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ABSTRACT: Retinal analogues have been used to probe the
chromophore binding pocket and function of the rod visual
pigment rhodopsin. Despite the high homology between rod
and cone visual pigment proteins, conclusions drawn from
rhodopsin studies should not necessarily be extrapolated to
cone visual pigment proteins. In this study, the effects of full-
length and truncated retinal analogues on the human red cone
opsin’s ability to activate transducin, the G protein in visual
transduction, were assessed. The result with beta-ionone (6)
confirms that a covalent bond is not necessary to deactivate the red cone opsin. In addition, several small compounds were found
able to deactivate this opsin. However, as the polyene chain is extended in a trans configuration beyond the 9-carbon position, the
analogues became agonists up to all-trans-retinal (3). The 22-carbon analogue (2) appeared to be neither an agonist nor an inverse
agonist. Although the all-trans-C17 (5) analogue was an agonist, the 9-cis-C17 (11) compound was an inverse agonist, a result that
differs from that with rhodopsin. These results suggest that the red cone opsin has a more open structure in the chromophore
binding region than rhodopsin and its activation or deactivation as a G-protein receptor may be less selective than rhodopsin.

The highly conjugated nature of retinoids makes these
compounds amenable to spectroscopic studies.1,2 Since

the days of Hubbard and Wald3 and their demonstration that
non-native cis isomers of retinal were able to generate pigments
with rod opsin, the apoprotein of rhodopsin, Nakanishi and
others have created a vast library of retinal analogues to probe the
structure and function of rhodopsin.4-14 Rhodopsin is the well-
studied visual pigment in rod photoreceptor cells and is used for
dim light detection. However, everyday vision relies on cone
photoreceptors that contain cone visual pigments homologous to
rhodopsin and contain the same 11-cis-retinal chromophore.
Although there are similarities between rod and cone pigments,
cone pigments regenerate, activate, and inactivate faster than
rhodopsin.15 Furthermore, some cone pigments readily release
their chromophore in darkness unlike with rhodopsin.16-18

The protein component of visual pigments (opsin) is aGprotein-
coupled receptor. 11-cis-Retinal (1) serves both as the chromophore
of the opsins and as an inverse agonist that holds the visual pigment
protein in an inactive conformation; light photoisomerizes the
chromophore to the all-trans form, converting the ligand into an
agonist. While retinal analogues have been shown to modulate the
spectral properties of cone pigments,12,19 less is known about their
effects on cone opsin activity. Our group has shown that some retinal
analogues can also modulate the effectiveness of the cone opsin’s
ability to activate its G protein transducin, and this activity can differ
from that of the rhodopsin apoprotein.14,20 In this report, these
studies have been extended, and retinal analogues of varying lengths
have been screened for their ability to modulate the activity of the
human red cone opsin in a ligand-dependent manner.

’RESULTS AND DISCUSSION

Previous studies from different groups have utilized point
mutations or chimeric proteins to assess protein-ligand

differences between rhodopsin and cone pigments.21-29 Several
full-length retinal analogues have been incorporated into cone
opsins to assess their absorption properties, photochemistry, and
Schiff base pK values to further characterize protein-ligand
interactions.12,19,30-34 This study was focused on the effects of
retinal analogues on the human red cone opsin’s ability to
activate the G protein transducin in a ligand-dependent manner.
Figure 1 illustrates the action of 11-cis-retinal (1) on the red cone
opsin’s ability to activate transducin in the dark and with light, as
has been demonstrated that at pH 6.4, 11-cis-retinal (1) acts as an
inverse agonist.20 Also shown in Figure 1 is the basal transducin
activity in the absence of opsin, which is indistinguishable from
that by the 11-cis-retinal-treated sample. Thus 11-cis-retinal (1)
does indeed deactivate the human red cone opsin. Unless stated
otherwise, the subsequent reported activities have been corrected
for this basal level and normalized to opsin activity to assess the
relative effects of retinal and retinal analogues on their abilities to
activate or deactivate the human red cone opsin.

Retinal analogues have long been used to study ligand-
protein relationships to better understand rhodopsin. Despite
the high sequence homology among all of the rod and cone
opsins,15,35 the effects of retinal analogues on rhodopsin struc-
ture and function does not necessarily translate directly to how
they interact with cone opsins. For example, 9-demethylretinal
has been shown to inhibit formation of the active Meta II
conformation of rhodopsin;36 in contrast, in cone pigments
generated with this analogue, we showed that there is no such
inhibition.34 Furthermore, the decay of the active species is
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prolonged in only the middle/long-wavelength-sensitive cone
pigment and not in either of the two shorter-wavelength-
sensitive cone pigments. Another example of a retinal analogue
having a different effect on rod and cone opsins is beta-ionone
(7), which has been shown to be an agonist to the rhodopsin
apoprotein,14,37-39 but an inverse agonist to the long-wave-
length-sensitive cone opsin.14 Thus, specific interactions be-
tween ligand and opsin cannot always be generalized on the
basis of results with a single ligand and one opsin type. We have
ascribed some of the differences to functional priorities de-
manded by rods and cones. The rod pigment rhodopsin requires
a very inactive conformation in the dark to be exquisitely
sensitive as a photon detector in dim light, and as a result, the
tolerance for steric changes from either the ligand or protein could
be functionally detrimental. Cones, on the other hand, function
under bright light conditions and must cycle rapidly, and as a
consequence, a highly constrained ligand would impede efficiency.

A series of “trans” retinal analogues have been tested. The
assumption was made that the shorter compounds would not
form pigments with measurable spectra but would affect the
ability of the protein component to activate transducin if bound
in the retinal binding pocket. The term “trans” as used here
implies that the polyene chain does not have cis bonds, but these
compounds also include shorter analogues that have either little
or no polyene chain extending from the 6-carbon position of the
ring. Figure 2 summarizes the relative effect of these analogues on
the opsin’s ability to activate transducin. The results appear to set
an upper and lower boundary for ligands that act as agonists and
inverse agonists for these “trans” analogues. As shown previously
with the rod and red cone opsins, the full-length all-trans retinal
was an agonist. The longer C-22 compound (2) does not appear
to alter the ability of opsin to activate transducin appreciably,
suggesting a limit to the size of compounds that can complex with
the red cone opsin to activate transducin. As the polyene chain
becomes shorter than the all-trans-retinal C-20 compound (3),
the agonistic behavior decreases. For “trans” compounds that do
not extend beyond the 9-carbon position, they act as inverse
agonists. Beta-ionone (7) has been shown previously to be able
to resensitize bleached salamander red cone cells40 and act as an

inverse agonist to salamander red cone opsin.14 Smaller com-
pounds such as cyclocitral (8) and 1,3-dimethylcyclohexane (9)
were also inverse agonists, but required higher concentrations to
obtain similar effects, likely due to their small size and lower
affinity (see Experimental Section), although solubility of the
different compounds may also contribute to this effect. While
1,3-dimethylcyclohexane (9) deactivates the red cone opsin,
cyclohexane (10) itself does not. Similarly, an earlier study on
the inhibition of rhodopsin pigment regeneration by small
cyclohexyl derivatives concluded that at least two methyl groups
were necessary to compete with 11-cis-retinal for the chromo-
phore binding site of rhodopsin.41

The all-trans-C-17 aldehyde (5) extends the polyene chain
beyond the 9-carbon position. Since 9-cis-retinal can substitute for
11-cis-retinal as a chromophore, the 9-cis-C-17 compound (11) was
assessed for its effect on red cone opsin activity. Figure 3 shows that
this compound is an inverse agonist to the red cone opsin. It should
be noted that no correction was made for the basal transducin
activity, and the data were not normalized. This result differs from
the 9-cis-C-17 compound (11) action on rod opsin, where both the
9-cis- (11) and all-trans-C17 (5) compounds are agonists.37

13-cis-Retinal (12), a full-length isomer of retinal, was also
tested for its effect on human red cone opsin activity and found to
be an agonist (Figure 4). The noncovalently binding 11-cis-
retinol has also been shown by our group to deactivate red cone
opsin, a result that again is opposite of that found for rhodopsin,
where it is an agonist.42 All-trans-retinol was an agonist for both
rod and cone opsins tested.20 Thus, these results indicate that the
red cone opsin can accommodate the beta-ionone ring and a
3-carbon polyene extension to be deactivated by the ligand, but
beyond the 9-carbon position, there needs to be a cis bond.
A covalent bond between the ligand and the opsin is not required
to either deactivate or activate the opsin.

In 1991, Nakanishi43 asked and discussed whyNature selected
11-cis-retinal as the isomeric form of the chromophore for visual
pigments. This was addressed mostly in terms of the resultant
spectral properties of the pigments formed, which are optimal for
our natural light environment.43 While a covalent bond is not
necessary to deactivate or activate the red cone opsin, the
increased polyene chain length in compounds longer that C-14

Figure 1. Transducin activation by the human red cone opsin and
pigment. A radioactive filter binding assay is used to follow uptake of
GTPγS as a function of time. The pH of the reaction is 6.4, where the
opsin activity (open circles) is readily distinguishable from the 11-cis-
retinal-bound form (filled circles). A 12 s pulse of >530 nm light at 5.5
min converts the 11-cis inverse agonist to the all-trans agonist and is seen
as an exponential rise due to the rapid rise and decay of the photoactivated
species. Basal transducin activation was alsomeasured (open squares) as a
function of time by replacing red cone opsin-containing membranes with
sham-transfected COS-1 cell membranes in the reaction.
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(6) decreases the effective concentration required for the ligand
to be an inverse agonist, perhaps due to better affinity to the
chromophore binding site. In the native pigment, the inverse
agonist is bound covalently in the dark and agonist activity occurs
within 200 fs44 as photoisomerization of the bound retinal results
in the rapid conversion to a bound agonist. Therefore, 11-cis-
retinal is the ideal molecule for vision from its effects on
absorption, activity, and rapid conversion to an agonist within
the rod and cone pigments.

’EXPERIMENTAL SECTION

Materials. 11-cis-Retinal (1) was synthesized as described previ-
ously.34,45 all-trans-Retinal (3), beta-ionone (7), cyclocitral (8), 1,3-dimethyl-
cyclohexane (9), cyclohexane (10), and 13-cis-retinal (12) were purchased
from Sigma/Aldrich (St. Louis, MO). The synthesis of and extinction
coefficients for C-22- (2), all-trans-13-demethyl- (4), C-17- [trans (5) and
9-cis (11)], and C-14- (6) retinal analogue compounds were previously
reported.37 Retinoids and analogues were dissolved in ethanol at concen-
trations ranging from 1 to 100 mM.
Expression and Membrane Preparations of Human Red

Cone Opsin. Human red cone opsin was transiently expressed in
COS-1 cells as described previously.20 On the third day after transfec-
tion, COS-1 cells were harvested, pelleted, and stored at -80 �C until
needed. Membrane preparations from these frozen cell pellets were
isolated from a discontinuous sucrose gradient.20,46

Transducin Activation Assays. Rod transducin was purified
from bovine retinas as described previously.47,48 The ability of opsins
to activate transducin was measured using a radioactive filter-binding
assay as described previously.20,46 The retinal/analogue in ethanol at a
1:50 dilution or ethanol alone (as a control) was added to the mixture of
the opsin and transducin 1 min prior to the addition of the radioactive
GTPγS, which corresponded to time zero. Ligand-dependent activation
of transducin by the red cone opsin was linear over a 5 min time period;
thus, for some measurements single 5 min data points were obtained.
Unless stated otherwise, the activities were corrected for basal transducin
activation at pH 6.4 and then normalized to transducin activation by
opsin alone. The concentration of retinal analogue in the reaction was
generally 20 μM except for beta-ionone (7) and cyclocitral (8), which
was 200 μM, and for 1,3-dimethylcyclohexane (9) and cyclohexane
(10), it was 2 mM.
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Figure 2. Normalized transducin activation by the human red cone
opsin in the presence of the retinals and retinal analogues illustrated in
the figure. Activity is shown after correcting for the basal activity and
normalized to transducin activation by the red cone opsin alone. Each
data point represents themean of at least threemeasurements; error bars
reflect the standard error of the means of opsin activity with the retinoid,
opsin activity alone, and basal activity, which were propagated through
the normalization calculations. All-trans-retinal is the native photoi-
somerized form of the chromophore and is a C-20 compound. C-22,
C-17, and C-14 are the 22, 17, and 14 carbon aldehyde analogues of
retinal; 13-dm is the all-trans 13-demethylretinal; 1,3-DMCH is 1,3-
dimethylcyclohexane. The concentration of test compound in the
reaction was 20 μM except for beta-ionone (7) and cyclocitral (8)
(200 μM) and for 1,3-dimethylcyclohexane (9) and cyclohexane (10)
(2 mM).

Figure 3. Transducin activation by the human red cone opsin in the
absence and presence of the 9-cis-C-17 (11) aldehyde compound.
Activity is not normalized nor corrected for the basal activity of
transducin. The lowered activity in the presence of the 9-cis form of
the C-17 aldehyde indicates that it is an inverse agonist and contrasts the
findings of the same compound on the rod opsin.37 Error bars reflect
standard error of the mean from at least three measurements.

Figure 4. Transducin activation by the human red cone opsin in the
absence and presence of full-length retinal isomers. 11-cis-Retinal (1) is
an inverse agonist, but all-trans- (3) and 13-cis- (12) retinals are agonists.
Activity is shown after correcting for the basal activity and normalized to
transducin activation by the red cone opsin alone. Each data point
represents the mean of at least threemeasurements; error bars reflect the
standard error of the means of opsin activity with the retinoid, opsin
activity alone, and basal activity, which were propagated through the
normalization calculations.
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