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Abstract
Visual pigment proteins belong to the superfamily of G protein-coupled receptors and are the
light-sensitive molecules in rod and cone photoreceptor cells. The protein moiety is known as
opsin and the ligand in the dark is 11-cis retinal, which serves as both the photon detector and an
inverse agonist. While much is known about properties of the rod pigment rhodopsin, much less is
understood about cone visual pigments. Being able to identify ligands that effect opsins give an
insight into structure–activity relationships. The action of some ligands indicates that there are
differences between not only rod and cone opsins but also among the different classes of cone
opsins. Furthermore, inverse agonists of cone opsins may have potential therapeutic uses under
conditions when the native 11-cis retinal ligand is absent. A method for determining the effects of
ligands on rod and cone opsin activity is described.

1. Introduction
Visual pigments are the light-sensitive components in rod and cone photoreceptor cells and
are comprised of two parts: opsin, the G protein-coupled receptor (GPCR), and the 11-cis
aldehyde form of vitamin A (11-cis retinal), the chromophore. Visual pigments differ from
other GPCRs in that the ligand is covalently bound to the receptor via a Schiff base linkage
to a strictly conserved lysine residue in the seventh transmem-brane helix (Bownds, 1967;
Morton and Pitt, 1955; Wang et al., 1980). The opsins themselves are constitutively active
(Cohen et al., 1993; Isayama et al., 2006; Kono, 2006; Melia et al., 1997; Surya et al., 1995).
The native 11-cis retinal ligand is an inverse agonist, which limits spontaneous activation of
the visual signaling cascade in the dark. The very fast response of visual pigments as GPCRs
is that light isomerizes the 11–12 bond from cis to trans within 200 fs (Schoenlein et al.,
1991). This is followed by conformational changes of the protein enabling it to activate its G
protein transducin. Thus, light converts the bound ligand from an inverse agonist to an
agonist. The all-trans ligand then dissociates from the opsin and is transported to the retinal
pigment epithelium where it is converted back to 11-cis retinal and shuttled back to the
photoreceptor to regenerate new pigment.

Rod photoreceptor cells contain the visual pigment rhodopsin and are used for dim light
vision; cone photoreceptor cells contain cone visual pigments and are used for bright light
and color vision. Although cone pigments are structurally and functionally highly
homologous to rhodopsin, there are differences. Because the chromophore of both rod and
cone opsins is 11-cis retinal, the specific interactions with the receptor result in tuning the
absorption properties, resulting in sensitivity across the visible spectrum. Furthermore, cone
pigments regenerate, activate, and inactivate faster than rhodopsin. The effects of retinal
analogs on rod opsin’s activity have been studied (Bartl et al., 2005; Buczylko et al., 1996;
Han et al., 1997); again, less is known about structure–activity relationships with cone
opsins and ligands. One reason for this is the lack of methods and sources for pure cone
opsins, whereas rod opsins in good purity are easily isolated. Another reason is the
perceived instability of the protein (Ramon et al., 2009). Cone pigments have been shown to
lose its chromophore or, in the presence of analogs, exchange chromophores in the dark
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(Crescitelli, 1984; Kefalov et al., 2005; Matsumoto et al., 1975), unlike the rod opsin where
the pigment (rhodopsin) is quite stable even to hydroxylamine. However, the cone opsin
proteins themselves are quite stable in a membrane environment, as pigments can be
generated and regenerated repeatedly when fresh chromophore is supplied.

Furthermore, the importance of 11-cis retinal in vivo appears to extend beyond visual
signaling for cones and less so with rods. When there is a limited supply of 11-cis retinal, as
is the case with some forms of a childhood-onset blinding diseases Leber Congenital
Amaurosis (LCA), cones appear to degenerate rapidly, while the rods survive for quite a bit
longer, based on photoreceptor cell layer thicknesses in patients with LCA (Jacobson et al.,
2007, 2009). Histological studies of mouse models of LCA clearly show rapid loss of cone
cells preceded by opsins that are no longer localized solely in the outer segments of cones
but rather distributed throughout (Rohrer et al., 2005; Znoiko et al., 2005). Supplementing
mouse models of LCA with 11-cis retinal improved cone cell survival and cone opsin
localization presumably by their abilities to form pigment (Rohrer et al., 2005). Thus, cone
opsin inverse agonists have the potential as therapeutic agents in preserving cone
photoreceptor cells in LCA. A practical problem with using the native ligand as treatment is
that light abolishes any benefits of 11-cis retinal in mouse models (manuscript in
preparation). Thus, our recent interests in identifying compounds that can inactivate cone
opsins have extended beyond structure–function characterization of cone opsins. We have
begun to characterize the effects of analogs of retinal on the abilities of cone opsins to
activate transducin. A partial list of retinoids and analogs that are inverse agonists to long
wavelength-sensitive cone opsins is shown in Fig. 12.1. We have found that 11-cis retinol,
however, is an agonist to rod opsin (Ala-Laurila et al., 2009; Kono et al., 2008). Also, β-
ionone is an agonist to rod opsin and a class of short wavelength-sensitive cone opsins
(Buczylko et al., 1996; Isayama et al., 2006). Thus, not all opsins respond to ligands in the
same manner, and generalizations about which ones act as inverse agonists or agonists
should be made with caution in the absence of data.

1.1. Assay considerations
There are a few techniques that can be and have been used to study ligand effects on rod and
cone opsins and cells with strengths and limitations of each one. Perhaps the most sensitive
is single cell electrophysiology where single photoreceptor cells are monitored for light-
and/or ligand-dependent changes to ion permeability (Estevez et al., 2006; Jin et al., 1993;
Jones et al., 1989; Kefalov et al., 1999, 2001). Advantages include the high sensitivity, fast
time resolution, and physiological environment of the opsins. However, potential
complications could arise from the presence of the native ligand, which needs to be washed
out; the test ligand affecting ion channel properties directly (Dean et al., 2002; McCabe et
al., 2004); the presence of multiple types of opsins within the same photoreceptor cell
(Applebury et al., 2000; Makino and Dodd, 1996); and modification of ligand by the cell
(e.g., 11-cis retinol is oxidized to 11-cis retinal in cone cells and regenerate cone visual
pigments; Ala-Laurila et al., 2009; Jones et al., 1989).

In vitro studies with heterologously expressed opsins have their own set of advantages.
There is only the single opsin that is expressed; there is no need to wash out native
chromophore because it was never present; mutants can be easily constructed and expressed.
The ability of testing mutant opsins demonstrated that some rhodopsin mutants associated
with retinitis pigmentosa are constitutively active which could be deactivated with either 11-
cis retinal or 11-cis retinyl Schiff base (Cohen et al., 1992; Robinson et al., 1992;
Zhukovsky et al., 1991). Limitations include the fact that the opsins are not in their native in
vivo environment and assays may not be as sensitive as electrophysiological measurements
(Melia et al., 1997).
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We use a radioactive filter binding assay to assess the abilities of the opsins to activate
transducin in the absence and presence of ligand (Fig. 12.2). Opsins are expressed in COS-1
cells, and membranes isolated. Binding of the native ligand is easy to demonstrate as the
receptor becomes able to activate G proteins in a light-dependent manner. To determine
inverse agonist behavior, we need to demonstrate that activation with ligand is lower than
without ligand. The opsins are maintained in a lipid environment as the purified apoprotein
is not stable. The constitutive activity of the apoprotein is difficult to distinguish at
physiological pH values. Figure 12.3 illustrates the pH dependence of transducin activation
by the human red cone opsin and pigment in the dark and light. This follows a similar
pattern as with the bovine rod opsin pH dependence of transducin activation (Cohen et al.,
1992). Thus, we assay at a slightly acidic pH of 6.4 where we can differentiate a change in
activity between opsin and opsin with an inverse agonist. In order to carry out these assays,
we use bovine rod transducin as our G protein for both rod and cone opsins because of the
availability of bovine retinas and relative ease of purifying large quantities in a cost-
effective manner. Both preparations are briefly described here, followed by the radioactive
filter binding assay.

2. Opsin Preparation
For a quick preparation of opsins, we isolate the membrane fractions from transfected
COS-1 cells. The methods are straightforward and relatively inexpensive. The opsin genes
generally have the last codons for the last eight amino acid residues of bovine rhodopsin, the
1D4 epitope (Molday and MacKenzie, 1983), to help with quantification on slot or western
blots, although it is not absolutely necessary. Typically, 2 μg of plasmid is transfected for
each 10-cm plate of confluent COS-1 cells using the DEAE-dextran method described
previously (Oprian, 1993), although other transfection methods work without problems.
After 3 days, the cells are harvested and up to 10 plates are pooled into 15 mL conical tubes
at a volume of 1 mL per 10-cm plate, then pelleted and stored at −80 °C until needed. Cells
are resuspended in a hypotonic buffer of 10 mM Tris–HCl (pH 7.4) buffer with 30 μM
phenylmethanesulfonyl fluoride (PMSF) and passed through a 25 G needle attached to a 10–
20 mL syringe four times. The homogenate is then layered on top of a 20 mL 37.7% (w/v)
sucrose cushion in a 25 × 89 mm polyallomer tube (Beckman-Coulter, Palo Alto, CA) and
spun in a Beckman SW32 rotor at 15,000 rpm for 30 min (Kono, 2006; Kono et al., 2005;
Robinson, 2000). The membrane fraction at the interface is collected by piercing the
polyallomer tube with an 18 G needle attached to a 5 mL syringe and sucrose diluted with
10 mM Tris–HCl (pH 7.4) and recentrifuged. The pellet is resuspended in a buffer
containing 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 0.1 mM EDTA, 10 mM Tris–HCl
(pH 7.4) at a volume of 25 μL per plate of COS-1 cells used and stored at −80 °C in 25 μL
aliquots. The amount of opsin in the membrane preparations are determined by slot blot
analysis (Kono et al., 2005) using known amounts of bovine rhodopsin as reference and
probed with the rhodopsin 1D4 antibody (available through a number of vendors such as
catalog number MA1-722 from Affinity BioReagents/Thermo Fisher Scientific, Rockford,
IL).

3. Transducin Preparation
Transducin is purified from 100 bovine retinas (W. L. Lawson, Lincoln, NE). The procedure
is essentially a rod outer segment (ROS) preparation using a discontinuous sucrose gradient
(Wessling-Resnick and Johnson, 1987) conducted in the light such that transducin is bound
to the bleached rhodopsin and will pellet with the membranes. Transducin is released into
solution by incubating the ROS with 40 μM GTP on ice for 30 min. After centrifugation, the
supernatant containing transducin is subjected to further purification by DEAE-cellulose
anion exchange chromo-tography (Baehr et al., 1982). Transducin fractions are pooled and
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dialyzed against and stored at −20 °C in 50% glycerol, 10 mM Tris–HCl (pH 7.4), 2 mM
MgCl2, and 1 mM DTT at a concentration of 50 μM (Yu et al., 1995).

4. Transducin Activation Assay
4.1. Stock solutions

1. Reaction/wash buffer (10×): 100 mM 2-(N-morpholino)ethanesufonic acid (MES),
pH 6.5 (final pH will be 6.4 in reaction), 1 M NaCl, 50 mM MgCl2.

2. DTT (50 mM) in milli-Q water.

3. Bovine rod transducin (50 μM, see above).

4. Opsin in membranes (see above). The opsin concentration is typically 10–50 nM.

5. Test ligand dissolved in ethanol. As a starting point, we often make stock
concentrations of 2 mM or 200 μM.

6. 150 μM GTPγS. A mixture of cold GTPγS with GTPγS35 at ~0.25 mCi/ mL is
prepared as follows: to 100 μL of a 150 μM solution of GTPγS from ~3 mM stock
solution is added 2 μL (25 μCi) GTPγS-35. (GTPγS-35: catalog number
NEG030H250UC, PerkinElmer Life and Analytical Sciences, Waltham, MA).

4.2. Measurement
The ability of the specific opsin to activate bovine rod transducin is determined using a
radioactive filter binding assay with membrane preparations of opsin expressed in COS-1
cells essentially as described previously with a few modifications (Kono, 2006; Robinson,
2000). We use a Millipore 1225 sampling vacuum manifold (Millipore, Billerica, MA) with
25 mm diameter Millipore mixed cellulose ester membranes (HAWP 02500, Millipore, Bill-
erica, MA). The filter membranes are first moistened in water and then placed in the vacuum
manifold.

The reaction is set up in 1.5 mL microcentrifuge tube without retinoid and GTPγS as
follows:

Volume (μL)

70 Deionized water

10 10× buffer (100 mM Tris buffer, pH 7.5, 1 M NaCl, 50 mM MgCl2)

2 50 mM DTT

5 Transducin (50 μM stock)

10 Opsin/visual pigment (typically, 10–50 nM stock concentration) in membranes

If the test ligand is a full-length or light-sensitive retinoid, then at this point the room lights
are turned off and dim red light (photographic dark room filters such as Kodak number 2 or
GBX2) conditions are used. One microliter of ligand solution (or ethanol for as a control) is
added and mixed with a micropipettor. 1 min later, 2 μL of 150 μM GTPγS solution is
added and mixed, and a timer is started. At 1 min, a 10 μL aliquot of the reaction mixture is
transferred to the vacuum manifold. Filters are immediately rinsed three times with 4 mL
rinse buffer (10 mM Tris, pH 6.4, 100 mM NaCl, 5 mM MgCl2) with a repeating pipettor,
which leaves proteins including transducin and bound GTPγS on the filter and unbound
GTPγS to flow through. This process is repeated at typically 1 min intervals. After 3–6 time
points, the filter membranes are placed into scintillation vials and filled with 10 mL
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Amersham BCS scintillation cocktail (catalog number: NBCS104, GE Healthcare,
Piscataway, NJ). An additional vial is filled with 10 mL scintillant, into which 10 μL of the
reaction mixture is pipetted. These counts will be used to convert counts per minute (cpm) to
mol GTPγS. The vials are shaken for at least 1 h and often overnight for convenience and
measured in a scintillation counter (usually 1–5 min counts).

The cpm from the 10 μL reaction mixture pipetted directly into the scintillation fluid is used
to convert cpm to pmol GTPγS taken up as a result of G protein activation. If aliquots from
more than one reaction were measured, they can be averaged. Ten microliters of the reaction
mixture contains 30 pmol of GTPγS. Thus, 30 pmol divided by these counts is used to
determine the pmol GTPγS bound to transducin. The number of moles GTPγS bound is
plotted against time, and the activity is the slope from this plot. If the concentration of opsin
has been quantified, then the specific activity can be reported.

Because GTPγS is a nonhydrolyzable analog of GTP, the data represents an accumulation
of transducin activated with time. This assay can, of course, be used to assay agonists as
well. If light-dependent activity is to be determined, then the total reaction mixture is scaled
to 150 μL total volume, and dark points first taken (i.e., see Fig. 12.2). A brief pulse of
bright light is then given at a convenient time such as at 5.5 min after initiation of the
reaction and measurement continued. A change in activity before and after light will indicate
light-dependent activity. If assaying light activity of cone pigments, then one should take
care to consider that the lifetime of the active intermediate of wild-type cone pigments is on
the order of tens of seconds and a long photobleach will result in a large fraction of decayed
product (Das et al., 2004; Kono, 2006). Furthermore, if starting with cone opsins in
membranes and adding an excess of chromophore such as 11-cis retinal according to the
protocol described in this chapter, then it is best to keep the room lights off except during
the photobleach as cone pigments can be regenerated after the rapid decay of the active
species; thus with continued light, the activity would result from a steady state of light
activated cone pigments which would give an overestimate of activity.

Other opsin preparations such as immunoaffinity purification after solubilizing in a
detergent such as CHAPS with lipid can also be used, and with dilution or removal of
CHAPS, purified opsins will be in vesicles (Rim and Oprian, 1995; Rim et al., 1997). If
pigments are formed from incubation of COS-1 cell suspensions with 11-cis retinal, then
they can similarly be immunopurified. We use the 1D4 antibody conjugated to sepharose
routinely to isolate and purify pigments (Das et al., 2004; Kono, 2006). If detergent-
solubilized and purified pigment is to be used, then care must be taken with detergent type
and concentration for the transducin activation assay. For example, we try to keep the final
concentration of dodecyl maltoside to be about 0.01%; otherwise, activity decreases
precipitously.
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Figure 12.1.
Compounds that have been found to act as inverse agonists to human red cone opsins. 11-cis
retinal is the native ligand in the eye and was obtained from the National Eye Institute and
Dr Rosalie Crouch of the Medical University of South Carolina; 11-cis retinol was obtained
from Dr Crouch; β-ionone and cyclocitral were purchased from Sigma-Aldrich (St. Louis,
MO). Even though these compounds were found to be inverse agonists to the red cone opsin
from our in vitro assays, 11-cis retinol and β-ionone are agonists to rod opsin (Isayama et
al., 2006; Kono, 2006; Kono et al., 2008), and β-ionone is also an agonist to a short
wavelength-sensitive class of cone opsins (Isayama et al., 2006).
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Figure 12.2.
Transducin activation by human red cone opsin at pH 6.4 as a function of time. Activation
by opsin (open circles), opsin with 11-cis retinol (filled circles), and opsin with 11-cis retinal
(triangles) were determined in the dark for the first 5.5 min, at which time the samples were
illuminated with a 6 s pulse of light from a 300 W slide projector passed through a 530 nm
long pass filter. Both 11-cis retinoids act as inverse agonists in the dark, but only the sample
with 11-cis retinal forms a pigment that absorbs visible light and results in photoactivation
of the pigment. The figure is adapted from Ala-Laurila et al. (2009). © The American
Society for Biochemistry and Molecular Biology.
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Figure 12.3.
pH dependence of transducin activation by human red cone opsin in the absence and
presence of 11-cis retinal and light. Human cone opsins were incubated with ethanol for
opsin alone (open circles), and 11-cis retinal in the dark (filled triangles), 11-cis retinal
followed by photobleaching (open triangles). Membranes from mock transfected COS-1
cells were used to measure activity of transducin in the absence of opsin and ligand (X). The
following buffers were used to set the pH: MES for pH 5.1–6.4 and HEPES for pH 6.8–8.1.
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