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ABSTRACT: Visual pigments have a conserved phenylalanine in transmembrane helix S
located near the f-ionone ring of the retinal chromophore. Site-directed mutants of this
residue (F207) in a short-wavelength sensitive visual pigment (VCOP) were studied using
UV—visible spectroscopy to investigate its role in photosensitivity and formation of the
light-activated state. The side chain is important for pigment formation: VCOP™"A
VCOPFt, VCOPF*™ and VCOPF27W gubstitutions all bound 11-cis-retinal and formed
a stable visual pigment, while VCOP*”Y, VCOP*”S, VCOP**"*, and VCOP™"Y
substitutions do not. The extinction coeflicients of all pigments are close, ranging
between 35800 and 45600 M™' cm™. Remarkably, the mutants exhibit an up to 5-fold
reduction in photosensitivity and also abnormal photobleaching behavior. One mutant,
VCOP™ forms an isomeric composition of the retinal chromophore after illumination
comparable to that of wild-type VCOP yet does not release the all-trans-retinal
chromophore. These findings suggest that the conserved F207 residue is important for
a normal photoactivation pathway, formation of the active conformation and the exit of all-trans-retinal from the chromophore-
binding pocket.

Vertebrate visual pigments absorb light, which causes the suggest that this conserved residue plays a role in visual
isomerization of the covalently bound ligand, 11-cis- pigment photosensitivity.”'%'>'> Moreover, a covalent Schiff
retinal, to an all-trans conformation (for a recent review, see ref base linkage is crucial for the efficient formation and
1). The chromophore is attached via a Schiff base linkage stabilization of the active meta II state.'* While additional
between the chromophore and a conserved lysine residue in residues within the retinal-binding pocket of rhodopsin are
transmembrane helix 7 and is stabilized by a nearby acidic required for a normal photoactivation pathway," at present the
residue. Following isomerization, the stored energy of the exact mechanisms are not known. Moreover, there is limited
absorbed photon drives structural changes in the visual pigment information about cone visual pigments (e.g., refs 15 and 16).
through a series of transient photointermediate states, which In this study of the Xenopus short-wavelength sensitive cone
are stable over a limited time and temperature range.2’3 This opsin (VCOP), we investigated conserved residues near the /-
thermal relaxation of the primary photointermediate leads to ionone ring of the retinal chromophore, opposite to the Schiff
the formation of the active state, meta IL* Once in the meta II base linkage, focusing on photosensitivity. We used a homology
state, the visual pigment can bind and activate G proteins, model of VCOP to predict residues in this region [TMS and
which in turn initiate the phototransduction cascade in the TMé6 (Figure 1)]. In the three receptors examined, both
retina.’ Visual pigments have a higher photosensitivity than the intracellular and extracellular ends of the helices are closely
chromophore alone in solution."® When 11-cis-retinal is apposed, while the middle of TM6 has a bulge around a
bound to rod opsin, its extinction coefficient and quantum conserved proline (Figure 1). This creates a potential region for
yield of isomerization are increased by ~1.7- and ~4-fold, retinal to move between the interior of the helical bundle and
respectively, versus those of the free chromophore.é_8 The rod the surrounding lipid.'”'® Notably, opposite from the
and cone visual pigments have similar photosensitivities, conserved proline is a conserved phenylalanine (VCoP™,
differing by <20%.”~"! These findings suggest that conserved RHO™", and SAR2™®). In the VCOP model, the phenyl
features within the transmembrane domain, specifically the moiety is rotated toward the ligand-binding pocket, while in the
interactions between the chromophore and key binding site other receptors, it is rotated toward the membrane bilayer.
residues of the protein, contribute to the high photosensitivity Supporting the potential role of this region are studies of
of visual pigments. Currently, there is limited understanding of

the molecular determinants underlying photosensitivity. Sub- Received: April 19, 2013

stitutions of the primary counterion of the retinal Schiff base Revised:  June 30, 2013
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Figure 1. (A) Ribbon diagrams of the f2-adrenergic receptor (Protein
Data Bank entry 3NY8*') and bovine rhodopsin (Protein Data Bank
entry 1U19'®) for crystal structures and the homology model of
Xenopus violet cone opsin (VCOP***), Helices 5 and 6 are colored
blue and dark blue, respectively. Residue F207 is depicted in space
filling mode. Densities of the inverse agonists are shown as pink dots.
(B) Binding pocket of VCOP. The homology model shows putative
changes during VCOP activation. Movement of residues is shown by a
dashed arrow. Residues F207 in helix V, Y260 in helix VI, and K291 in
helix VII are depicted, as is 11-cis-retinal. The dark state rotamer is
colored blue for position F207, while a possible rotamer in the active
state is colored white (see Discussion).

rhodopsin and parapinopsin that showed that mutations is this
region can cause spectral shifts in the meta II state, and changes
in G protein activation were observed.'” This observation led to
the suggestion that there is a pivot in this region that is required
for the formation of the G protein-activating state of these two
rhodopsins. To explore the potential functional role of F207 in
cone visual pigment photosensitivity, we used site-specific
substitutions and UV-—visible (UV—vis) spectroscopy to
characterize photoactivation. We show that several substitutions
significantly perturb photosensitivity and lead to abnormal
photobleaching. Thus, we suggest this aromatic residue
participates in the formation of meta II and the release of all-
trans-retinal from short-wavelength sensitive visual pigments.

B MATERIALS AND METHODS

Visual Pigment Expression and Purification. The
epitope-tagged VCOP plasmids used for site-directed muta-
genesis and protein expression have been described pre-
viously.'””> The mutants were expressed in COSI1 cells by
transient transfection, purified by immunoaffinity chromatog-
raphy, and analyzed as previously described.'”> COS1 cells
expressing visual pigments were mixed overnight with 5 yM 11-
cis-retinal [provided by the National Eye Institute (NEI)] at 4
°C. Pigments were eluted in 50 mM HEPES, 140 mM NaCl, 3
mM MgCl, (pH 6.6), 0.1% N-dodecyl -p-maltoside, and 20%
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glycerol and concentrated by ultrafiltration centrifugation
(Amicon Utracel30K, Millipore). Transfections and purifica-
tions were performed at least twice for each mutant visual
pigment.

UV-Visible Spectroscopy. UV—visible absorption spectra
of the visual pigments were obtained using a spectropho-
tometer (Beckman DU 640 or Cary 50) equipped with a water-
jacketed cuvette holder. Spectra from samples containing ~1 ug
of visual pigment in 10 mM MES containing 0.1% dodecyl
maltoside (pH 6.0) were first collected under dark conditions.
Samples were irradiated with an LED array (Lamina Lighting
Titan LED light engine, model NT-53F0-0428 RGB, operating
the blue channel at 460—470 nm and ~25.4 mW), and spectra
were recorded after different lengths of time. The photometric
curves, ie., amount of pigment remaining at a given time
following irradiation, were calculated from the averaged
absorbance values between 445 and 450 nm, constrained
normalized to the initial value (100) and the final value (0)
after delivery of 3.9 X 10'® photons. The resulting curves were
fit to the following equation:

A(n) = Age™

where A(n) is the absorbance after the delivery of n photons, A,
is the initial absorbance before illumination, and y is related to
the photosensitivity of the pigment. Each point represents the
average of three experiments. For light—dark difference spectra,
light scattering was corrected using 1/2% Spectra were
normalized at 280 nm, subtracted, and smoothed using a
smoothing kernel (SigmaPlot11, Jandel Scientific).
High-Performance Liquid Chromatography (HPLC)
Analysis. For the photobleaching experiments prior to
chromophore extractions, 50 pg of pigment in 3.3 mL of 10
mM MES (pH 6.0) and 0.1% dodecyl maltoside was
illuminated using an LED array (480 yW) for a total of 131
s at 10 °C. After illumination, the protein samples were
transferred to ice. All extraction procedures were performed
under dim red light using ice-cold solvents. Then, 250 uL of 1
M NH,OH-HCI (pH 6.5) and 1.7 mL of methanol were added.
The samples were vortexed, incubated on ice for 10 min,
transferred to a separatory funnel, and mixed sequentially with
methanol (1.7 mL), dichloromethane (3.3 mL), and hexane
(16.5 mL). The aqueous layer was extracted twice more, and
organic layers pooled and evaporated under N,. Retinal oxime
standards, 11-cis-retinal (gift of NEI), all-trans-retinal (Sigma-
Aldrich), and 9-cis-retinal (Sigma-Aldrich), were extracted in
parallel. All retinal extracts were dissolved in hexane for HPLC
analysis. All solvents were HPLC grade (Fisher). A portion of
the hexane layer (50 uL) was injected into an HPLC system
equipped with two HPLC columns (Waters Prep Nova-Pak HR
silica columns, 3.9 mm X 300 mm, Waters catalog no.
WATO038501) and a Waters 2487 dual-wavelength absorbance
detector monitoring at 360 nm. The mobile phase used to
separate the chromophores consisted of 96% hexane, 3% ftert-
butyl methyl ether, 0.5% 1-octanol, and 0.5% 1,4-dioxane. All
solvents used were HPLC grade (Fisher). The flow rate was set
to 2.5 mL/min. Retinal oxime standards (all-trans-, 11-cis-, and
9-cis-retinal oxime) were used to assign the retention times of
the peaks observed. The percent retinal isomer formed was
calculated by integrating the area under each peak using the
iPeak plugin (http://terpconnect.umd.edu/~toh/spectrum/
TOChtml) for MatLab. Our low temperature and concen-
trations favor formation of the syn oxime enantiomers, and
while the anti enantiomers were observed, these bands
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Figure 2. Dark spectra of purified VCOP and VCOP™"” mutant visual pigments. In mutant spectra, the spectrum for VCOP is shown as a dashed
line and the spectrum for the mutant as a solid line. 4,,,, is shown for visual pigments with a chromophore peak. The spectra were normalized to A,g.

appeared at longer retention times and were broad and difficult
to characterize. The syn peaks were used exclusively for
assigning the isomeric concentrations. The following extinction
coefficients at 360 nm were used: 29600 M~! cm™" for 11-cis-
retinal, 51600 M™! cm™ for all-trans-retinal, and 30600 M™!
cm™ for 9-cis-retinal.” Three independent experiments were
performed.

Acid Denaturation. The visual pigment was diluted to 1 pg
in 10 mM MES buffer and 0.1% dodecyl maltoside (pH 6.0) at
10 °C. Spectra were recorded before and after addition of
H,SO, to bring the pH to 1.8. Averaged spectra were used to
determine the A,,s/A,4 ratio, and final spectra were smoothed
using a kernel (Sigma Plot). The concentrations of the
chromophore were determined using an extinction coefficient
at 440 nm of 30800 M~! cm™'*® The extinction coefficients
were determined from three separate preparations.

B RESULTS

Dark Absorption Spectra. We prepared eight amino acid
substitutions at position 207 in VCOP and expressed these
mutants in a well-established heterologous COSI system.
Following incubation with 11-cis-retinal, the mutants were
purified and characterized by UV—visible spectroscopy. VCOP
and four of the mutants (VCOP™™, vCOP™W, yCOPF"L,
and VCOP2?7%) exhibited a chromophore peak, indicating that
the receptor was able to bind the ligand 11-cis-retinal (Figure
2A—D,F). However, mutants VCOPF7V yCOPpF7Y,
VCOP™T and VCOP™”® exhibited little or no chromophore
peak, suggesting the mutant was not properly folded or did not
stably bind 11-cis-retinal (Figure 2E,G—I). This observation
suggests that F207 has steric constraints that must be met for
the formation of a native retinal-binding pocket. The wild-type
pigment has a 4., of 427 nm,*' and the values of the mutant
pigments were similar, although there were small shifts
depending upon the substitution (Table 1). These four
mutants also folded well, as judged by the A, /A, ratio.

We measured the extinction coefficients at A,, mutants using
. .20 . :
acid denaturation.” This process causes the absorption
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Table 1. Spectroscopic Properties of VCOP Mutants

max relative
pigment  Ayg/A; (nm) &2 M em™) photosensitivity
VCOP 3.4 427 39500 + 2000 1
F207A 3.9 424 45600 + 3000 0.24 + 0.05
F207L 3.0 428 38700 £+ S00 0.60 + 0.23
F207M 3.8 427 35800 + 3000 0.26 + 0.0S
F207W 4.6 429 nd® 0.21 + 0.02

“Wavelength of maximum absorbance +1 nm after removal of light
scattering with correction factor 1/2* “Based on the extinction
coefficient of the protonated Schiff base of retinal.>® “Not determined.
d . R

Slopes of the single exponential in Figure 6 were used to compare
mutants to VCOP, which was set to 1.0. The variation of the VCOP
slope is +0.06.

maximum to shift from 427 to 440 nm. All of mutants had
extinction coeflicients quite similar to that of the wild-type
protein, ranging from 35800 to 45600 M~' cm™" (Table 1). We
note that mutant VCOP™* has an extinction coefficient
slightly higher than those of the rest of the mutants. In
summary, we conclude that if the steric constraints at F207 are
accommodated, the protein forms a fairly normal 11-cis-retinal-
binding pocket (i.e., does not have significantly altered spectral
tuning) and that the protein is stable in the dark.
Photoisomerization of the VCOPF’A Retinal Chro-
mophore. We investigated the photosensitivity of the
VCOP™A mutant that bound 11-cis-retinal. Visual pigment
samples were exposed to light, and then the retinal
chromophores were extracted for isomeric analysis (Figure
3). The light—dark difference spectrum of VCOP shows the
expected loss of the 11-cis-retinal chromophore peak and the
increase in absorbance at 380 nm from all-trans-retinal
formation.”' Because this experiment was performed at 10
°C, the majority of the photoproduct is meta IL.** By contrast,
the VCOP™”* mutant pigment has an altered difference
spectrum, with a broad peak centered at 380 nm and a small
positive red shoulder. Analysis of the chromophore extracted
from these pigments showed that 11-cis-retinal in both VCOP
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Figure 3. Extent of retinal isomerization after illumination in VCOP
and F207 mutant pigment. (A) UV—vis absorbance spectra were
recorded before and after illumination (4.1 X 10'® photons) of visual
pigments at 10 °C. The absorbance spectrum obtained after
illumination was subtracted from the absorbance spectrum obtained
in the dark, and the resulting difference spectrum is shown. (B) HPLC
patterns of wild-type VCOP and VCOP™, (C) Isomeric mixture of
the extracted chromophore from illuminated samples as quantified by
HPLC (error bars are standard deviations; n = 3).

and VCOP™* underwent similar conversion to all-trans and
9-cis isomers following exposure to light, with no statistical
difference in overall conversion (Figure 3). Thus, although both
VCOP and VCOP™* efficiently absorb light to form similar
amounts of photoactivated pigment, there are dramatic
differences in the spectral states following isomerization in
the mutant protein.

Abnormal Photoactivation Pathway in VCOPF2%7
Mutant Pigments. VCOP rapidly formed a stable photosta-
tionary state at 10 °C, consisting primarily of meta II (Figure
3A).2"** By contrast, VCOP™A formed an unusually
metastable photointermediate immediately after illumination,
with a photostationary state with a A, of ~415 nm that was
similar to VCOP, even though the photoactivating light
intensity was sufficient to isomerize the same fraction of the
VCOP™A pigment as in VCOP. There was a very slow (>30
min) blue shift in VCOP™* (Figure 4). Intense illumination
of VCOP™A produced a photointermediate similar to meta I
of VCOP, suggesting that multiple-photon absorption is
necessary to rapidly convert VCOP™*7* to meta II.

We obtained photometric curves for VCOP and the
VCOP™” mutants. Spectra were recorded after successive
flashes, with ~1 min between flashes, during which time there
were minimal changes in the photointermediate spectra (Figure
4). Thus, the photons delivered to each sample were
cumulative. In VCOP, there was a progressive loss of
absorbance at the 427 nm peak and an increase at 380 nm,
corresponding to meta II (Figure SA). The difference spectra of
VCOP show a single isosbestic point at 410 nm indicating a
single-step conversion from the dark to meta IL*"** By
contrast, the VCOP" mutants were very resistant to
photoconversion to meta II in this photon range (Figure
SB—E). The F207 mutant spectra do not exhibit a single
isosbestic point, suggesting that multiple photointermediates
exist at 10 °C. To determine whether the thermal transition
temperature for the conversion from one of the photoactivation
intermediates (e.g, meta I) to meta II is altered by the
mutation, we illuminated the VCOP™* pigment at 30 °C
(Figure SF). However, only slight differences in the VCOP™"*
spectra were seen compared to that recorded at 10 °C.
Photometric curves were used to calculate and compare
differences in photosensitivity (Figure 6). The curves from all
of the mutants had significantly reduced slopes compared to
that of VCOP (the same VCOP data are used for comparison
with each VCOP mutant), with VCOP**"" having a 2-fold
reduction and the others having ~5-fold reductions. Thus, the

Absorbance

350 400 450

300 350 400 450 500

Wavelength (nm)

Figure 4. Stability of photoactivated VCOP7* at 10 °C. The UV—vis absorbance (A) spectra for VCOPF2*™ were recorded at 10 °C. All spectra
were then subtracted from the first dark spectrum (B). An initial dark recording was taken; then samples were illuminated with 6.6 x 10'® photons,
and spectra were recorded 0, 1, and 30 min afterward (2—4, corresponding to 6—8, respectively). Finally, samples were exposed to light (2 x 10'®

photons) again, and a final spectrum was recorded (5 and 9).
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Figure 5. Stability of photoactivated VCOP™"’* mutants. Light—dark
difference spectra of visual pigment samples at 10 °C (A—E) were
recorded and then successively illuminated with the following total
number of photons: 3.3 X 10 (red), 6.6 X 10'® (orange), 9.8 x 10'¢
(green), 1.3 X 10'7 (dark green), 1.6 X 10" (aqua), 3.3 X 10" (blue),
6.6 X 10" (dark blue), 2 X 10'® (purple), and 4 X 10'® (magenta).
Insets show the absorbance spectra. (F) Light—dark difference spectra
from photobleaching experiments (3.3 X 10" photons) were recorded
at 30 °C with VCOP and VCOP™",
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Figure 6. Photobleaching of VCOP and F207 mutant pigments.
Pigments were successively photobleached at 10 °C with the indicated
number of photons. Amounts of remaining pigment were determined
as described in Materials and Methods. The same data for wild-type
VCOP are colored gray in each panel. Mutant data are colored black.
Dots represent the average of three experiments, and the error bars
show the standard deviation. The solid line is the exponential fit to the
mean of the data collected for each pigment.

F207 residue is critical to the photosensitivity of this short-
wavelength visual pigment.

B DISCUSSION

In this study, we examine the influence of the F207 residue on
the photosensitivity of cone visual pigment VCOP. Because the
P-ionone ring of retinal has been shown to play a major role in
visual pigment activation,"**>® we tested the hypothesis that
nearby conserved residues will also be necessary for the
formation of meta IL. In the dark state, noncovalent interactions
of the fB-ionone ring and F207 were shown in rhodopsin by
nuclear magnetic resonance (NMR).27 Upon isomerization,
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these interactions are potentially altered in the formation of the
active state. Thus, we focused on one conserved phenylalanine
in TMS, VCOP™Y. Not all substitutions at F207 were
tolerated, while others produced visual pigments with A,
values and extinction coeflicients very similar to those of
VCOP. For mutants that formed little to no chromophore
peak, it is possible that the protein did not fold properly or did
not stably bind retinal. In the case of F207V, this substitution
may affect helix formation or the orientation as other short
chain or branched amino acids are tolerated. Moreover, the
replacement of F207 with a hydroxyl-bearing residue may result
in new interactions that could restrict retinal binding. For
example, a hydrogen bond between the hydroxyl side chain at
position 207 and TM6 could disrupt the helical spacing and
thereby limit access in the binding pocket for the S-ionone ring.
Thus, as long as steric constraints for helical packing are
satisfied, F207 may not play a direct role in the 11-cis-retinal-
binding pocket. This observation agrees with studies of
rhodopsin and parapinopsin, which proposed that this region
was primarily important for agonist (i.e., all-trans-retinal) but
not inverse agonist (11-cis-retinal) binding.'” However, in the
case of VCOP, there were dramatic decreases in photo-
sensitivity and apparently abnormal photointermediate for-
mation. Such altered bleaching phenotypes have been reported
previously in rhodopsin (G90D, A292, and F265).”** Further
experiments will be needed to investigate mechanisms that
could relate these results to our study.

Our results suggest that the normal photoactivation pathway
(batho — lumi — meta I — meta II)** is defective in one or
more steps in the VCOP™" mutants. This observation is
represented by an elevation of one or more of the thermal
barriers between the photointermediate states (Figure 7).
Because we have not been able to assign a specific intermediate
that is affected by the mutation, we represent the mutant
photointermediate state(s) by ILj,... In this model, the
photoactivated mutant pigment accumulates in the L.,
intermediate, which has a slow thermal transition to the meta
I intermediate. We also hypothesize that the normal pathway is
accessible at a significantly reduced efliciency. This model
explains the reduced photosensitivity, the abnormal UV—visible
spectra, and the effect of intense light on the photosensitivity of
VCOP™” mutant pigments. The broad absorbance peak
associated with Iy, at a A greater than ~400 nm further
suggests that the Schiff base is protonated in this intermediate.
The photoisomerization yields of the VCOP™" mutant
chromophores are quite similar to those of VCOP, and the
chromophore absorbance peak is blue-shifted, implying that the
primary photointermediate, batho, is not affected by the
mutations. Thus, we suggest that one or more of the lumi —
meta I — transitions are affected by the mutation of F207
during active state formation in a cone visual pigment. Studies
of the comparable amino acid residue in bovine rhodopsin
showed that the level of G protein activation was decreased by
25%," consistent with a defect in the photoactivation pathway.

Insight into the structural impact of F207 is provided by
studies of rhodopsin, with attention paid to the changes
occurring at the f-ionone ring, at transmembrane helix 5, and
in interactions between the two during activation. In the lumi
rhodopsin structure, the p-ionone ring is both relaxed and
translated in comparison to that of batho.* Specifically, it was
proposed that the S-ionone ring moves toward helix 5 near
position F212 upon activation by NMR,*"*? causing a steric
clash between the f-ionone ring and residues of helix 5 that

dx.doi.org/10.1021/bi400490g | Biochemistry 2013, 52, 5084—5091
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Figure 7. (A) Abnormal photobleaching pathway in the VCOP "’
mutant pigments at 10 °C. The main photoproduct of VCOP
illuminated with smaller amounts of light is meta II (top). With the
VCOP*7* mutant, the predominant photoproduct is not meta II, but
a mixture of intermediates (bottom). It requires many more photons
to convert VCOP™* to meta II. The visual pigment with the 11-cis
chromophore is labeled R, ; and that with the 9-cis chromophore
Ry Absorption of a photon results in the isomerization of 11-cis-
retinal to all-trans and either meta II or intermediate Ly, Thermal
changes are indicated by A. (B) Energy diagram for the transition
from the dark-adapted visual pigment to the light-activated forms
(R*). The rhodopsin energies have been used and for illustration have
arbitrarily increased VCOPF** barriers by ~10 kJ/mol. The
VCOP™"” mutants are proposed to have an increased thermal barrier
to transition, thus reducing the photosensitivity. For the sake of
simplicity, the dark state is labeled as Rho to represent the 11-cis
pigment and 9-cis pigments are not included in this figure. See
Discussion for more details.

leads to the rotation and elongation of helix 5 and changes in
interhelical hydrogen bonding of meta IL.**®*"3? Thus, changes
in helix S likely occur in meta I or in the transition to meta I,
during which time a counterion switch is observed.**~*
Coupled to this transition are Schiff base deprotonation,
rotation of helix 6, and proton uptake, all of which are necessary
for the formation of the G protein activating state of meta
1143637 Together, these coordinated structural changes
comprise the pivot activation mechanism for visual pig-
ments.*'®3%*® In general, our results agree with the importance
of structural changes in the interface between helices S and 6.
In fact, it is possible that the VCOP™®” mutations block the
pivot. Thus, F207 could undergo a rotameric switch coupled to
p-ionone ring rotation, providing an energy coupling
mechanism to provide high photosensitivity for formation of
the active state and rapid release of all-trans-retinal from cone
visual pigments.

Interestingly, F207 may be acting with another conserved
residue as part of a switch or pivot leading to receptor
activation. One such residue in VCOP is Y260%*, part of the
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conserved CWxP motif in helix 6. In rhodopsin and the f2-
adrenergic receptor, there is a Trp residue at this position that
has been postulated to rotate during receptor activation, and
thus, the mechanism is termed the rotamer toggle switch in G
protein-coupled receptors (GPCRs).>**® Molecular dynamics
simulations showed rotation of W265%*® toward F208 in the
p2-adrenergic receptor, where stable aromatic stacking
interactions were seen between these residues in the active
state.*' This observation suggests that F207 may stabilize the
active rotamer of W265 to promote active state receptor
formation. Mutational analysis of these residues supports this as
substitutions at these positions in nonvisual pigment GPCRs
reduced the level of or eliminated agonist-induced signaling but
did not impair ligand binding.*' A role for F207 in GPCR
activation has been shown in the gherlin, NK1, and f2-
adrenergic receptors.*'

B CONCLUSION

Our study provides the first demonstration of the role of F207
in the activation of a cone visual pigment. While F207 is
conserved in rhodopsin, it is not clear if this residue alters the
release of all-trans-retinal or just the meta I—meta II
equilibrium.'® It is, however, possible that VCOP™ acts
specifically in the regulation of short-wavelength sensitive cone
photosensitivity. Because a phenylalanine is absent from the
human L/M cone opsins,* other residues in this vicinity may
be required to achieve high photosensitivity and, coupled to
that, active state formation. To understand the mechanisms
underlying visual pigment photosensitivity and activation, it will
be necessary to determine what other residues regulate these
crucial functions.

B ASSOCIATED CONTENT
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Absorbance spectra from the acid denaturation experiments.
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