing the H-7 to approach Lys-216 to provide closer proxi-
mity of Asp-96 to the Schiff base. The chromophore is still in its 13-cis, 15-anti
configuration. Protonation of Asp-96 occurs in the reaction step N (560 nm)→
O (610 nm). The proton is supplied by a cytoplasmic water molecule. In the final
step O (610 nm)→ bR (568 nm), the chromophore undergoes isomerization to all-
trans, and the TM helices return to their original conformation as in light-adapted
bR at the start of the photocycle.

The identity of the photocycle intermediates is well established kinetically.
The ground-state bR (568 nm), M (412 nm), N (560 nm), and O (610 nm) are
distinguished spectroscopically in the UV-visible range associated withπ→π∗

transitions of the conjugated double-bond system of the chromophore. Free retinal
has a maximal absorption at approximately 380 nm, and the shifts are clearly a
result of interactions with the opsin moiety. The photocycle intermediates are well
resolved kinetically because their formation and decay occur during very different
time frames (six orders of magnitude, ns to ms). Conformational changes in the
TM helices and in the movement of water molecules H-bonded to amino acid side
chains can be observed spectroscopically in the infrared region (101) and also by
13C-NMR (191) and15N-NMR (89).

An early model for proton transduction by bR, proposed more than a decade
ago, was known as the proton-wire model, where the wire was located in the
“proton pathway channel” between the TM helices. This concept was based on
the Grotthuss mechanism for the transport of hydrogen ions in liquid water (151a).
The proton-wire hypothesis was short-lived because it became evident that amino
acid side chains, such as carboxylate and carboxyl, were directly involved in pro-
ton pumping and that the deprotonation and reprotonation of the Schiff base were
central to the proton translocation process. For a number of years there remained
the difficulty that X-ray crystallographic structures showed distances to be too
large between the Schiff base and the candidate acceptor amino acid residues,
such as Asp-85 and Asp-96, for a direct transfer of a proton to take place. The
postulate that water molecules located in the proton pathway channel could bridge
the gap was not difficult to accept, even though such molecules eluded direct
observation. In recent years FTIR, NMR, and high-resolution crystallographic
methods have provided direct evidence for specific water molecules forming a
H-bonded network associated with specific prototropic amino acid side chain
groups (41, 64, 100, 138, 140, 152, 177). The amino acid residues are located at
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specific points in the amino acid sequence, and the participating side chains are
therefore tethered to the peptide backbone of the TM helices, although some
freedom of movement is still possible (72). By contrast, the participating wa-
ter molecules are localized within a cage but are ultimately exchangeable with
water molecules in the cytoplasm and in the extracellular medium.

The currently emerging details of the proton translocation mechanism in bR
point to simultaneous concerted movements in the conformation of segments of
the TM helices, orientation of amino acid side chains, acceptance and release of
protons by prototropic groups, redistribution of electrostatic charges, and config-
uration and orientation of the chromophore. The effects of electrostatic charges
at critical points provide vectoriality in the proton translocation by electrostatic
steering (89, 197). Time-resolved crystallographic structure determination, termed
kinetic crystallography, could ultimately establish the complete mechanism of
light-driven proton pumping (2, 94, 139, 162, 177). It is hoped that future high-
resolution structures of Rho, Rho photoproducts, and mutants of Rho will allow
the function of Rho to be elucidated with a similar degree of detail.

CONCLUSION

Rho is a paradox. On the one hand, it displays several unique and fascinating
properties that allow it to function as the dim-light photoreceptor in the rod cell.
It has an extremely low rate of thermal activation, but it can be activated by a
single photon at high quantum efficiency. On the other hand, it serves as a proto-
type of the largest family of membrane receptors in the human genome, GPCRs.
The recent report of the crystal structure of bovine Rho provides a unique oppor-
tunity to address questions related to the structural basis of Rho function in the
vertebrate visual transduction cascade. Over the past decade a remarkable amount
of information about structure-activity relationships in Rho, and other GPCRs, has
been obtained using techniques of molecular biology. The crystal structure of Rho
also provides a chance to evaluate the quality of this information. Site-directed
mutant pigments have been employed to elucidate key structural elements, the
opsin-shift mechanism and the mechanism of receptor photoactivation.

Perhaps the greatest surprise in the crystal structure was the role of the extra-
cellular surface domain in defining the RET-binding pocket. Whether this feature
carries over to other GPCRs remains to be determined. One particular advantage of
studying Rho has been the opportunity to employ various spectroscopic methods,
especially in combination with site-directed mutagenesis. Optical spectroscopy
and resonance Raman spectroscopy are possible because of the presence of the RET
chromophore, which is probed as a sensor of chromophore-protein interactions.
Difference spectroscopy techniques, such as FTIR- and UV-visible-difference
spectroscopy, make use of the chromophore as an optical switch. Overexpression
of recombinant Rho allows a variety of biophysical methods to be used to address
particular questions related to protein and chromophore conformational changes.
Important future work will involve questions related to the precise molecular
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mechanism of signal transduction by Rho. This will require some understand-
ing of the dynamic changes in protein conformation, not only in Rho, but in the
other proteins of the vertebrate visual cascade.
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99. Jäger S, Szundi I, Lewis JW, Mah TL,
Kliger DS. 1998. Effects of pH on rho-
dopsin photointermediates from lumi-
rhodopsin to metarhodopsin II.Biochem-
istry 37:6998–7005

100. Kandori H. 2000. Role of internal water
molecules in bacteriorhodopsin.Bio-
chim. Biophys. Acta1460:177–91

101. Kandori H, Kinoshita N, Yamazaki Y,
Maeda A, Shichida Y, et al. 2000. Lo-
cal and distant protein structural changes
on photoisomerization of the retinal in
bacteriorhodopsin.Proc. Natl. Acad. Sci.
USA97:4643–48

102. Karnik SS, Khorana HG. 1990. Assem-
bly of functional rhodopsin requires a
disulfide bond between cysteine residues
110 and 187.J. Biol. Chem.265:17520–
24

103. Kataoka M, Kamikubo H. 2000. Struc-
tures of photointermediates and their



10 Apr 2002 17:7 AR AR157-18.tex AR157-18.SGM LaTeX2e(2002/01/18)P1: ILV

478 SAKMAR ET AL.

implications for the proton pump mecha-
nism.Biochim. Biophys. Acta1460:166–
76

104. Kaushal S, Ridge KD, Khorana HG.
1994. Structure and function in rhodop-
sin: the role of asparagine-linked glyco-
sylation.Proc. Natl. Acad. Sci. USA91:
4024–28

105. Kelleher DJ, Johnson GL. 1988. Trans-
ducin inhibition of light-dependent rho-
dopsin phosphorylation: evidence for
beta-gamma subunit interaction with
rhodopsin.Mol. Pharmacol.34:452–60

106. Kibelbek J, Mitchell DC, Beach JM, Lit-
man BJ. 1991. Functional equivalence of
metarhodopsin II and the Gt-activating
form of photolyzed bovine rhodopsin.
Biochemistry30:6761–68

107. Kim JM, Altenbach C, Thurmond RL,
Khorana HG, Hubbell WL. 1997. Struc-
ture and function in rhodopsin: Rhodop-
sin mutants with a neutral amino acid
at E134 have a partially activated con-
formation in the dark state.Proc. Natl.
Acad. Sci. USA94:14273–78

108. Kisselev OG, Ermolaeva MV, Gautam N.
1994. A farnesylated domain in the G
proteinγ subunit is a specific determi-
nant of receptor coupling.J. Biol. Chem.
269:21399–402

109. Kisselev O, Ermolaeva M, Gautam N.
1995. Efficient interaction with a recep-
tor requires a specific type of prenyl
group on the G proteinγ subunit.J. Biol.
Chem.270:25356–58

110. Kisselev OG, Kao J, Ponder JW, Fann
YC, Gautam N, Marshall GR. 1998.
Light-activated rhodopsin induces struc-
tural binding motif in G-protein alpha
subunit.Proc. Natl. Acad. Sci. USA95:
4270–75

111. Kisselev OG, Meyer CK, Heck M, Ernst
OP, Hofmann KP. 1999. Signal trans-
fer from rhodopsin to the G-protein: evi-
dence for a two-site sequential fit mech-
anism.Proc. Natl. Acad. Sci. USA96:
4898–903

112. Kjelsberg MA, Cotecchia S, Ostrowski

J, Caron MG, Lefkowitz RJ. 1992. Con-
stitutive activation of the alpha 1β-
adrenergic receptor by all amino acid
substitutions at a single site. Evidence for
a region which constrains receptor acti-
vation.J. Biol. Chem.267:1430–33

113. Klein-Seetharaman J, Getmanova EV,
Loewen MC, Reeves PJ, Khorana HG.
1999. NMR spectroscopy in studies of
light-induced structural changes in mam-
malian rhodopsin: applicability of solu-
tion19F NMR.Proc. Natl. Acad. Sci. USA
96:13744–49

114. Klein-Seetharaman J, Hwa J, Cai K, Al-
tenbach C, Hubbell WL, Khorana HG.
1999. Single-cysteine substitution mu-
tants at amino acid positions 55–75,
the sequence connecting the cytoplasmic
ends of helices I and II in rhodopsin: Re-
activity of the sulfhydryl groups and their
derivatives identifies a tertiary structure
that changes upon light-activation.Bio-
chemistry38:7938–44

115. Kliger DS, Lewis JW. 1995. Spectral and
kinetic characterization of visual pig-
ment photointermediates.Isr. J. Chem.
35:289–307

116. Kochendoerfer GG, Lin SW, Sakmar TP,
Mathies RA. 1999. How color visual pig-
ments are tuned.Trends Biochem. Sci.
24:300–5

117. Kochendoerfer GG, Verdegem PJ, van
der Hoef I, Lugtenburg J, Mathies RA.
1996. Retinal analog study of the role of
steric interactions in the excited state iso-
merization dynamics of rhodopsin.Bio-
chemistry35:16230–40

118. Kokame K, Fukada Y, Yoshizawa T,
Takao T, Shimonishi Y. 1992. Lipid mod-
ification at the N terminus of photore-
ceptor G-protein alpha-subunit.Nature
359:749–52

119. Krebs A, Villa C, Edwards PC, Schertler
GF. 1998. Characterization of an im-
proved two-dimensional p22121 crys-
tal from bovine rhodopsin.J. Mol. Biol.
282:991–1003

120. Lamb TD. 1996. Gain and kinetics of



10 Apr 2002 17:7 AR AR157-18.tex AR157-18.SGM LaTeX2e(2002/01/18)P1: ILV

RHODOPSIN 479

activation in the G-protein cascade of
phototransduction.Proc. Natl. Acad. Sci.
USA93:566–70

121. Lambright DG, Noel JP, Hamm HE, Sig-
ler PB. 1994. Structural determinants
for activation of the alpha-subunit of a
heterotrimeric G protein.Nature 369:
621–28

122. Lambright DG, Sondek J, Bohm A,
Skiba NP, Hamm HE, Sigler PB. 1996.
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