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Phototransduction is initiated when the absorption of light
converts the 11-cis-retinal chromophore to its all-trans config-
uration in both rod and cone vertebrate photoreceptors. To sus-
tain vision, 11-cis-retinal is continuously regenerated from its
all-trans conformation through a series of enzymatic steps com-
prising the “visual or retinoid” cycle. Abnormalities in this cycle
can compromise vision because of the diminished supply of
11-cis-retinal and the accumulation of toxic, constitutively
active opsin. As shown previously for rod cells, attenuation of
constitutively active opsin can be achieved with the unbleach-
able analogue, 11-cis-6-membered ring (11-cis-6mr)-retinal,
which has therapeutic effects against certain degenerative reti-
nal diseases. However, to discern the molecular mechanisms
responsible for this action, pigment regeneration with this
locked retinal analogue requires delineation also in cone cells.
Here, we compared the regenerative properties of rod and green
cone opsins with 11-cis-6mr-retinal and demonstrated that this
retinal analogue could regenerate rod pigment but not green
cone pigment. Based on structural modeling suggesting that
Pro-205 in green cone opsin could prevent entry and binding of
11-cis-6mr-retinal, we initially mutated this residue to Ile, the
corresponding residue in rhodopsin. However, this substitution
did not enable green cone opsin to regenerate with 11-cis-6mr-
retinal. Interestingly, deletion of 16 N-terminal amino acids in
green cone opsin partially restored the binding of 11-cis-6mr-
retinal. These results and our structural modeling indicate that a
more complex binding pathway determines the regeneration of
mammalian green cone opsin with chromophore analogues
such as 11-cis-6mr-retinal.

The visual signaling cascade starts in photoreceptor cells
with the absorption of a photon by a visual pigment, which leads
to electrical responses ultimately deciphered in the brain. In
most vertebrates, there are two types of photoreceptor cells,
rods and cones. They mediate vision under dim light or bright
light through the action of their visual pigments Rho or cone
opsins, respectively (1, 2). Rho and cone opsins belong to the
same family of G protein-coupled receptors (GPCRs)3 and use
11-cis-retinal as the chromophore covalently attached to a Lys
residue side chain in the apoprotein via a Schiff base. Although
a protonated Schiff base bond is a common feature of all verte-
brate visual pigments, their sensitivity across the light spectrum
differs, which is attributed to specific interactions between the
chromophore and neighboring amino acids in the binding
pocket (3). Thus, changes in the amino acid composition of the
retinal-binding pocket are critical for fine spectral tuning and
result in different absorption maxima as follows: 420 nm for
blue, 530 nm for green, and 560 nm for red human cone opsin,
whereas Rho maximally absorbs at 498 nm (4, 5). As an excep-
tion, mouse and bird UV light-sensitive pigments possess
deprotonated Schiff base in the dark state. Physiological and
biochemical analyses have revealed differences in the molecular
properties between Rho and cone opsins. Formation of the
active Meta II state in response to light occurs faster in cones
than rods (6). However, the shorter lifetime of this Meta II
intermediate is related to the lower photosensitivity of cones (2,
7). In contrast, cone cells dark adapt faster, which is related to
the rapid regeneration of their pigments (2). Furthermore, as
compared with Rho, the ability of the retinal-binding pocket of
cone pigments to accommodate geometric isomers, such as
9-cis-retinal, is more dynamic (8, 9).

Photon absorption triggers cis-chromophore isomerization
to the all-trans-form, which is then released from the retinal-
binding pocket after changes in the conformation of the opsin
(10). Rod and cone photoreceptor cell outer segments and the
retinal pigment epithelium then regulate a visual cycle to
ensure a constant supply of newly regenerated 11-cis-retinal
(11). Dysfunction of visual cycle enzymes can reduce the rate of
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chromophore regeneration, leading to a buildup of toxic all-
trans-retinal by-products and an increase in free, constitutively
active opsin (12–15), resulting in impaired visual function.
Thus, mutations in the genes encoding retinal pigment epithe-
lium 65 (RPE65) and lecithin:retinol acyltransferase (LRAT),
key components of the visual cycle, are the most common cause
of early onset blindness associated with Leber congenital amau-
rosis (LCA) (16 –18). One of the therapies proposed to treat
LCA is pigment restoration by pharmacological supplementa-
tion with analogues of retinal. In particular, treatment with
9-cis-retinoids has preserved retinal health in mouse models of
LCA (19 –23). Silencing of constitutively active opsin with
locked retinals also has been suggested as a potential treatment
for other retinal degenerative diseases (24, 25). However, the
binding of locked retinals with cone opsins has not been exten-
sively studied. Such information is needed to improve the
design of retinal analogues as potential therapeutic agents.

Locked retinal analogues contain a ring between C10 and C13

of the chromophore to prevent light-stimulated isomerization
around the C11�C12 double bond and eventual dissociation of
the chromophore (26). Supplementation with a locked retinal
could block free, constitutively active opsin and prevent light-
stimulated chromophore release, thereby eliminating the accu-
mulation of toxic retinoid by-products.

Specifically, 11-cis-6mr-retinal has been proposed as an
effective candidate for such therapy. By using this retinal, toxic
photoproducts could be curtailed without eliminating photo-
transduction in its entirety, because Rho regenerated with
11-cis-6mr-retinal exhibits residual light-dependent activity in
vitro and in vivo (24). Transition of Rho regenerated with this
locked retinal to the active Meta II-like state is achieved most
likely due to an isomerization around another C13�C14 double
bond (25, 27). Properties of Rho regenerated with 11-cis-6mr-
retinal have been examined previously (24, 25); however, no
equivalent studies have been performed for cone opsins. There-
fore, we investigated the molecular mechanisms of green cone
opsin regeneration with the locked chromophore analogue

11-cis-6mr-retinal as compared with Rho. We found that
11-cis-6mr-retinal was unable to regenerate green cone opsin,
and we discerned that the N-terminal sequence of the opsin
contributes to this property.

Results

Regeneration of rod and green cone opsin with
11-cis-6mr-retinal

These studies compared the ability of the retinal-binding
pocket in rod and green cone pigments to accommodate the
11-cis-6mr-retinal analogue. The properties of cone opsins
often are difficult to study because they are less abundant in
vivo and less stable in vitro when compared with Rho. To alle-
viate the problem of instability and to increase protein expres-
sion, we introduced a sequence from T4-lysozyme into the
third intracellular loop of the green cone opsin sequence, a
method that has proven successful in increasing the expression
yield and stabilizing the structure of other GPCRs (28). Our
green cone opsin-T4L construct was then expressed with
greater efficiency (Fig. 1, A and B) and displayed enhanced ther-
mal stability (Fig. 1C). Interestingly, its regenerative properties
with native 11-cis-retinal chromophore were not affected (Fig.
2, A and B, black spectrum). However, efforts to regenerate
green cone opsin-T4L with 11-cis-6mr-retinal were unsuccess-
ful (Fig. 2B, red spectrum). To better understand this finding, we
prepared a rod opsin-T4L construct to determine whether
addition of the T4L sequence would prevent pigment regener-
ation with a locked retinal. Rod opsin-T4L was expressed in
insect cells, and isolated membranes containing the receptor
were demonstrated to bind both 11-cis-retinal and 11-cis-6mr-
retinal to form a pigment with properties similar to opsin iso-
lated from bovine retinas (Rho) (Fig. 2, C and D). Rho-T4L
and Rho exhibited similar spectroscopic properties. Pigments
regenerated with 11-cis-retinal showed a maximum absor-
bance at 498 nm and similar sensitivity to light. The absorbance
intensity of Rho regenerated with 11-cis-6mr-retinal was

Figure 1. Comparison of membrane expression levels and thermal stability at 37 °C between green cone opsin-T4L and WT green cone opsin. A,
representative immunoblots indicating expression levels of green cone opsin-T4L (lane 1) and WT green cone opsin (lane 2) in membranes isolated from insect
cells and detected with the anti-Rho C-terminal 1D4 tag antibody (middle panel). Five �g of total protein was loaded to each well. Coomassie Blue-stained
SDS-polyacrylamide gel loading control is shown in the left panel. Band intensities were quantified from three independent experiments and normalized to 1
mg of total protein extract (right panel). Purified Rho with known concentration was used to derive the standard curve. B, representative Coomassie Blue-
stained SDS-polyacrylamide gel comparing levels of green cone opsin-T4L and WT green cone opsin after their immunoaffinity purification from the same
volume of cell culture (left panel). Band intensities were quantified from three independent experiments and normalized to micrograms of purified protein from
1 liter of cell culture (right panel). Purified Rho with known concentration was used to derive the standard curve. Quantification of these results was obtained
with ImageJ software. Band intensities of both the monomer and the dimer were used for the analysis. C, half-lives of WT and T4L-conjugated green cone opsins
after heating at 37 °C for 2 h.
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50 – 60% compared with that of Rho regenerated with 11-cis-
retinal for both constructs. Illumination with bright light
through a 480 –520-nm bandpass filter resulted in formation of
the Meta II active state with an absorption maximum at 380 nm
(Fig. 3, A and B). Upon regeneration with 11-cis-6mr-retinal,
both Rho-T4L and Rho displayed a peak of absorption with a
maximum at 505 nm, which transitioned to �498 nm after light
exposure (Fig. 3, C and D). The observed nominal decline in
absorbance at 498 nm could be due to a smaller extinction coef-
ficient of the formed photoproduct, as observed previously (29,
30). A Meta II decay assay detected the release of chromophore
from pigments regenerated with 11-cis-retinal upon illumina-
tion, which indicated the formation of a functional Schiff base
between the chromophore and opsin despite the insertion of
the T4L-lysozyme sequence (Fig. 3, E and F, black traces). How-
ever, no chromophore release was detected when pigments
were regenerated with 11-cis-6mr-retinal (Fig. 3, E and F, red
traces), confirming a much higher resistance of the Schiff base

to hydrolysis in the locked retinal-regenerated rod opsin. These
results indicate that addition of T4L to the rod opsin sequence
had no negative effects on pigment regeneration either with
11-cis-retinal or the locked 11-cis-6mr-retinal. Therefore, to
understand why regeneration did not occur in green cone
opsin-T4L with 11-cis-6mr-retinal, we analyzed wild-type
(WT) green cone opsin. Membranes isolated from insect cells
containing WT green cone opsin were regenerated with either
native 11-cis-retinal or 11-cis-6mr-retinal and purified by 1D4
immunoaffinity chromatography (Fig. 4, A and B). UV-visible
spectra of the purified proteins indicated that WT green cone
opsin regenerated successfully with 11-cis-retinal but not with
11-cis-6mr-retinal (Fig. 4B, black and red traces, respectively).

Specificity of the chromophore-binding pockets in rod opsin
and green cone opsin

Because residues in the binding pocket could be causing the
inability of green cone opsin to bind 11-cis-6mr-retinal, we

Figure 2. Binding of 11-cis-retinal chromophore and its locked 11-cis-6mr-retinal analogue to green cone opsin and rod opsin. A, SDS-polyacrylamide
gel of regenerated and purified pigments: green cone opsin-T4L, Rho-T4L, and bovine Rho (Rho). Pigment regeneration was carried out in membranes isolated
from insect cells, which then were purified by 1D4 immunoaffinity chromatography. Two �g of protein were loaded on each lane of the SDS-polyacrylamide
gel, and the gel was stained with Coomassie Blue. Proteins were deglycosylated with PNGase F before loading onto the gel. B, structures of 11-cis-retinal and
11-cis-6mr-retinal (right) and UV-visible absorption spectra of reconstituted green cone opsin-T4L (left). C, UV-visible absorption spectra of reconstituted
Rho-T4L. D, UV-visible absorption spectra of reconstituted Rho. Spectra of pigments regenerated with 11-cis-retinal (11-cis-RAL) are shown in black, and spectra
of pigments regenerated with 11-cis-6mr-retinal (11-cis-6mr-RAL) are featured in red.
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compared the binding pockets of rod opsin with the binding
pocket in the model of green cone opsin. Rosetta was used to
calculate pairwise interaction energies between 11-cis-retinal
and surrounding residues for rod opsin and green cone opsin.
Next, 11-cis-retinal was replaced in the binding pocket by
11-cis-6mr-retinal for rod opsin and green cone opsin, and pair-
wise interaction energies between 11-cis-6mr-retinal and sur-
rounding residues were calculated by Rosetta. This analysis

revealed residues in the binding pocket that show a difference
in interaction energy of 11-cis-retinal versus 11-cis-6mr-retinal
(�ligand) for each protein. Comparing �ligand between corre-
sponding residues of rod opsin and green cone opsin indicated
differentially affected residues that are candidates for the ligand
binding specificity of green cone opsin (Table 1).

From this energetic analysis, Pro-205 in green cone opsin
(Ile-189 in rod opsin) stands out within the context of previous

Figure 3. Spectra of reconstituted Rho-T4L compared with those of bovine Rho. A and B, UV-visible absorption spectra of Rho-T4L and Rho regenerated
with 11-cis-retinal chromophore in the dark (black spectra) and after light illumination (gray spectra). C and D, UV-visible absorption spectra of Rho-T4L and Rho
regenerated with 11-cis-6mr-retinal in the dark (red spectra) and after light illumination (gray spectra). E and F, chromophore release from purified Rho-T4L and
bovine Rho reconstituted with 11-cis-retinal and 11-cis-6mr-retinal. Changes in the intrinsic Trp fluorescence were measured after a 15-s illumination through
a 420 –520-nm bandpass filter. E, chromophore release from Rho-T4L. F, chromophore release from Rho. Black spectra indicate samples regenerated with
11-cis-retinal, and red spectra indicate those regenerated with 11-cis-6mr-retinal.
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functional data. Thus, mutation of Rho residue Ile-189 to a Pro
residue, found at the equivalent position in vertebrate cone
opsins, reduced the Meta II decay rate (31). When the Pro was
mutated to Ile in chicken green opsin, the protein showed
increased expression and thermal stability compared with the
wild type (31). Conversion of this Pro residue also affected the
Meta III decay rate (32). Moreover, removal of the 9-methyl
group from 11-cis-retinal affected the rate of deactivation in
salamander red cone pigments as well (33, 34), suggesting a
steric sensitivity of cone pigments. Steric sensitivity in the bind-
ing pocket of rhodopsin also has been shown (35, 36). There-
fore, we compared the binding pockets of rod opsin (Fig. 5A)
and green cone opsin (Fig. 5B) between our constructs. Ile-189
in rod opsin was replaced with Pro-205 in green cone opsin.
The position of this residue is directly adjacent to the poly-
ene chain of the chromophore and opposite to a Trp residue
on the other side of the binding pocket (Fig. 5B). We hypoth-
esized that replacement of the Ile with the more rigid, ringed
Pro would create a steric hindrance for the binding of
11-cis-6mr-retinal.

To verify experimentally whether the non-flexible bulk of
Pro-205 prevents binding of 11-cis-6mr-retinal to green cone
opsin, we mutated this residue to Ile, the corresponding amino
acid in Rho. The P205I mutant was expressed either as a fusion
protein with EGFP to validate its cell localization or in the
pcDNA3.1(�) vector without the EGFP fusion for protein puri-
fication. The level of expression of the P205I mutant in tran-
siently transfected HEK-293T cells was comparable with the
expression of WT green cone opsin (Fig. 6B), and both proteins
localized to the plasma membrane (Fig. 6A) and co-localized
with the Na/K-ATPase used here as a plasma membrane local-
ization marker. The P205I green cone opsin was regenerated
during its biosynthesis in HEK-293T cells either with 11-cis-
retinal or 11-cis-6mr-retinal, and 24 h later pigments were puri-
fied by 1D4 immunoaffinity chromatography. The UV-visible
absorption spectra of the purified proteins revealed that similar
to WT green cone opsin regeneration of the P205I green cone

opsin mutant with 11-cis-6mr-retinal had not occurred (Fig. 6,
C, red trace, and E). Moreover, this amino acid exchange
resulted in much lower regeneration efficiency with 11-cis-ret-
inal and thus a smaller absorption maximum peak as compared
with the WT protein along with an �7-nm blue shift (Fig. 6, C
and D).

Figure 4. Binding of 11-cis-retinal chromophore and its locked 11-cis-6mr-retinal analogue to WT green cone opsin. A, SDS-polyacrylamide gel of
regenerated and purified WT green cone opsin. Pigment regeneration was carried out in membranes isolated from insect cells, which then were purified by
1D4 immunoaffinity chromatography. Two �g of protein were loaded on each lane of the SDS-polyacrylamide gel, and the gel was stained with Coomassie
Blue. Proteins were deglycosylated with PNGase F before loading onto the gel. B, UV-visible absorption spectra of WT green cone opsin reconstituted with
either 11-cis-retinal (black spectrum) or 11-cis-6mr-retinal (red spectrum).

Figure 5. Comparison of the Rho and green cone pigment-binding pock-
ets. A, in the Rho structure, 11-cis-retinal is flanked on either side by Trp-265
and Ile-189. B, predicted green cone pigment binding site shows Pro-205,
which is less flexible than the corresponding Ile-189 residue in Rho, near the
chromophore.

Table 1
Differential energetic interactions of binding pocket residues with
chromophore.

Rhodopsin, residue GCPa, residueb
GCP�ligand �

rhodopsin�ligand
cNumber Type Number Type

86 Met 102 Glu 0.46
91 Phe 107 Ser 2.236
118 Thr 134 Ser 1.411
122 Glu 138 Ile 0.616
189 Ile 205 Pro 0.292
207 Met 223 Leu 0.471
208 Phe 224 Met 0.417
212 Phe 228 Cys 0.281
298 Ser 314 Ala 0.724
299 Ala 315 Thr 0.445
300 Val 316 Ile 1.043

a GCP means WT green cone opsin.
b This corresponds to the equivalent sequence-aligned residue in rhodopsin.
c �ligand � E11cis-6mr-retinal � E11cis-retinal, where E is the energy of interaction

between the subscripted chromophore and the listed residue. Energy values are
given in Rosetta energy units.
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Regeneration of green cone opsin lacking 16 N-terminal
amino acids

The longer N terminus of cone opsins includes an additional
structural difference between rod and cone opsins (Fig. 7, A and
B). To test whether this feature prevents regeneration with
11-cis-6mr-retinal, we deleted the 16 N-terminal amino acids
in both the WT green cone opsin and the construct containing
T4L to create �16N green opsin and �16N green opsin-T4L
constructs, respectively. These constructs then were expressed
in insect cells, and isolated membranes were regenerated with
either 11-cis-retinal or 11-cis-6mr-retinal and purified by 1D4
immunoaffinity chromatography (Fig. 8A). Shortening the
protein sequence had no deleterious effects on pigment regen-
eration with 11-cis-retinal (Fig. 8, B and C, black spectra). How-
ever, it did permit some regeneration to occur with 11-cis-6mr-

retinal. UV-visible absorption measurements revealed a small
but distinct peak in the 11-cis-6mr-retinal regenerated sample
(Fig. 8, B and C, red spectra). Although regeneration was
detected with 11-cis-6mr-retinal in both �16N green opsin and
�16N green opsin-T4L, regeneration of �16N green opsin-T4L
was more efficient (�6%) than regeneration of �16N green
opsin (�2%), potentially due to the stabilizing effect of the T4L
insertion. In the case of Rho, regeneration with 11-cis-6mr-
retinal resulted in a shift of the absorption maximum toward
longer wavelengths (maximum at 505 nm). However, whether
such a shift occurs in �16N green cone opsin was difficult to
ascertain, due to the small degree of regeneration. Nevertheless,
incorporation of native chromophore and locked retinal into
the �16N green opsin was confirmed by HPLC retinoid analysis
(Fig. 8, D and E). 11-cis-6mr-Retinal elutes as four distinct peaks

Figure 6. Expression, reconstitution, and purification of WT and P205I green cone opsin in HEK-293T cells. A, membrane localization of WT green cone
opsin (top panel) and the P205I mutant (bottom panel) detected by of EGFP fluorescence in living cells (left panel). Immunolocalization of Na/K-ATPase used here
as a plasma membrane localization marker (left-middle panel). Nuclei were stained with DAPI (middle-right panel). Merged image of all three panels shows
co-localization of green opsin and Na/K ATPase (right panel). Scale bar, 7.5 �m. B, immunoblot indicating the expression levels of WT green cone opsin and the
P205I mutant detected with the anti-Rho C-terminal 1D4 tag antibody. Proteins were deglycosylated with PNGase F before loading onto the gel. C, difference
absorption spectrum of WT green cone opsin, regenerated with 11-cis-retinal or 11-cis-6mr-retinal, and purified by immunoaffinity chromatography (black and
red trace, respectively). D and E, difference absorption spectra of the P205I mutant, regenerated with either 11-cis-retinal or 11-cis-6mr-retinal, and purified by
immunoaffinity chromatography.
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corresponding to 9,11-dicis, 11,13-dicis, 11-cis, and 9,11,13-tri-
cis conformations under specific HPLC conditions (24, 25).
However, with the HPLC conditions employed here, the 11-cis-
6mr-retinal standard displayed two distinct peaks that eluted at
6.8 and 7.6 min (Fig. 8E, top panel), and only one small peak
eluting at 7.1 min was found in samples extracted from both
�16N green cone opsin-T4L and �16N green cone opsin (Fig.
8E, middle and bottom panels, respectively). The small shift in
retinoid elution found in the experimental samples could be
due to the difference in the amounts of standard retinoid and
sample (�40 times more standard was loaded onto the col-
umn). It could also suggest that only one isomer (most likely
11-cis) binds to the N-terminal truncated green cone opsin.
Even though 11-cis-6mr-retinal could partially occupy the
chromophore-binding pocket of �16N green cone opsin and
cause the appearance of an absorption maximum peak at �530
nm, it failed to form a light-insensitive pigment (Fig. 9). Upon
light exposure of �16N green opsin-T4L, the absorption peak at
�530 nm decreased (Fig. 9B), and 11-cis-6mr-retinal eventually
was released from the binding pocket, just as in the sample
regenerated with 11-cis-retinal (Fig. 9A). Intrinsic fluorescence
of Trp increased within 15 min after illumination due to chro-
mophore release and un-quenching of Trp-281 in the binding
pocket in both �16N green cone opsin-T4L samples regener-
ated with 11-cis-retinal and 11-cis-6mr-retinal (Fig. 9, C and D).
This light sensitivity was confirmed in �16N green cone opsin
regenerated with 11-cis-6mr-retinal and compared with �16N
green cone opsin regenerated with 11-cis-retinal as shown by
the difference spectra of light-illuminated and dark-adapted
samples (Fig. 10, A and B). Interestingly, �16N green cone opsin
regenerated with 11-cis-6mr-retinal resulted in functional pig-
ment able to activate transducin similarly as the N-terminal

truncated green opsin regenerated with 11-cis-retinal (Fig.
10C), but the initial activation rates were several times lower as
compared with those for WT green cone opsin. Moreover, dele-
tion of the same 16 N-terminal amino acids in the P205I green
cone opsin mutant also restored partial regeneration with
11-cis-6mr-retinal resulting in formation of the light-sensitive
bleachable pigment similar to that regenerated with native
chromophore 11-cis-retinal (Fig. 11, A and B). Thus, the N ter-
minus of green cone opsin clearly plays an important role in the
chromophore binding specificity.

Our molecular modeling studies revealed that the N-termi-
nal residues of green cone opsin interact with transmembrane
helices five (TM5) and six (TM6) (Fig. 12A). These N-terminal
residues are external to the binding site so only minimal struc-
tural differences were observed between WT and �16N green
opsin in the binding site (Fig. 12B). 11-cis-6mr-Retinal is pre-
dicted to cause minor side-chain rearrangements in the binding
pocket as compared with 11-cis-retinal (Fig. 12C).

Discussion

Rod opsin can accommodate retinal geometric isomers or
analogues in addition to the native chromophore, 11-cis-reti-
nal, in its binding pocket (26, 29, 37). One example of such an
isomeric form is 9-cis-retinal, which binds to opsin both in vitro
and in vivo, forming a functional pigment (38, 39). 9-cis-Retinal
is more stable than 11-cis-retinal, and supplementation with
this chromophore can benefit some retinal degenerative dis-
eases (21, 23). An artificial Rho-like pigment also can be gener-
ated with locked retinals that contain a ring structure that pre-
vents isomerization around the C11�C12 double bond (25, 26).
This pigment is inactive or minimally active even in the pres-
ence of light, which again can be beneficial for the treatment of

Figure 7. Comparison of Rho sequence and structure with a green cone opsin homology model. A, sequence alignment of rod and green cone opsins
were prepared in Clustal Omega; only N termini and beginning of TM1 in both Rho and green cone opsin are shown. The major difference between the N
termini is shown in red. B, schematic structural model of Rho (created based on the Rho structure, PDB code 1U19) is shown on the left, and the schematic 3D
homology model of green cone opsin (PDB code 1KPW) is on the right. The extended loop difference between the two N termini is shown in red.
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specific retinal disorders (24). Treatments with artificial chro-
mophores affect the regeneration of both Rho and cone opsins.
Although the regenerative properties of Rho with locked
retinals were reported previously (26), similar studies for
cone opsins were lacking. Therefore, pharmacological sup-
plementation with these retinal analogues could not be
implemented without further understanding of their effects
on cone pigments.

Here, we studied the regenerative properties of green cone
opsin and compared them with those of rod opsin, as those two
pigments are sensitive to light within a similar range of wave-
lengths (Fig. 13). The results demonstrate that green cone opsin
cannot be regenerated with 11-cis-6mr-retinal. This could be
due to an inability of the binding site to accommodate 11-cis-

6mr-retinal. Based on structural comparisons between the
binding site predicted for green cone opsin and the Rho-bind-
ing site from previous studies, we identified Pro-205 as a resi-
due of notable difference in green cone opsin compared with
the corresponding Ile-189 residue in Rho. However, the P205I
mutation did not result in the binding of 11-cis-6mr-retinal and
actually decreased the efficiency of regeneration with 11-cis-
retinal. These effects could be due to a change in the stability of
the binding pocket caused by the P205I mutation. As shown
previously, mutation of Rho residue Ile-189 to a Pro residue,
widely conserved in vertebrate cone opsins, increased the ther-
mal stability of the chicken green cone pigment (31). Thus, such
findings suggest that the normally lower stability of cone opsin
compared with Rho (5) is of functional importance for efficient

Figure 8. Binding of 11-cis-retinal and its locked 11-cis-6mr-retinal analogue to green cone opsin lacking its N-terminal 16 amino acids. A, SDS-
polyacrylamide gel of regenerated and purified pigments, �16N green cone opsin-T4L and �16N green cone opsin. Pigment regeneration was carried out in
membranes isolated from insect cells, which then were purified by 1D4 immunoaffinity chromatography. Two �g of protein were loaded on each lane of the
SDS-polyacrylamide gel and stained with Coomassie Blue. Proteins were deglycosylated with PNGase F before loading onto the gel. B, UV-visible absorption
spectra of reconstituted �16N green cone opsin-T4L. C, UV-visible absorption spectra of reconstituted �16N green cone opsin. Spectra of pigments regener-
ated with 11-cis-retinal are colored black, and those regenerated with 11-cis-6mr-retinal are colored red. D and E, HPLC analyses of retinoid oximes in �16N
green cone opsin regenerated with 11-cis-retinal and 11-cis-6mr-retinal, respectively. Retinoids were identified based on their order of elution from an HPLC
column compared with that of authentic standards. D, top panel, HPLC elution profile of 11-cis-retinal and all-trans-retinal. E, top panel, HPLC elution profile of
11-cis-6mr-retinal. D and E, middle panel, elution profile of retinoid extracted from �16N green cone opsin-T4L regenerated with 11-cis-retinal and 11-cis-6mr-
retinal, respectively. D and E, bottom panel, retinoid elution profile extracted from �16N green cone opsin regenerated with 11-cis-retinal and 11-cis-6mr-
retinal, respectively.
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chromophore binding. Moreover, this residue substitution also
altered the absorption spectrum causing a slight but significant
blue shift of the �max, similar to that of chicken green cone opsin
P205I mutant (31). Changes in the environment around the
chromophore and perturbation of its configuration or elec-
trostatic state could explain the observed spectral shift. For
example, human green cone opsin apoprotein also contains a
Cl� ion-binding pocket near its chromophore-binding
pocket. Such binding of Cl� noted in both green and red
human cone opsins but not in blue cone opsin or rod opsin
results in a red spectral shift (41). Therefore, the P205I

mutant could destabilize the Cl�-binding site and alter its
effect on the chromophore.

Removing the N-terminal 16 amino acids from the green
cone opsin allowed 11-cis-6mr-retinal to bind. Our model of
the green cone pigment predicts that these N-terminal residues
interact with TM5 and TM6. The proposed Rho dimer and
oligomer structures indicate that the least sterically occluded
area for retinal to enter the binding pocket is through the TM5-
TM6 interface (42). In addition, molecular dynamics simula-
tions also showed that TM5 and TM6 are the most probable
points of retinal entry into both Rho (43, 44) and bacterio-opsin

Figure 9. Chromophore release from �16N green cone opsin-T4L and �16N green cone opsin regenerated with 11-cis-retinal or 11-cis-6mr-retinal. A
and B, UV-visible spectra of �16N green cone opsin-T4L regenerated with either 11-cis-retinal (black spectrum) or 11-cis-6mr-retinal (red spectrum). �16N green
cone opsin-T4L regenerated with either 11-cis-retinal or 11-cis-6mr-retinal was sensitive to light illumination (gray spectra). C and D, emission spectra of intrinsic
Trp fluorescence were measured in the dark (black line for �16N green cone opsin-T4L regenerated with 11-cis-retinal and red line for �16N green cone
opsin-T4L regenerated with 11-cis-6mr-retinal) and 15 min after a 15-s illumination through a 420 –520-nm bandpass filter (gray line).

Figure 10. Chromophore release from �16N green cone opsin regenerated with 11-cis-retinal or 11-cis-6mr-retinal and it functional properties. A and
B, UV-visible difference spectra of �16N green cone opsin regenerated with either 11-cis-retinal (black spectrum) or 11-cis-6mr-retinal (red spectrum). �16N
green cone opsin regenerated with either 11-cis-retinal or 11-cis-6mr-retinal was sensitive to light illumination. C, activation of G protein by �16N green cone
opsin regenerated with 11-cis-retinal or 11-cis-6mr-retinal. Shown is the intrinsic fluorescence increase of Gt� subunit upon interaction with photoactivated
opsin pigment at 20 °C. The initial activation rates (k0) were calculated within the first 150 s from three independent experiments. The obtained k0 values were
as follows: 0.042 � 0.003 s�1 for Rho, 0.089 � 0.002 s�1 for WT green opsin, and 0.029 � 0.005 s�1 for �16N green cone opsin regenerated with 11-cis-retinal
and 0.016 � 0.002 s�1 for �16N green cone opsin regenerated with 11-cis-6mr-retinal.
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(45). Now, our modeling and experimental results suggest that
the TM5-TM6 interface is of critical importance to the chro-
mophore-binding pathway in green cone opsin. Removing the
16 N-terminal amino acids could result in increased flexibility
of the TM5-TM6 interface due to loss of stabilizing contacts,
and such increased flexibility then could allow the rigid 11-cis-
6mr-retinal (compared with 11-cis-retinal) to reach the binding
pocket.

Although we identified one residue of particular interest to
test its effect on green cone opsin’s ability to bind 11-cis-6mr-
retinal, a systematic approach across multiple binding site res-
idues could provide additional insights into the interaction of
green cone opsin with 11-cis-6mr-retinal. Multiple and simul-
taneous interactions between residues could potentially be
responsible for binding site specificity. Having identified the
N-terminal 16 residues as a barrier to regeneration with 11-cis-
6mr-retinal, such studies of the binding pocket should now
be possible. However, removing the N-terminal 16 residues
allowed only minimal chromophore regeneration, so decipher-
ing the cause of the remaining difference in regeneration effi-

ciency between Rho and �16N green cone opsin is an exciting
future area of research that could allow the development of
ligands targeting specific visual receptors. Moreover, we also
need to understand why green cone opsin could be bleached
when bound with 11-cis-6mr-retinal. This result and the lim-
ited regeneration indicate that binding is weak between green
cone opsin and 11-cis-6mr-retinal. Now knowing that �16N
green cone opsin allows 11-cis-6mr-retinal to reach the binding
pocket will permit the design of improved chromophores that
are incapable of being bleached.

Experimental procedures

Chemicals

n-Dodecyl �-D-maltoside (DDM) was obtained from Af-
fymetrix Inc. (Maumee, OH). 11-cis-Retinal was a generous
gift from Dr. Rosaline Crouch (Medical University of South
Carolina, Charleston). 11-cis-6mr-retinal was provided by
Novartis (Cambridge, MA). Mouse mAb anti-ATPase(Na�/
K�)�5 originally obtained from The Developmental Studies
Hybridoma Bank at University of Iowa (Iowa City) was a gen-
erous gift from Dr. Yoshikazu Imanishi.

Constructs

Human green cone opsin cDNA cloned into a pUC57 vector
was synthesized by Genentech (San Francisco). To enable pro-
tein purification, the last 12 amino acids were replaced by the
1D4 tag (a TETSQVAPA amino acid sequence comprising the
last 9 amino acids of rod opsin).

Constructs with T4L

The T4L sequence was inserted into human green cone opsin
between amino acid positions 250 and 258, whereas amino
acids 251–257 were deleted. For bovine opsin, amino acids
235–241 were replaced with the T4L sequence, which corre-
sponds to the same position where the T4L sequence was
inserted into green cone opsin.

Mutagenesis

The green cone opsin P205I mutant was constructed with the
Phusion high-fidelity DNA polymerase (New England Biolabs,
Ipswich, MA) according to the manufacturer’s procedures.

Figure 11. Spectral properties of �16N P205I green cone opsin mutant regenerated with 11-cis-retinal or 11-cis-6mr-retinal. A and B, UV-visible spectra
of �16N P205I green cone opsin regenerated with either 11-cis-retinal (black spectrum) or 11-cis-6mr-retinal (red spectrum). Deletion of 16 N-terminal amino
acids enabled partial regeneration of P205I mutant with 11-cis-6mr-retinal. �16N P205I green cone opsin regenerated with either 11-cis-retinal or 11-cis-6mr-
retinal was sensitive to light illumination (gray spectra).

Figure 12. Model of green cone opsin and its binding pocket. A, overall
structure of the green cone opsin. The N-terminal 16 amino acids are colored
red. B, comparison of the WT (light green) and �16N (dark green) green cone
opsin-binding sites. C, predicted binding site structure of �16N green cone
opsin bound with either 11-cis-retinal (dark gray) or 11-cis-6mr-retinal (red).
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Figure 13. Schematic representation of the green cone opsin regeneration process with 11-cis-6mr-retinal. 11-cis-Retinal binds to rod opsin via a
protonated Schiff base in the retinal-binding pocket. After light illumination, 11-cis-retinal isomerizes to all-trans-retinal, which eventually dissociates from the
binding pocket (top, left). Rod opsin can also bind 11-cis-6mr-retinal, but due to inhibition of its cis-trans isomerization around the C11�C12 double bond, its
light-induced hydrolysis is inhibited (top, right). Similar to Rho, green cone opsin binds 11-cis-retinal and releases this chromophore after light illumination
(middle, left). However, it does not bind 11-cis-6mr-retinal, possibly due to a tighter and more rigid binding pocket entry stabilized by its elongated N terminus
(middle, right). Deletion of 16 N-terminal residues in green cone opsin not only allows binding of 11-cis-retinal (bottom, left) but also permits binding of the more
bulky 11-cis-6mr-retinal (bottom, right).
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For construction of human green cone opsin-EGFP WT and
the P205I mutant, cDNA of human green cone opsin was
amplified by PCR. EcoRI and SACII restriction sites were then
introduced at the 5�- and 3�-ends with the following primers:
for the cone opsin-EGFP construct, forward primer GTGGG-
GAATTCGCCATGAAGACCATCATCGCCCT and reverse
primer TCTGGCCGCGGTGGCTGGAGCGACCTGA. The
resulting amplified DNA was then cloned into the pEGFP-N3
vector (Clontech).

Additionally, WT green cone opsin and the P205I mutant
were subcloned into a pcDNA3.1(�) vector (Invitrogen) fol-
lowing the manufacturer’s protocol, and the resulting con-
structs were used for protein purification and UV-visible spec-
troscopy experiments. Moreover, constructs of WT green cone
opsin, green cone opsin-T4L, and the P205I mutant lacking
the sixteen N-terminal amino acids were also prepared. The
sequence of each construct was confirmed by DNA sequencing.

Preparation of opsin membranes and pigment regeneration

Bovine ROS membranes were prepared from frozen retinas
under dim red light (46). ROS membranes were suspended in
10 mM sodium phosphate, pH 7.0, and 50 mM hydroxylamine to
a Rho concentration of 2 mg/ml, placed on ice, and illuminated
with a 150-watt bulb for 30 min at a distance of 15 cm. Mem-
branes then were centrifuged at 16,000 	 g for 10 min, and the
membranous pellet was washed four times with 10 mM sodium
phosphate, pH 7.0, and 2% BSA followed by four washes with 10
mM sodium phosphate, pH 7.0, and two washes with 20 mM

Bistris propane (BTP), 100 mM NaCl, pH 7.5. Rho and opsin
concentrations were measured with a UV-visible spectropho-
tometer (Cary 50, Varian, Palo Alto, CA) and quantified using
the absorption coefficients �500 nm � 40,600 M�1 cm�1 and
�280 nm � 81,200 M�1 cm�1, respectively (47).

Regeneration of Rho with either 11-cis-retinal or 11-cis-6mr-
retinal was attained by incubating opsin membranes with the
respective retinal for 1 h at 4 °C. Regenerated pigments were
purified by 1D4 immunoaffinity chromatography (48).

Expression of green cone opsin in insect cells and membrane
isolation

All insect cell expression constructs were built in pFastBac
HT vectors (Invitrogen) with their N-terminal His tags
removed. Following the manufacturer’s protocol, constructs
were transformed into DH10 Bac to obtain a Bacmid for trans-
fection with X-tremeGene 9 (Roche Diagnostics). The cell cul-
ture supernatant was collected 3– 4 days after transfection with
P1 virus. Then P2 and P3 viruses were collected similarly and
stored. Large scale expression started with Sf9 cells at 3.5 	 106

cells/ml of culture that were infected with P3 stage virus at a
1:100 volume ratio in 3-liter flasks with shaking at 135 rpm in a
27.5 °C incubator for 2 days, and then cells were collected 48 h
post-infection.

All subsequent purification steps were performed at 4 °C or
on ice. To isolate membranes, cells were first homogenized
with a Dounce homogenizer in a hypotonic buffer composed of
25 mM HEPES, pH 7.5, 10 mM MgCl2, 20 mM KCl, and EDTA-
free complete protease inhibitor mixture (Roche Diagnostics
GmbH, Mannheim, Germany). Then membranes were pelleted

by centrifugation at 100,000 	 g for 30 min. Membrane homog-
enization in the same hypotonic buffer and centrifugation were
repeated twice and followed by three or four washes with a
buffer composed of 25 mM HEPES, pH 7.5, 1.0 M NaCl, 10 mM

MgCl2, 20 mM KCl, and EDTA-free complete protease inhibitor
mixture. Washed membranes then were suspended in 50%
(v/v) glycerol, flash-frozen with liquid nitrogen, and stored
at �80 °C.

Expression of green cone opsins in HEK-293 cells and pigment
reconstitution

HEK-293T cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% FBS (Hyclone, Logan, UT), 5 �g/ml
plasmocin (InvivoGen, San Diego), and 1 unit/ml penicillin
with 1 �g/ml streptomycin (Life Technologies, Inc.) at 37 °C
under 5% CO2. Cells were transiently transfected with WT
green cone opsin or P205I mutant constructs cloned into the
pEGFP-N3 or pcDNA3.1(�) vectors (Clontech) with polyeth-
yleneimine (49, 50). Twenty four h post-transfection, cone
opsins were reconstituted with either 11-cis-retinal or 11-cis-
6mr-retinal. Retinal was added to the cell culture from a DMSO
stock solution to a final concentration of 10 �M, and then cells
were incubated in the dark for 24 h at 37 °C with 5% CO2. To
evaluate the membrane localization of WT green cone opsin
and the P205I mutant, we used a TCS SP2 confocal microscope
(Leica Microsystems Inc., Bannockburn, IL) to observe these
proteins expressed as fusion proteins with EGFP (51).

Pigment purification by 1D4 immunoaffinity chromatography

Cells transiently transfected with WT green cone opsin or
the P205I mutant were harvested from 15 10-cm plates, centri-
fuged at 800 	 g, and the pellet was suspended in a buffer com-
posed of 50 mM HEPES, 150 mM NaCl, 20 mM DDM, and pro-
tease inhibitor mixture, pH 7.0, and incubated for 1 h at 4 °C on
a nutator. Alternatively, insect cell membranes with reconsti-
tuted cone opsins or regenerated bovine ROS membranes were
solubilized with the above buffer. The lysate then was centri-
fuged at 100,000 	 g for 1 h at 4 °C, and cone or rod pigments
were purified from the supernatant by immunoaffinity chroma-
tography with an anti-Rho C-terminal 1D4 antibody (52)
immobilized on CNBr-activated agarose. Two-hundred to 400
�l of 6-mg 1D4/ml agarose beads were added to the superna-
tant and incubated for 1 h at 4 °C on the nutator. The resin was
then transferred to a column and washed with 10 ml of buffer
consisting of 50 mM HEPES, 150 mM NaCl, and 2 mM DDM, pH
7.0. Pigments were eluted with buffer consisting of 150 mM

HEPES, 150 mM NaCl, and 2 mM DDM, pH 7.0, supplemented
with 0.6 mg/ml of the TETSQVAPA peptide.

UV-visible spectroscopy of opsin pigments

UV-visible spectra were recorded in the dark from freshly
purified cone or rod pigment samples. Spectra of the samples
were then recorded after the samples were exposed to white
light delivered from a Fiber-Light illuminator (150-watt lamp)
(Dolan-Jenner, Boxborough, MA) at a distance of 10 cm for 3
min. To obtain a difference spectrum of purified cone pig-
ments, the spectrum of the sample recorded in the dark was
subtracted from the spectrum of the bleached sample.
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Chromophore release

Chromophore release was measured with an L55 fluores-
cence spectrometer (PerkinElmer Life Sciences) at 20 °C. All
measurements were performed with 25 nM purified cone or rod
pigment diluted in a buffer consisting of 10 mM BTP, 100 mM

NaCl, and 1 mM DDM, pH 6.0. Samples were bleached by a
Fiber-Light illuminator through a 420 –520-nm bandpass filter
for 15 s immediately before the fluorescence measurements.
Bleaching was carried out at a distance of 10 cm. Spectrofluo-
rometer slit settings were 5 nm at 295 nm for excitation, and 10
nm at 330 nm for emission collection. Changes in the intrinsic
Trp fluorescence were recorded for 15–30 min. An increase of
the intrinsic Trp fluorescence correlates with the decrease in
the protonated Schiff base concentration (53). Alternatively,
emission spectra were recorded between 300 and 450 nm after
excitation at 295 nm.

HPLC analyses

Green cone opsin samples were denatured for 30 min at
room temperature with 50% CH3OH in 40 mM NH2OH. The
resulting retinal oximes were extracted with 600 �l of hexane,
and their isomeric content was determined by normal phase
HPLC with a Luna 10-�m PRE Silica (3) 100 Å, 250 	 4.6-mm
column (Beckman, San Ramon, CA). Retinoids were eluted iso-
cratically with 10% ethyl acetate in hexane at a flow rate of 2
ml/min. Their signals were detected by absorption at 360 nm
(54, 55).

Transducin activation assay

The intrinsic fluorescence increase from Gt� was measured
with an L55 luminescence spectrophotometer (PerkinElmer
Life Sciences). Excitation and emission wavelengths were cho-
sen at 300 and 345 nm, respectively. Gt was mixed with each
pigment (Rho, WT green cone opsin or �
16 green cone opsin
regenerated either with 11-cis-retinal or 11-cis-6mr-retinal) at
the ratio of 10:1, with Gt at a concentration of 1000 nM, followed
by the addition of 300 �M GTP�S to determine the GTP�S-
induced complex dissociation and fluorescence changes. The
samples were then illuminated for 1 min with a fiber light deliv-
ered through a 480 –520-nm long pass wavelength filter. Gt
activation rates were determined for the first 150 s of the Gt
activation assay.

Modeling

We generated a model of the green cone opsin as follows. The
2.2 Å resolution crystal structure of Rho (PDB code 1U19) (56)
was used as the template for the human green cone opsin pro-
tein sequence (UniProtKB, P04001). The bovine Rho sequence
(UniProtKB- P02699) was aligned with the green cone opsin
sequence with the EMBOSS Needle Pairwise Sequence Align-
ment tool (57). Given this sequence alignment, coordinates
were initially assigned to the green cone opsin sequence with
the MEDELLER server (58). Then the N-terminal 20 amino
acids of the structure were rebuilt 60 times with the Rosetta
protein structure prediction suite loop-building module (59),
and the most energetically favorable model was finally selected.

Retinal was parameterized for use within Rosetta (60).
Because the retinal ligand is bound to Lys-312 by a protonated

Schiff base, the ligand-residue complex was treated as a non-
canonical amino acid, allowing the structure to be seamlessly
used within all components of the Rosetta framework. Coordi-
nates for the retinal-lysine complex were extracted from the 2.2
Å resolution crystal structure of Rho (PDB code 1U19), and a
Rosetta non-canonical amino acid parameter file was created.
The fixed-backbone design protocol in Rosetta (61) was used to
mutate Lys-312 to the retinal-lysine complex, which was intro-
duced with the conformation present in the crystal structure.
All other coordinates in the green cone opsin structure were
kept constant. To remove any structural inconsistencies or
clashes introduced into the green cone pigment model, the
structure was relaxed with the Rosetta membrane fast relax
protocol (40), and the most energetically favorable model was
selected. This protocol is specialized to optimize membrane
protein coordinates according to the Rosetta energy potentials
that employ an implicit biological membrane. These modeling
procedures were repeated to produce a model with 11-cis-6mr-
retinal in the binding site.
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