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Abstract. A variety of spectroscopic and biochemical studies of recombinant
site-directed mutants of rhodopsin and related visual pigments have been carried out.
These studies have elucidated key structural elements common to visual pigments,
such as a conserved disulfide bond. In addition, systematic analysis of the chro-
mophore-binding pocket in rhodopsin and cone pigments has led to an improved
understanding of the mechanism of the opsin-shift, and of particular molecular
determinants underlying color vision in humans. Identification of conformational
changes which occur upon rhodopsin photoactivation has been of particular recent
concern. Assignment of these molecular alterations to specific regions in the recep-
tor has been attempted by studying native opsin regenerated with synthetic retinal
analogues or recombinant opsins regenerated with 11 -cis-retinal. Individual molecu-
lar groups that undergo structural alterations during photoactivation have been
identified. Analysis of particular mutant pigments in which specific groups are
locked into their respective "on"or "off' states has provided a framework to identify
determinants of the active conformation as well as the minimal number of intramo-
lecular transitions required to switch between inactive and active conformations. A
simple model for the active state of rhodopsin can be compared to structural models
ofits ground state to localize chromophore-protein interactions that may be impor-
tant in the photoactivation mechanism.

INTRODUCTION
Visual pigments comprise a branch of a large family of
G-protein-coupled receptors. Although they share many
similarities with other G-protein-coupled receptor
types, there is significant specialization in visual pig-
ments not found in other receptor families. In particular,
pigments are made up of opsin apoprotein plus chro-
mophore. The chromophore is a cofactor and not a
ligand as in the other seven helix receptors. It is linked
covalently via a Schiff base bond to a specific lysine
residue. The chromophore-binding pocket resides in the
membrane-embedded domain of the protein. Oneof two
retinoids serves as the chromophore for all visual pig-
ments. Thechromophore in most vertebrate pigments is
the aldehyde of vitamin A, 11-cis-retinal. The chro-
mophore in invertebrates and in some fish and amphib-
ians is the aldehyde of vitamin A2, 11 -cis-3-dehydro-
retinal, which contains an additional carbon-carbon
double bond in the -ionone ring.

Photoisomenzation of the 11 -cis to all-trans form of

the retinylidene chromophore is the primary event in
visual signal transduction, and it is the only light-depen-
dent step. Chromophore isomerization activates the pig-
ment, allowing it to interact with a specific
heterotrimertic G protein. In the case of the vertebrate
visual system, G-protein activation leads to the activa-
tion of a cyclic-GMP phosphodiesterase, and the closing
of a cyclic-GMP-gated cation channel. In short, light
causes a graded hyperpolarization of the photoreceptor
cell. The amplification, modulation, and regulation of
the light response is of great physiological importance
and has been discussed in detail elsewhere.'

The visual pigments of many species of vertebrates
and invertebrates have been studied by absorption spec-
troscopy or microspectrophotometry of visual organs.
Therefore, historically, vertebrate visual pigments have
been classified generally based on the photoreceptor cell
type of the retina in which they are found.' Rod cells,
responsible for dim-light vision contain rhodopsin
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("red" opsin). Cone cells, responsible for bright-light
and color vision, contain iodoopsins ("violet" opsin), also
known as cone pigments or color vision pigments. The

cloning of opsins from a variety of species has allowed
more detailed comparisons and phylogenetic classifica-
tions based on structural, spectral, and biochemical

properties of visual pigments.' The homology in the

opsin family of genes indicates that divergent evolution
occurred from a single precursor retinal-binding protein
to form long- and short-wavelength-absorbing proto-
types. The long wavelength prototype diverged to form
red and green pigments. The short wavelength prototype
then diverged to form a blue pigment and the family of

rhodopsins and rhodopsin-like green pigments.
Each visual pigment is tuned to a particular wave-

length of maximal absorption, A, although the visible
absorbance peak tends to be quite broad. Even though
retinal is the universal chromophore, the values of
visual pigments span the visible spectrum, i.e., from
near ultraviolet at about 400 rim to far visible red at
about 600 nm. Distinct chromophore-protein interac-
tions are responsible directly or indirectly for spectral
tuning in visual pigments. Thus, differences in primary
structure result in differences in spectral properties.
A number of structural features are shared by visual

pigments. Like all G-protein-coupled receptors, they
consist of seven hydrophobic domains. A Glu or Asp/

Arg/Tyr or Phe tripeptide sequence is found at the cyto-
plasmic border ofthe third transmembrane domain. This

domain is conserved in most G-protein-coupled recep-
tors and has been shown to be involved in G-protein

interaction. A lysine residue that acts as the linkage site

for the chromophore is conserved within the seventh
transmembrane segment in all pigments. A pair of

highly conserved cysteine residues is found on the
extracelluar surface and forms a disulfide bond. In many
pigments, a carboxylic acid residue that acts as the
counterion to the protonated, positively-charged Schiff
base is conserved within the third transmembrane seg-
ment. Sites of light-dependent phosphorylation (serine
and threonine residues) are found at the carboxyl-termi-
nal tail of most visual pigments. These sites may be

analogous to phosphorylation sites found on the car-

boxyl-terminal tails ofother G-protein-coupled receptors.'
Bovine rhodopsin is the most extensively studied G-

protein-coupled receptor. A large amount of pigment
can be obtained from a single bovine retina by sucrose

density gradient centrifugation preparation of the rod
outer segment disc membranes. The pigment can be

purified further by lectin affinity chromatography on
concanavalin A Sepharose resin. Rhodopsin is stable in
solubilized form in a variety of detergents, including
digitonin, dodecylmaltoside, and octyl glucoside. Bo-
vine rhodopsin was the first G-protein-coupled receptor
to be sequenced by amino acid sequencing' and the first
to be cloned.' The cloning of a P-adrenergic receptor' led
to the identification of the structural homologies that now
define the large family of G-protein-coupled receptors.

Bovine rhodopsin is 348 amino acid residues in

length, and is identical to human rhodopsin at all but 23

positions.' Hydrophobicity profiles are consistent with
seven transmembrane segments (Fig. 1). The amino-
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terminal domain is remarkable for two N-linked

glycosylation sites. The carboxyl-terminal domain is
rich in serine and threonine residues, which are phos-
phorylated in a light-dependent manner by rhodopsin
kinase. The retinal Schiff base linkage is at Lys-296.
Rhodopsin has a broad absorption maximum (A) at
about 500 nm. Upon photoisomerization of the chro-

mophore, the pigment is converted to metarhodopsin II

(Mil) with a ?. value of 380 nm. The MIl intermediate
is characterized by a deprotonated Schiff base chro-

rnophore linkage. MIl is the active form of the receptor
(R*), which catalyzes guanine-nucleotide exchange by
the rod cell G protein, transducin.
A number of studies have been carried out on bovine

rhodopsin to investigate the retinal-binding domain of

bovine rhodopsin. Several spectroscopic methods such

as resonance Rarnan spectroscopy, Fourier-transform
infrared difference spectroscopy, and NMR spectros-
copy have been employed." Other approaches have
included reconstitution of opsin apoprotein with syn-
thetic retinal analogues" and photochemical
crosslinking."' Early work on the structure and func-
tion of recombinant bovine rhodopsin focusing on the
use of techniques of molecular biology has been re-
viewed."
A key advance in the molecular genetics of human

hereditary blinding diseases has led to considerable
work involving recombinant rhodopsins. Retinitis

pigmentosa is a group of hereditary progressive blinding
diseases with variable clinical presentations. One form

of the disease, autosomal dominant retinitis pigmentosa
(ADRP), was linked to a mutation in the gene for

rhodopsin)4 This mutation at codon 23 would result in

the change of a proline residue to a histidine residue.
Over 40 other mutations have been reported in ADRP

patients."," Several studies have been carried out in
which site-directed mutant opsin genes corresponding
to ADRP genotypes were prepared." When expressed in
tissue culture, the mutant opsins display a heterogeneity
of spectral properties, biochemical properties, and cellu-
lar transport behavior. Some mutants are defective in

chromophore binding, others in cellular transport and
insertion into the plasma membrane. However, some
mutations have no apparent effect. One mutation linked
to ADRP is a replacement of the Schiff base lysine by
glutamic acid. This mutation should prevent chro-

mophore Schiff base formation. Interestingly, a similar
mutant of bovine rhodopsin was shown to have constitu-
tive activity without chromophore in in-vitro
transducin-activation assays." Significant work in this
area is continuing using transgenic mouse technology to

produce mouse models of retinal degeneration.
Recently, site-directed mutagenesis in combination

with a variety of spectroscopic and biochemical tech-

niques has provided useful information about the reti-

nal-binding pocket and the molecular mechanism of

rhodopsin photoactivation. This review focuses on the
recent functional characterization of site-directed mu-
tants of bovine rhodopsin and some cone pigments. In
addition, an attempt is made to reconcile previous key
findings and existing structural models with information

gained from the analysis of site-directed mutant pig-
ments.

THE STRUCTURAL ROLE OF INTRADISCAL
DOMAIN AMINO ACID RESIDUES

The topology ofrhodopsin with respect to the disc mem-
brane bilayer is defined by three structural domains; the
extracell ular (intradiscal) domain, the membrane-em-
bedded domain, and the intracellular (cytoplasmic) do-

main. The role of the extracellular domain in rhodopsin
structure and function has been elucidated by a number

of studies involving site-directed mutagenesis. This

work has potential relevance in understanding the mo-

lecular pathophysiology of some forms of ADRP which

are due to missense mutations in the portions of the

rhodopsin gene encoding this domain.'"' Transgenic
mice expressing the P23H mutation have been charac-
terized, and results indicate that retinal degeneration
may be due to improper mutant opsin expression and
cellular transport." Further work is need to clarify how
these defects lead to photoreceptor cell death.

The extracellular loops and amino-terminal tail of
bovine rhodopsin have been shown in a deletion analy-
sis to be important for proper folding of the receptor that
allows cellular processing and chromophore binding."
Insertional mutagenesis was also used in a related study
to probe the topology of rhodopsin and to correlate the
location of epitope insertion to stability and cell-traf-

ficking .20 Interestingly, several mutations that interfered
with the formation of a correct tertiary structure on the
intradiscal surface resulted in mutant opsins that ap-

peared to be retained in the endoplasmic reticulum dur-

ing heterologous expression, and were complexed with

chaperonins.2' In general, mutations on the intradiscal
surface that might interfere with the formation of a
disulfide bond between residues Cys-110 and Cys-l87
correlate to a loss offunction phenotype. Namely, muta-
tions affecting the ability of these two cysteine residues
to juxtapose during translation or membrane transloca-
tion affect expression level, transport to the plasma
membrane, and the ability of the mutant opsin to regen-
erate with 11 -cis-retinal chromophore to form a proper

pigment.
The two conserved cysteine residues on the

extracelluar domain, Cys-ilO and Cys-187, were shown
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to be essential for proper folding of opsin.22 These two
residues were shown to form a disulfide linkage in an

elegant study in which the four cytoplasmic and three
membrane-embedded cysteine residues were removed
by site-directed mutagenesis to create a mutant receptor
with only the three intradiscal cysteines remaining." In
a related study, the double mutant Cli OA/C I 87A was
shown to bind il-cis-retinal to form a rhodopsin-like
pigment .21 However, the MIT-like photoproduct of the
mutant pigment, which could activate transducin in re-
sponse to light, was considerably less stable than native
Mu.24

Future studies of mutant opsins with defects in fold-

ing, membrane insertion, or cell trafficking will be fa-
cilitated by the recent report of a methodology to purify
regenerated pigment from nonregenerated opsin. The
paradigm was developed by using again the opsin mu-
tant containing only the three intradiscal cysteine resi-
dues .22 It was shown that the nonregenerated opsin,
which could not bind 11 -cis-retinal, was misfolded and
was likely to have an incorrect disulfide bond pairing.25
This is additional evidence pointing to the role of the
intradiscal domain, and in particular the early formation
of a correct disulfide bond linkage, in the proper folding
of the opsin apoprotein.

Rhodopsin is also known to be glycosylated on two

asparagine residues (Asn-2 and Asn-15) of its amino-
terminal tail. A non-glycoslyation rhodopsin, which was

prepared in the presence of tunicamycin, was defective
in light-dependent activation of transducin.26 Site-di-
rected opsin mutants with replacements of these two
residues or of neighboring consensus sequence residues
were studied as well. It was concluded that glyco-
sylation at Asn-15 was required for full signal transduc-
tion activity, but apparently not for correct biosynthesis
or folding.26

SPECTRAL TUNING AND THE MECHANISM OF
THE OPSIN SHIFT

Spectral Properties ofRecombinant Rhodopsins
The molecular interactions between the opsin protein

and the retinal chromophore define the ground state
spectral properties of a particular visual pigment.
Rhodopsin has been used as a model pigment for a
variety of chemical and spectroscopic studies to eluci-
date the mechanism of the opsin shift. A number of
models of the chromophore-binding pocket in rhodop-
sin have been presented."' Relevant to this topic, per-
haps the most important single result to arise from the
study of mutant bovine rhodopsin pigments was the
identification of Glu-i 13 as the retinylidene Schiff base
counterion.27-29 This result, combined with the charac-

terization of other membrane-embedded carboxylic acid
residues by both UV-visible spectroscopy273° and mi-
croprobe resonance Raman3' spectroscopy, supported a
model with an electrostatically neutral retinal-binding
pocket in bovine rhodopsin.8 Additional studies includ-
ing the use of photoaffinity reagents,'

1,12 retinal ana-
logues regenerated with site-directed mutants," or site-
directed mutant pigments" have led to a more complete
picture of the amino acid residues in the membrane-
embedded domain of rhodopsin that interact with the
retinal chromophore. Detailed analysis of particular mu-
tant pigments in combination with molecular modeling
algorithms should provide a relatively well refined
model of the retinal-binding pocket and an understand-
ing of the nature of relevant opsin-chromophore inter-
actions.

Spectral Properties ofRecombinant Cone Pigments
Human trichromatic color vision, at the level of the

photoreceptor, requires the presence of three cone pig-
ments with broad overlapping spectral absorption.
Three genomic and eDNA clones encoding the opsin
apoproteins of these pigments were cloned and charac-
terized." The amino acid sequences of these opsins are
about 41% identical to that of human rhodopsin. The
green and red opsins are about 96% identical to each
other and about 43% identical to the blue opsin. Previ-
ously, the spectral properties of human cone pigments
had been studied by a variety of techniques ranging
from psychophysical color matching to microspectro-
photometry.2 Recently, however, the human cone pig-
ment genes were expressed in tissue culture cells, recon-
stituted with 1 1-cis-retinal, and studied by UV-visible
spectroscopy .11,36 The values reported in the two
studies were as follows: Blue: 426 nm, green: 530 nm,
red: 552 and 557 nm for polymorphic variants ;16 and
blue: 424 nm, green: 530 nm, and red: 560 nm.35 These
studies confirmed the assignments based on genetic
analysis of the cloned pigment genes.

Analysis of the arrangement of the cone opsin genes
on the X chromosome has led to a detailed understand-
ing of the molecular genetics of inherited variations in
color vision .17 In males with normal color vision it was

proposed that a single red opsin gene resides with one or
more green opsin genes in a head-to-tail tandem array.
Thus, in one type of color vision defect, anomalous
trichromacy, unequal intragenic recombination can

theoretically result in an opsin gene that is a hybrid
between green and red opsin genes. It was proposed that
these hybrids would have anomalous spectral proper-
ties."-" This hypothesis was confirmed experimentally
at the level of the photoreceptor pigment by obtaining
absorption spectra for heterologously expressed hybrid
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pigments responsible for anomalous trichromacy.39
However, recently at the genetic level, quantitative PCR
methods have been applied to evaluate in more detail the
numbers and ratios of middle- and long-wavelength-
absorbing opsin genes in males with normal color vi-
sion.4° It was found that many subjects had more numer-
ous opsin genes than previously suggested, and that in
many cases more than one long-wavelength opsin gene
was present on the X chromosome. Thus, the exact
mechanism of normal and anomalous color vision must
be reevaluated.10.41

The molecular genetics of blue cone monochromacy
has also been investigated .42 A genetic model to account
for the absence of the green and red genes has been
tested in transgenic mice .41 The results suggest that a
conserved 5'-region interacts with the green or red gene
promoter to determine which gene is expressed in a
given cone cell.

Partial nucleotide sequence information from poly-
merase chain reaction nucleotide sequencing of monkey
visual pigment exons has led to models of spectral tun-
ing and to predictions about the identity of specific
amino acids involved in human red/green color vi-
sion .4445 New World monkeys, such as marmosets
(Callithrix jacchus), tamarins (e.g., Saguinus fuscicol-
us), and squirrel monkeys (e.g., Saimiri sciureus) have
dichromatic vision with a single long-wavelength pig-
ment. However, there is a striking polymorphism in the
pigment, such that females with two X-linked opsin
genes are effectively trichromatic. Using pairwise com-
parisons of opsin gene sequences from a number of
individual male monkeys with a range of pigment
values, a model was proposed in which amino acid
residues at three sites account for the spectral variation
between human green and red cone pigments: positions
180, 277, and 285. This model was tested by introduc-
ing mutations at these sites in bovine rhodopsin49 and by
expression of mutant and hybrid human pigment
genes.11.47 Thus, of the 15 amino acid differences be-
tween human green and red pigments, three hydroxyl-
bearing amino acid residues were suggested to be pre-
dominantly responsible for the spectral shift: Ser-180,
Tyr-277, and Thr-285.394°
A more complete analysis of the molecular determi-

nants of red/green color vision was carried out using
site-directed mutant pigments and chimeric pig-
ments.404° It was found that of the 15 differences be-
tween the 364 amino acid human green and red pig-
ments, seven and only seven amino acid changes were
responsible for the observed 31-nm red shift in going
from the green to the red pigment: Tyr-1 16 to Ser, Ala-
180 to Ser, Thr-230 to lie, Ser-233 to Ala, Phe-277 to
Tyr, Ala-285 to Thr, and Phe-309 to Tyr.

Red and green visual pigments have also been shown
to bind chloride ions, resulting in a large red shift in their
absorption maxima. An extensive mutagenesis study of
18 different positively charged amino acids identified
His-197 and Lys-200, in the extracellular loop linking
helices 4 and 5, as the chloride ion binding site in these

pigments.4' These residues are conserved in long-wave-
length-absorbing opsins but not in short-wavelength-
absorbing opsins or rhodopsins, suggesting that the abil-
ity to bind chloride was a key event in the evolution of
color pigment genes.

Contributions to the Development ofGround-State
Structural Models

The three-dimensional structural model of the light-
driven proton pump, bacteriorhodopsin (BR),5° has
served as a widely accepted template for the superimpo-
sition of the seven putative transmembrane segments of

G-protein-coupled receptors." In particular, it has been
inferred that helix segments contiguous in the primary
structure are juxtaposed in the tertiary arrangement. In
addition, the amino- and carboxyl-termini were ex-

pected to be exposed to the extracellular and cytoplas-
mic domains, respectively, with the helical axes ap-
proximately perpendicular to the membrane. These gen-
eral features appear to be valid according to a recent
modeling proposal for G-protein-coupled receptors
based on a large number of amino acid sequence com-
parisons

52 and the projection structure of bovine rhodop-
sin at 9-A resolution determined by cryoelectron mi-
croscopy." However, according to their projection
structures, significant differences between the proposed
rhodopsin structure and the structure of BR are obvi-
ous.53 In any case, modeling based on the existing pro-
jection map, combined with experimental data on recep-
tor activation including studies of recombinant mutant
pigments, allows a tentative assessment of intramolecu-
lar processes that may be of functional importance dur-
ing activation of rhodopsin and of other G-protein-
coupled receptors."

LIGHT-INDUCED MOLECULARCHANGESIN THE
MEMBRANE-EMBEDDED DOMAIN

In rhodopsin, cis to trans photoisomerization55 of 11-
cis-retinal covalently linked to Lys-296 via a protonated
Schiff base (PSB)56 induces the active receptor confor-
mation R*. R* is spectroscopically defined as metarho-
dopsin II (Mil) absorbing maximally at 380 rim, and R*
activates transducin.57 Recent UV-visible, resonance
Raman, Fourier-transform infrared (FTIR), and
transducin activation experiments on recombinant mu-
tant pigments have led to a better understanding of the
photoactivation mechanism of rhodopsin. A critical
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evaluation of the experimentally observed molecular
determinants of dark- and light-activated rhodopsin in

conjunction with refinement of the hypothetical struc-
tural model of rhodopsin should help to design addi-
tional mutant rhodopsins to address specific questions
regarding the activation mechanism. Key elements of a
more detailed discussion of the photoactivation mecha-
nism in rhodopsin58 are presented below.
An inactive receptor conformation must be capable

of changing to an active conformation which catalyzes
nucleotide exchange by a G protein. In rhodopsin, the

1 1-cis-retinal chromophore is in its "off' state, but

switches to the all-trans geometry, i.e., the "on" state,

by photoisomerization. Correspondingly, any amino

acid side chain that is involved in such a conformational

change must be able to exist in two different sterical
and/or electrostatic states, which can be designated as

"on" or "off' depending on whether the particular state
is observed in the active or inactive receptor, respectively.

Since receptor activation involves conformational

changes at different topological locations, an individual
amino acid or a structural domain in the chromophore-
binding pocket may be in its "on" state without neces-

sarily locking the transducin interaction domain into its
active conformation, and vice versa. Thus, a seemingly
concerted transition of individual groups may create the
overall active conformation, and it is not clear whether

or not all observed and measurable structural changes
are actually essential for the switching process. A mini-

mal subset of molecular groups may exist that is able to

govern the transition to an active receptor conformation

irrespective of the binary state ("off"/"on") of all pos-
sible constituents usually participating in receptor acti-

vation. Of course, the functional hierarchy of such indi-

vidual group transitions becomes obvious only in re-

combinant, or otherwise modified receptors, in which

the "on"/"off" state ofindividual amino acidside chains
can be specifically influenced, or even be locked, into
one of the two defined states. Ideally, it should be pos-
sible to alter the receptor activation pathway such that
certain transitions become decoupled from other transi-

tions. It has been argued that the simplified binary
model of individual molecular transitions provides a
framework to analyze functional data obtained from
recombinant rhodopsins.58 Experimental results can be
related to available structural predictions and may serve

as a basis for the design of mutations to specifically
address structure-function relations in rhodopsin.

According to this argument, only molecular changes
occurring between dark rhodopsin and the R* state are

relevant. Thus, FTIR-difference spectroscopy has

proven to be a technique well suited for the study of

such light-induced conformational changes in retinal

proteins.59 MR-difference spectroscopy measures fre-

quency shifts of only those vibrational modes which are
affected during photoproduct formation, irrespective of
whether they are caused by the protein constituents or

by the chromophore. In contrast, resonance Raman

spectroscopy specifically measures chromophore vibra-

tions and thereby helps to define the chromophore ge-
ometry and the Schiffbase protonation state without the

potential drawback of overlapping absorptions of amino

acid side chains. Both techniques have contributed sig-

nificantly to our knowledge of molecular changes oc-

curring during MI! formation in native rhodopsin. Ap-

plication of these techniques to site-directed rhodopsin
mutants have allowed the identification of a number of

"on"/"off" states of particular amino acids during R*

formation. Among the putative membrane-embedded

carboxylic acid groups, light-induced changes of proto-
nation states or hydrogen-bond strengths were deduced
from characteristic frequency shifts of C=O stretching
vibrations of protonated carboxylic acid groups in
FFIR-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-8360 and Glu- 1226! are protonated in

both dark rhodopsin and MI!, whereas Glu-113 is

ionized in the dark state and becomes protonated in Mu.62

Five key individual molecular changes assigned to

specific chemical groups in native rhodopsin occur upon
MIT formation. These light-induced changes occur in

the retinal chromophore, at the Schiff base imine, at the

counterion Glu-l 13, and in the hydrogen-bonding envi-

ronments of Asp-83 and of Glu-122. For example, Glu-

113 is in its "off" state when it is ionized in dark

rhodopsin, where it serves as the counterion to the pro-
tonated Schiff base .27 The "on" state of Glu-113 is

created by protonation of its side chain. Based on data

derived from mutant pigments, two specific questions
can be addressed: (i) which of the "on" states are crucial

to maintain the active receptor conformation, and (ii)
which of the five known light-induced changes at spe-
cific sites in the receptor structure are essential for
switching to the active receptor conformation? Answer-
ing the first question helps to define the molecular deter-
minants ofthe active receptor, which need not be identi-
cal with the sum of individual "on" states. Answering
the second question gives a first approximation of the
proposed hierarchy among the contributions of indi-
vidual molecular states to the energy barrier between the
inactive and the active receptor conformation.

Possible Determinants ofan Active Receptor

Conformation
Recently, bovine rhodopsin mutants with substitu-
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(ions at the site ofthe Schiff base linkage (Lys-296) and
the counterion (Glu- 113) were employed to show that a
covalent bond to the 11 -cis-retinal chromophore is not
required for light-dependent activation of transducin.63
Furthermore, rhodopsin mutants were reported that have
constitutive activity. They activate transducin in the
absence of chromophore.'7 In this context, the main
physiological reason for a covalent linkage between
opsin and chromophore may be to reduce dark noise and
to provide an extremely rapid light-dependent activa-
tion. These results emphasize similarities among the
opsins and other receptors in terms ofthe mechanism of
G-protein activation.

In several recombinant rhodopsins, the PSB linkage
appears to be stabilized by a mutation and yet the
photoactivated pigment is still compatible with the R*
state. However, only for the mutant E113A/A1 17E has
this been explicitly shown.1.61 The phenotype of this
mutant is identical with that of mutant El 13A/Al 17E/
D83N (Fahmy and Sakmar, unpublished results). How-
ever, other recombinant pigments likely to form active
receptors with a PSB in contrast to the MIl state of
native rhodopsin include El 13Q/Al 17D, G9OD, G9ODI
El l3Q, A292D, and A292E. Therefore, the Schiff base
protonation state does not impose a crucial restriction on
the sterical arrangement of the cytoplasmic surface nec-
essary to bind and activate transducin. Interestingly,
although a variety of mutations seem to belong to this
particular phenotype, they are all characterized by the
introduction of a carboxylic acid group at positions
usually occupied by a hydrophobic residue. It is likely
that this group serves as PSB counterion in the active
photoproducts as is suggested by the fact that the double
mutant El 13Q/G9OD forms a blue-shifted photoproduct
with a PSB. The newly introduced electrostatic inter-
action between a PSB and an "artificial" counterion in
the photoproduct does not prevent the active receptor
conformation if the charged pair is established between
helices three and seven (mutant EI13AIAII7E) and in
another case between helices two and seven (mutant
G9OD). Obviously, the active conformation of the re-
ceptor surface seems to be compatible with a variety of
electrostatic Schiff base environments and stabilization
of a particular protonation state is not required. Simi-
larly, the hydrogen bonds at protonated Glu-l22 and
Asp-83, although undergoing bonding energy changes
highly characteristic of the R* formation," cannot be
essential to maintain the R* conformation, since re-
placement of either residue does not affect transducin
activation." Both groups seem to be well-suited reporter
groups for sterical changes at helices two and three
without being directly involved in transducin activation
or proton transfer reactions.

Correspondingly, "on" states that are crucial for the
active receptor conformation have to be looked for
among the remaining subset of "on" states common to
all photoactivated pigments. Based on the limited num-
ber of recombinant pigments studied, candidates for
molecular states essential for R* are the all-trans geom-
etry ofthe retinal chromophore and a neutral amino acid
side chain at position 113 in photoproducts of mutants
G9OD and A292E. Additional experiments are needed
to elucidate whether Glu-113 is neutral, as would be
expected if the newly introduced carboxyl groups com-
pete with Glu- 113 for electrostatic interaction with the
PSB.

Possible Molecular Switches

Except for photoisomerization of the chromophore,
individual "off "/"on" transitions usually occurring in
the hydrophobic core of rhodopsin are not required for
switching from an inactive to an active conformation.
This was shown by the UV photoactivation of the basic
form of mutant El 13Q,68 where neither the charge at
residue 113 nor the Schiff base protonation state
changed between the dark- and the light-activated state.
Both groups were in their respective "on" states already
in the dark pigment. Consequently, 11-cis-retinal effi-
ciently abolishes any conformational change that the
neutral states of the Schiff base and the Gin-113 side
chain may evoke in favor of an active receptor state.
This feature has also been demonstrated by the inactiva-
tion of the constitutively active mutant opsin El 13Q by
the addition of 1 i-cis-retinal, as is the case with other
constitutively active mutants which can be regenerated
with 1 1-cis-retinal.697° The free energy of ii-cis-retinal
binding obviously offsets the increase in the free energy
of the mutant opsin due to incorporation of a neutral
amino acid at position 113. Therefore, a sufficiently
high energy barrier between the dark and photoactivated
state of the 1 i-cis-retinal regenerated rhodopsin is re-
established which prevents measurable dark activity. It
is this mutant which also demonstrates that in a given
11 -cis-retinal regenerated opsin, photoactivation may
or may not involve a change of the Schiff base protona-
tion state. Depending on pH, a protonated or an
unprotonated Il-cis-retinal Schiff base photoisomerizes
to the unprotonated all-trans-retinal chromophore and
forms an active-state R* .61 Since the opsin is the same in
both cases it is reasonable that the active states thus
created are identical. This mitigates against an essential
involvement of the Schiff base protonation state in the
switching mechanism, which is also in agreement with
the existence of an active receptor conformation with a
PSB as shown for mutant pigment El 13AIA1I7E. It is
an astonishing result that a variety of electrostatic transi-
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tions occurring in the retinal-binding sites in various
recombinant rhodopsins are compatible with the light-
dependent formation of a cytoplasmic receptor surface
that is recognized by transducin and catalyzes nucle-
otide exchange.

The different electrostatic chromophore environ-
ments obviously allow spectral tuning of the photore-
ceptor without interfering with the photoactivation
mechanism itself. Most surprisingly, molecular
substates typical of the inactive receptor can be muta-
tionally stabilized in the hydrophobic core and yet coex-
ist with an active cytoplasmic surface conformation.
This has not been anticipated on the basis of biochemi-
cal modification of native rhodopsin, showing that
Schiff base deprotonation is required for the formation
of MIT." Similarly, a model which elegantly unifies the
possible causes of constitutive activity in a large number
of recombinant opsins suggests breakage of a salt bridge
between Glu-113 and Lys-296 as a key event in receptor
activation. '7'69'76 Do additional recent mutational data
argue against the importance of an electrostatic switch-
ing mechanism in the hydrophobic core of rhodopsin or
other G-protein-coupled receptors?

Site-directed mutagenesis has allowed otherwise
necessary electrostatic transitions in the hydrophobic
domain of rhodopsin to be modified or even abolished.
Only 4 ofthe 16 theoretically possible transitions among4
combinations of Schiff base and Glu-113 protonation
states in the dark and photoactivated pigments have
been mimicked by recombinant pigments. To date,
site-directed mutagenesis has not created a pigment
in which the "off" state of Glu-1 13 is stabilized in
the photoproduct; i.e., no pigments have been described in
which Glu-i 13 is known to be ionized before and after
photoisomerization of the retinal chromophore. In per-
fect analogy to the mutant E113AIAI 17E, in which
Schiff base deprotonation is decoupled from receptor
activation, this hypothetical recombinant pigment
would answer the question of whether Glu-1 13 pro-
tonation is indeed essential. The available data favor
the necessity of a neutral side chain of Glu-1 13 in the
active conformation. This is primarily based on two
results; Glu-113 is the Schiff base proton acceptor in
MU.6'62 and Schiff base deprotonation is required for R*
formation." in addition, mutational incorporation of a
neutral side chain at position 113 causes receptor activ-
ity in the absence of chromophore.69'7° This, of course,
does not imply that Glu-113 has to be ionized in the
inactive receptor, as shown by the lack of dark activity
of 11 -cis-retinal regenerated mutants.

However, if Glu- 113 is ionized in a dark pigment, as
is the case with native rhodopsin, then an electrostatic
switch has to exist which neutralizes Glu- 113 in order to

create a putatively essential determinant of the active
receptor conformation. Therefore, it is likely that in
native rhodopsin, an electrostatic switch at Glu-1 13 ex-
ists in addition to the sterical switch provided by
photoisomerization. Both are coupled via proton trans-
fer from the Schiff base to Glu-113. Mechanistically,
however, the "on" state of Glu-113 can be anticipated in
the inactive receptor without causing dark activity, due
to 1 1-cis-retinal being a strong antagonist. This opens
the possibility that naturally occurring UV-absorbing
pigments with a neutral amino acid at the position ho-
mologous to 113 in rhodopsin may use the same mo-
lecular activation mechanism as do rhodopsins contain-
ing a protonated retinal Schiff base chromophore. The
UV-absorbing pigments may use the sterical switch
alone by anticipating the presumably essential "on"
state of the amino acid at 113 position already in the
dark state. The fact that insect UV-absorbing pigments
form photoproducts with PSB chromophores does not
indicate an activation mechanism different from that in
rhodopsin. The results with mutants El 13A/Al 17E'65
and Eli 3Q68 show that the Schiff base protonation state
per se is an essential determinant neither of the active
nor of the inactive receptor. Therefore, it does not have
to be part of a molecular switching mechanism. How-
ever, Schiff base deprotonation must participate in re-
ceptor activation in native rhodopsin for the reasons
explained above.

Other Moieties Involved in Regulation ofReceptor
Activity

Additional amino acids have been identified in the
hydrophobic core of rhodopsin which affect the absorp-
tion properties, the photoreaction, and the transducin
activation efficiency of rhodopsin.72 But only for some
of them have physical or chemical alterations of their
functional groups been suggested to occur upon MI!
formation. His-211, although not generally required for
Mu formation, reduces the amount of MIT formed in
digitonin-membrane micelles, and it has been suggested
that protonation of His-211 may explain the pH-depen-
dency of the MI-Mil equilibrium" described for
rhodopsin in disc membranes." In a functional assay,
however, the H21 IF mutant was found to activate
transducin with an efficiency similar to that of native
rhodopsin,69 which was not expected on the basis of an
MI-like photoproduct absorption spectrum. However,
the compatibility of an active receptor conformation
with "off' states of particular molecular groups, renders
the UV-spectroscopic characterization of the rhodopsin
states ambiguous. Although mutant pigment photoprod-
ucts of the pigments may exhibit MI-like absorption
spectra, an Ml-like conformation may coexist as shown
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for El 13A/Al 17E. Therefore, further experiments
which allow more direct assessment of the protein con-
formation are needed to elucidate the impact of His-21 1
on receptor conformation. In a recent ETIR study, cys-
teines have been suggested to be implicated in the
photoactivation mechanism as well, but site-specific
band assignment is not yet available."

LIGHT-INDUCED MOLECULAR CHANGES ON THE
CYTOPLASMIC SURFACE

Synthetic rhodopsin-derived peptides have been shown
to compete with native rhodopsin for transducin bind-
ing." This has allowed the identification of the cytoplas-
mic loops connecting helix three with helix four and
helix five with helix six, as well as a putative loop
between the cytoplasmic termination of helix seven and
the palmitoylated Cys-322 and Cys-323 residues, as

transducin-binding sites. Site-directed mutagenesis has
further characterized groups of amino acids in these
regions implicated in transducin binding and activa-
tion 18 However, light-dependent alterations of their
physical or chemical states are not well characterized,
rendering a distinction of "on" and "off" states of indi-
vidual amino acid side chains difficult, even if the im-
portance of specific amino acids (e.g., the charged pair
Glu-l34/Arg-135)79 for transducin activation is estab-
lished. Infrared spectroscopic determination of protona-
tion states or hydrogen bonding of specific amino acid
side chains on the cytoplasmic surface of rhodopsin is.
to date, less advanced than for the hydrophobic core of
the receptor. This is due in part to the relatively small
contribution of water-exposed amino acids to infrared
absorption changes in typical FTIR samples (hydrated
films).8°

Other techniques have been more successful in moni-
toring light-dependent structural alterations occurring
during Mil formation. It has been shown by time-re-
solved" and static electron paramagnetic resonance
(EPR) spectroscopy studies82 on site-specific spin-la-
beled rhodopsin that the cytoplasmic terminations of
helices three and seven undergo structural rearrange-
ments in the vicinities of Cys-140 and Cys-316, respec-
tively. These changes have been specifically assigned to
the MI! conformation. Cys-140 is close to the highly
conserved Glu or Asp/ArgTyr triad at the cytoplasmic
border of helix three (positions 134-136 in rhodopsin),
which has attracted attention in earlier studies because
of its possible general importance for the function of G-
protein-coupled receptors. It has been shown that re-
placement ofGlu- 134 by GIn renders the photoactivated
pigment about 8-fold more efficient in activating
transducin at alkaline pH than recombinant native

rhodopsin.79 Therefore, it has been suggested that Glu-
134 is a good candidate for regulation of the transducin-
binding region and may undergo a light-induced transi-
tion from an ionized to a protonated state.70'79 Recent
measurements of light-induced pH changes in the bulk-
water phase monitored simultaneously with R* forma-
tion of the mutants E134Q and E134D showed the in-
volvement of Glu- 13485 in proton uptake reactions."

According to these results, it is likely that Glu-134
itself is a group which becomes protonated in MIT.
However, FTIR difference spectroscopy to date has
failed to detect any C=O stretching vibration assignable
to the putative protonation of Glu-134 in detergent mi-
celles (Fahmy and Sakmar, unpublished results) or in
reconstituted membranes.

The structural change detected by EPR spectroscopy
may be directly related to protonation of Glu- 134, which
is expected to significantly alter the hydrogen-bonding
properties of this amino acid. A rearrangement of neigh-
boring hydrogen-bonding partners may then explain the
conformational change. There is no straightforward ap-
proach to identify surface groups which interact with
Glu-l34, although the pH-profile of transducin activa-
tion," as well as the abolishment of the uptake of two
protons in E134Q,83 suggests the existence of other ii-
tratable groups influenced by Glu-134. Since Glu-134 is
at the cytoplasmic border of helix three in a region
demonstrated to undergo structural alterations upon Mil
formation, it is not clear from the helical arrangement
model which amino acids may interact with Glu-134.
Interestingly, His-65 and, to a lesser extent, His-152
have been shown to affect the receptor conformation
since their replacement favors MIT formation, as mea-
sured by 380-nm absorbance,73 and this phenotype is
similar to the one reported for Glu- 134 mutations .15

MECHANISTIC COUPLING OF LIGHT-INDUCED
CONFORMATIONAL CHANGES TO TRANSDUCIN

ACTIVATION
As mentioned above, the domains of rhodopsin that
interact with transducin have been studied by site-di-
rected mutagenesis of bovine rhodopsin. Relatively
large segments of cytoplasmic loops are required for
proper rhodopsin-transducin interaction .16 However,
single amino acid substitutions within these domains
can have dramatic effects on transducin activation .11,30

In addition, transducin binding and activation of bound

transducin were shown to be discrete steps involving
different surface domains of the receptor.17 Mutant pig-
ments with alterations of the second and third cytoplas-
mic loops were characterized that formed spectrally

normal MIT-like photoproducts that bound transducin.77
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However, the bound transducin was apparently defec-
tive in the release of GDP, which accounts for the block
in pigment-catalyzed GTP uptake or GTPase activity by
transducin observed when the mutant pigments were

assayed."
One striking result of recent spectroscopic and func-

tional studies on recombinant rhodopsins is the muta-

tionally mimicked coexistence of "on" and "off" states
of specific amino acid side chains for which light-de-
pendent chemical or physical transitions have been
characterized in native rhodopsin. It has been discussed
above that a PSB is compatible with an active receptor
in mutant El I3AIA1I7E, although transducin activa-
tion is reduced by about 30%. Obviously, other "on"
states efficiently determine the active conformation,

rendering the Schiff base protonation state a weak re-
striction for the conformation of the transducin interac-
tion domain on the cytoplasmic surface. In analogy,
mutational stabilization of an "on" state may, under
certain conditions, enhance transducin activation, as has
been demonstrated for the photoproduct of E134Q.79 In

agreement with this notion of a weighted additivity of
molecular substates, mimicking the "on" state of Glu-
134 by substituting Gln in a given mutational back-

ground is expected to raise transducin activation in the

particular system. This has indeed been observed for the

pair of constitutively active mutants K296H and

K296H/E134Q.7° Even in the absence of retinal, the

cytoplasmic surface seems to maintain at least a partial
structural integrity in the sense that mutations within the
transducin-binding domain change the phenotype in the
same way as in the light-activated recombinant pigment.
This agrees with a previously suggested partial confor-
mational independence between transitions occurring in
the hydrophobic core (photoisomerization and proton
transfer to Glu-1 13) and on the cytoplasmic surface
(proton uptake, probably by Glu- 134 and an as yet uni-
dentified group)." An exciting question is whether these
observations can be exploited to create physically or
mutationally even more severe mismatches between
"on" and "off" states.

Due to the free energy of transducin binding to MIT,
at least some of the "on" states produced by pigment
activation can be stabilized by transducin binding. This
constitutes the physical counterpart to the more specific
and efficient mutational blockade of "on" states. An
interesting experiment was carried out by reisomerizing
the all-trans chromophore in transducin-bound MIT in
order to create a mismatch between the isomeric "off"
state 11 -cis-retinal and a partially stabilized Mu confor-
mation." This approach revealed that transducin stays
bound to the cytoplasmic surface ofR* even if all-trans-
retinal is replaced by li-cis-retinal by photoconversion.

Although the all-trans-chromophore and a neutral resi-
due at position 113 may be essential determinants of an
active receptor conformation, this photoconversion ex-

periment shows that there is no tight sterical coupling
between the transducin binding loops and the all-trans-

chromophore geometry once transducin has bound. This

agrees well with the existence of a large number of

constitutively active mutant opsins carrying amino acids
of variable sizes at position 296.° It should be empha-
sized, however, that this result does not at all contradict
the notion of photoisomerization being a necessary
switch to reach the conformation of the free receptor
which allows transducin binding. Only the latter step
provides additional energy which introduces intermo-
lecular interactions that may reorganize the hierarchy of
intramolecular "on"/"off" transitions.

The proposition that amino acid replacements as well
as the described photoconversion create hybrid struc-
tures of activity-promoting and activity-inhibiting
substates rather than mimicking a well-defined confor-
mation of the native receptor (e.g., the conformation of a

spectroscopically defined photointermediate of rhodop-
sin) is paralleled by a recent study of constitutively
active opsin mutants. Although Lys-296 replacements
allow transducin binding and activation in the absence
of chromophore, the corresponding "active receptor
conformation" is not necessarily recognized by rhodop-
sin kinase.88 This supports the importance of specific
sterical interactions of all-trans-retinal with the protein
environment in native MIl.

The light-dependent alterations of the protonation or

hydrogen-bonding states of specific molecular groups in
the hydrophobic core and on the cytoplasmic surface of

rhodopsin, when combined with known structural infor-
mation, allow several conclusions regarding possible
activation mechanisms in rhodopsin. Structural data in-
clude the proposed helix arrangement8254 as well as
FTIR results obtained with retinal analogues allowing
identification ofsterically important regions of the chro-

mophore. A characteristic feature of the projection
structure of rhodopsin is the smaller distance between
the axes of helices three and five as compared to the
distance in BR, where these helices are effectively sepa-
rated by helix four. The rhodopsin structure accommo-

dating the 11-cis isomer seems to have a more compact
arrangement of helices three, four, and five than the
more elongated projection structure of BR, in which an
all-trans isomer is incorporated. In a first approxima-
tion, photoisomerization in rhodopsin may be expected
to cause chromophore-protein interactions which intro-
duce sterical perturbations near the three/four and/or the
four/five helical interface(s). Although this notion

agrees with an earlier suggestion of relative movements
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among helices three to five" or three to six," it does not
necessarily imply global movements of helices. It may
be that at these helical interfaces, amino acid side chains
may be expected to experience changes in van der Waal
contacts or hydrogen-bond strengths upon photo-
isomerization of the retinal chromophore.
A possible functional importance ofthe relative posi-

tions of helices three and four of rhodopsin is also
suggested on the basis of a conserved disulfide bond
between these helices on the extracellular receptordo-main,"'-`which stabilizes the MII conformation." In
terms of the chromophore, the suggested localization of
light-induced sterical changes would be expected to
affect mostly locations distal to the Schiff base linkage,
which is situated at the interfaces of helices two, three,
and seven.11.14,66

Such a partitioning of crucial protein-chromophore
interactions along the retinal is supported by FTIR stud-
ies on rhodopsin regenerated with retinal analogues
showing that the sterical impacts of the two methyl
groups of retinal are not equivalent. The more distal 9-

methyl group is essential to induce those conformational

changes which give rise to the typical MIT absorption
changes.' A drastic reduction in transducin activation is
observed in 9-desmethyl retinal rhodopsin. In contrast,
the 13-methyl group which is closer to the Schiff base
linkage does not play a crucial role to sustain the MIT
conformation."

Further evidence for the importance of sterical inter-
actions distal from the Schiff base comes from FTIR
studies using ring-modified retinal analogues. Increased
flexibility, as in 5,6-dihydro92 or 7,8-dihydro ana-
logues,93 reduces the usually observed torsions along the
retinal chain in the batho intermediates at 80 K. In
addition, the protein conformational changes observed
at temperatures which stabilize the MI or Mu intermedi-
ates differ from those observed in native rhodopsin. In
an extreme case, illumination of a pigment regenerated
with a retinal analogue lacking the -ionone ring fails to
induce the complete set of infrared absorption changes
typical of the MI! conformation and results in reduced
transducin activation." Therefore, the P-ionone ring
must transmit important sterical changes to the protein.
According to the proposed model of light-induced
sterical perturbation at the helix three/four interface and
the proposed anchoring of the -ionone ring near helix
four, one would expect some effect of ring modifica-
tions on infrared absorption changes from amino acids
at the helix three/four interface. The model proposed by
Baldwin52'54 locates Glu-122 at the helix three/four inter-
face. The infrared absorption change assigned to the
reduction of hydrogen bonding of Glu-122 upon MI!
formation was indeed not observed in rhodopsin regen-

erated with a retinal analogue which lacks the 3-ionone
ring, whereas Asp-83 showed a normal absorption
change. The proposed vicinity of the 3-ionone ring and
Glu-122 is also in agreement with resonance Raman
data on mutant pigment E122Q.3 Interestingly, infrared
absorption changes of Glu-122 occur prior (in Ml) to
those ofAsp-83 (in Ml). This is even more pronounced
in mutant E122D, which exhibits hydrogen-bond alter-
ations of Asp-122 already in the batho intermediate at
80 K, when most of the protein conformation is ther-
mal!)' fixed. This suggests even tighter sterical coupling
of Asp-122 to the primary photochemical event than is
the case for Glu-122.95

Taken together, it seems likely that the primary
sterical effect of photoisomerization is mainly localized
at the helix three/four interface where it is sensed by
Glu-122. Ensuing thermal relaxation would transmit the
sterical alteration to the cytoplasmic surface and may
thus explain why a structural change upon Mu forma-
tion is observed particularly in the loop connecting helix
three and four." 82

CONCLUSIONS
Over the last several years, a remarkable amount of
information about structure-function relationships in G-

protein-coupled receptors has been obtained using tech-

niques of molecular biology. In the study of visual pig-
ments in particular, site-directed mutant pigments have
been employed to elucidate key structural elements, the

opsin-shift mechanism, and the mechanism of receptor
photoactivation. For example, the combination of well-
established spectroscopic methods with site-directed

mutagenesis has revealed an unexpected variety of ac-
tive receptor states created by photoisomerization of 11-
cis-retinal regenerated mutant opsins. In particular, hy-
brid states in which features of the active receptor con-
formation are anticipated in the inactive state have been
described. The efficiency oftransducin activation seems
to be roughly determined by a weighted sum of indi-
vidual molecular substates which promote or inhibit

activity. Among these, retinal isomerization contributes

through sterical interactions to overcome the energy
barrier between the dark- and photoactivated-pigment
conformation.

In addition, the protonation changes of Glu- 113 (and
most likely Glu-134) are expected to determine the
amount of electrostatic energy contributions. A specific
interaction of the 3-ionone ring and the 9-methyl group
of all-trans-retinal with amino acids at the helix three/
four interface seems to be important to induce proton
transfer from the all-trans PSB to Glu-113 as a prerequi-
site for transducin activation. However, the decoupling
of electrostatic changes in the retinal-binding pocket
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from the photoactivation process in a number of recom-
binant pigments calls for further experimentation to elu-
cidate the detailed role of Glu-1 13 protonation for acti-
vation of rhodopsin.
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