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SUMMARY

11-cis-retinal acts as an inverse agonist stabilizing
the inactive conformation of visual pigments, and
upon photoactivation, it isomerizes to all-trans-
retinal, initiating signal transduction. We have
analyzed opsin regeneration with retinal analogs for
rhodopsin and red cone opsin. We find differential
binding of the analogs to the receptors after photo-
bleaching and a dependence of the binding kinetics
on the oligomerization state of the protein. The
results outline the sensitivity of retinal entry to the
binding pocket of visual receptors to the specific
conformation adopted by the receptor and by the
molecular architecture defined by specific amino
acids in the binding pocket and the retinal entry
site, as well as the topology of the retinal analog.
Overall, our findings highlight the specificity of the
ligand-opsin interactions, a feature that can be
shared by other G-protein-coupled receptors.

INTRODUCTION

Light-induced isomerization of 11-cis-retinal (11CR) to all-trans-
retinal (ATR) triggers a conformational change in visual recep-
tors, resulting in the formation of their active states and initiating
the complex process of vision (Schoenlein et al., 1991; Wald,
1968). These visual pigments belong to the G-protein-coupled
receptor (GPCR) superfamily and consist of a heptahelical trans-
membrane (TM) apoprotein, opsin, covalently linked to its natural
chromophore, 11CR, a vitamin A derivative (Palczewski et al.,
2000). Photoreceptor cells are classified as the much-abundant
rod cells and the scarcer cone cells, which are responsible for
scotopic and photopic vision, mediated by rhodopsin and
cone opsins, respectively (Shichida and Imai, 1998).

The 11CR chromophore has been conserved throughout
evolution, because of its highly specialized role in vision, which
includes a high quantum yield and a very fast response for
photon-triggered isomerization. Retinal analogs, other than the
natural 11-cis chromophore, such as 7-cis, 9-cis, 13-cis, and
all-trans, have been investigated for their binding properties to
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the visual pigments in order to unravel the structural features of
the retinal binding site and the details of the opsin-ligand recog-
nition process (Schick et al., 1987; Harbison et al., 1984; Fukada
et al., 1990). 9-cis-retinal (9CR) is often used as an exogenous
analog to study the structure and function of native rhodopsin
(Hubbard and Wald, 1952; Nakamichi and Okada, 2007).

The main feature used to distinguish these visual pigments,
bound to a particular chromophore, from each other is their wave-
length of maximal absorption in the visible region of the electro-
magnetic spectrum. In mammalian natural pigments with 11CR,
these correspond to 500 nm (rhodopsin), 420 nm (short-wave-
length-sensitive pigment or blue cone pigment), 530 nm (mid-
dle-wavelength-sensitive pigment or green cone pigment), and
560 nm (long-wavelength cone pigment or red cone pigment)
(Kakitani et al., 1985; Merbs and Nathans, 1992; Neitz et al.,
1991). Metarhodopsin Il (Metall) is the active conformation of
the visual pigments formed upon photoactivation, in which the
chromophore is still covalently bound to the opsin apoprotein.
The presence of this covalent bond, though it is not strictly
required (Zhukovsky etal., 1991), isimportant for the optimal func-
tionality of the receptor (Matsuyama et al., 2010). The isomerized
chromophore eventually destabilizes the conformation of the pig-
ments, causing breakage of this bond and yielding opsin plus free
ATR, which leaves the retinal binding pocket (Bartl et al., 2005).

In the dark, the aldehyde group of 11CR is covalently bound to
the receptor via a protonated Schiff-base linkage with K296742 of
rhodopsin/blue cone opsin or K31274® of red/green cone opsin
(superscripts refer to the general numbering system for GPCRs;
Ballesteros and Weinstein, 1995), thereby maintaining the inac-
tive conformation (Mustafi et al., 2009; Palczewski et al., 2000).
The fluorescence emission of W265/281%48 which is located
very close to the B-ionone ring of the retinal, and W126/14234
(Hoersch et al., 2008) are quenched by bound retinal of these
dark-adapted visual pigments. Hydrolysis of the retinylidene link-
age by photoisomerization causes the release of retinal and the
parallel increase in fluorescence due to the fact that these tryp-
tophan residues, particularly W265/281%48 (Farrens and Khor-
ana, 1995), are no longer quenched. Therefore, we have used
fluorescence spectroscopy to follow both the retinal release
and uptake processes for these visual pigments.

In rhodopsin and cone opsins, photoactivation-induced
conformational changes result in an activated receptor binding
to transducin, the specific heterotrimeric G protein. Binding of
the pigment to transducin causes exchange of GDP to GTP,
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Figure 1. Photoactivated Visual Pigment
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Regeneration with Retinal Analogs

\ Purified recombinant rhodopsin added to the
microcuvette was illuminated for 30 s (>495 nm)
after the dark-state spectra stabilized.

(A and B) A 2.5-fold of 11CR/9CR to the concen-
tration of rhodopsin sample was added and mixed
well. Regeneration was also followed by UV-
visible spectroscopy on the same fluorimetric
samples (inset, A and B: 1, dark; 2, illuminated; 3,
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regenerated).

(C and D) Analogous to rhodopsin, red cone opsin
was illuminated (>495 nm) after the stable baseline
dark-state spectrum was obtained, followed by
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11CR/9CR addition. UV-visible spectroscopy of
dark-state red cone opsin was also measured as in
the rhodopsin case (inset C and D: 1, dark; 2,
illuminated; 3, regenerated).

ing pocket (Figure 1A) that closely
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activating its o subunit and, after dissociation from the By
complex, triggering its binding and activation of a cGMP phos-
phodiesterase (Schertler, 2008). Cone opsins show lower sensi-
tivity to light than does rhodopsin, which allows rhodopsin to
mediate dim light vision, whereas cone opsins mediate bright
daylight vision (Kawamura and Tachibanaki, 2008). The rate of
transducin activation by cone opsins was found to be signifi-
cantly different from that of rhodopsin (Imai et al., 1997).

We have previously reported the effect of different factors, like
salts or lipids, on the structure and function of rhodopsin (Reyes-
Alcaraz et al., 2011; Sanchez-Martin et al., 2013; Toledo et al.,
2009), as well as the biochemical features of rhodopsin muta-
tions associated with the retinal degenerative disease retinitis
pigmentosa (Ramon et al., 2003; Toledo et al., 2011). In the
present work, we aimed at describing chromophore regenera-
tion with 9CR and 11CR after photoactivation—and Metall
decay—of red cone opsin and rhodopsin. Our results show
that purified red cone opsin allows regeneration with 11CR and
9CR after photobleaching, whereas rhodopsin is only able to
bind 9CR. This suggests that the retinal binding site of red
cone opsin is more accessible than that of rhodopsin. Our cur-
rent data also indicate that this regeneration process may be
modulated by the formation of receptor oligomers. Molecular
modeling provides a structural basis supporting our spectro-
scopic results, which highlight the fine-tuning and specificity of
ligand-receptor interactions for rhodopsin-like GPCRs. This
specificity and conformational complementarity may have gen-
eral implications for other members of the GPCR superfamily.

RESULTS

Only 9CR Can Access the Rhodopsin Binding Pocket at
the Post-Meta Il Phase

Upon illumination of purified rhodopsin, an increase in Trp
fluorescence is observed due to the retinal release from its bind-

Time (min)

parallels the Metall decay process under
the present experimental conditions.
The fluorescence curve can be fit to a
single exponential function with tq,»
~15 min in agreement with previously published data (Reyes-
Alcaraz et al., 2011). The addition of 11CR ~90 min after
photobleaching (after complete decay of Metall) did not
decrease Trp fluorescence, indicating that 11CR is not able
to reach the binding pocket (Figure 1A). On the other hand,
the addition of 9CR resulted in a decrease of the fluorescence
signal compatible with the presence of the exogenously added
retinal in the binding pocket (Figure 1B). Control assays were
carried out to rule out contribution of the buffer and other factors
to the observed protein behavior (see Figures S1 and S2 avail-
able online).

We also performed an experiment in which 9CR was previ-
ously mixed with hydroxylamine before being added to the
photobleached rhodopsin sample. In this case we observed a
fast decrease in fluorescence (Figure S3), suggesting that 9CR
could enter the binding pocket without formation of a Schiff
base linkage. Different kinetics could be observed when only
9CR was added to the sample (Figure S3).

Parallel experiments, carried out using UV-visible spec-
troscopy under identical experimental conditions to those of
fluorescence assay, showed the presence of the 500 nm band
indicating regeneration of photobleached opsin. No regenera-
tion was observed with 11CR (Figure 1A, inset), whereas
~25% regeneration could be detected with 9CR (Figure 1B,
inset). These results are in agreement with the fluorescence
measurements and prove that retinal binds covalently to opsin.
In order to track the loss of 11CR regeneration ability for
rhodopsin after photoactivation, the regeneration experiment
was carried out at different time points (0, 30, and 60 min). The
spectroscopic analysis showed a minimal regeneration at
30 min after photoactivation, which is virtually abolished at
60 min. In the case of 9CR, a significant regeneration can be
detected throughout this time period (data not shown). These
data suggest that opsin stability plays also a role in the observed
pigment behavior.
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Figure 2. Difference in Accessibility of
Retinal Binding Sites of Rhodopsin and
Red Cone Opsin with Retinal Analogs

(A and B) 11CR and 9CR (2.5-fold more than the
rhodopsin concentration) were added to purified
rhodopsin, followed by illumination (>495 nm) and
50 mM hydroxylamine addition in the same
sample when the stable spectra was obtained
after each treatment.

(C and D) Same experiment was carried out with
purified red cone opsin.

hydroxylamine resulted in a slightincrease
in fluorescence (Figure 2A). However, in
the case of 9CR added to rhodopsin in
the dark, an appreciable decrease in fluo-
rescence intensity could be detected (Fig-
ure 2B). lllumination only slightly altered
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11CR and 9CR Can Access the Red Cone Opsin Binding
Pocket at the Post-Meta Il Phase

An abrupt fluorescence increase is detected upon red cone illu-
mination (Figures 1C and 1D), compatible with a fast retinal
release (Chen et al., 2012). Addition of either 11CR or 9CR, after
complete retinal release, resulted in a decrease in intensity
suggesting that the two analogs could occupy the red cone
binding pocket (Figures 1C and 1D). UV-visible spectroscopy
showed a typical absorbance band with a maximum at 560 nm
indicating red cone chromophore formation. Up to a ~60% of
regeneration was observed with both retinals (Figures 1C and
1D, insets). Post-bleaching regeneration showed a two-phase
kinetics, which includes a sudden drop in fluorescence, suggest-
ing the fast entry of retinal into the binding pocket, and a slower
decaying component, suggesting the actual binding of retinal to
the pigment. The fact that the fluorescence signal decreases to a
level below that of the original pigment may be due to the
presence of nonregenerated opsin resulting from the immuno-
purification process. In the case of the 9CR, this isomer may
be a better quencher than 11CR because of its increased inter-
action with Trp residues.

Accessibility of Retinal Binding Sites of Rhodopsin and
Red Cone Opsin by Retinal Analogs

In order to prove the hypothesis of different accessibility of the two
retinal analogs to the binding pocket, we incubated rhodopsin
and red cone pigment with 11CR and 9CR, prior to photoactiva-
tion, and the fluorescence intensity was monitored (Figure 2A
and 2B). We found that there was nearly no change in rhodopsin
fluorescence in the dark upon addition of 11CR, whereas after
illumination (with light >495 nm), a minimal increase could be de-
tected (Figure 2A). This increase is much smaller than the typical
Metall decay curve (see Figure 1A) and may be due to the pres-
ence of an excess amount of 11CR that may replenish the pigment
as previously reported (Farrens and Khorana, 1995). Addition of

30 60
Time (min)

20 smaller extent as compared to 11CR.
Addition of hydroxylamine considerably
increased the retinal release from the
rhodopsin binding pocket (Figure 2B).

In the case of red cone pigment, addition of either 11CR or
9CR caused considerable decrease in fluorescence intensity,
indicating entry of both retinals into the binding pocket of free
opsin. Fluorescence intensity was not affected by illumination,
and subsequent treatment with hydroxylamine resulted in a
saturation curve with ty,, of ~3 min, suggesting the formation
of retinaloxime, which would be released from the red cone
pigment (Figures 2C and 2D).

Improvement of Rhodopsin Regeneration with 9CR
Using Low-Salt Buffer

In order to determine the possible effect of buffer conditions on
rhodopsin regeneration, recombinant rhodopsin was purified
with sodium phosphate (NaPi) buffer and photoactivated in
the spectrofluorimetric cuvette. The fluorescence increase was
measured until it reached a plateau indicating complete Metall
decay, and then 2.5-fold concentration of 9CR (over rhodopsin)
was added and mixed well. An immediate decrease in fluores-
cence intensity was detected after the addition of 9CR, suggest-
ing a faster regeneration of photoactivated rhodopsin (Figure 3A).
A parallel sample monitored by UV-visible spectrophotometry
showed better regeneration with 9CR (~70%) than in PBS buffer
(Figure 3A, inset; compare to inset in Figure 1A). This finding
stresses the importance of the buffer on the chromophore regen-
eration of the pigment.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
was carried out in order to find out whether oligomerization could
alter retinal binding to the receptors. Rhodopsin purified using
NaPi buffer clearly showed the predominant presence of oligo-
meric forms (Figure 3B). In contrast, rhodopsin purified using
PBS buffer showed the presence of a strong monomeric band
and a much less intense dimer band (Figure 3B). SDS-PAGE
showed a single monomeric band, for rhodopsin, in both cases
with no indication of oligomeric behavior (Figure 3C). The red
cone pigment failed to show regeneration in NaPi; this may be
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related to the necessity of the presence of chloride ions, which
are known to have a specific binding site in cone opsins (Wang
et al., 1993). Western blot of rhodopsin in both buffers resulted
in a similar smeary behavior, probably due to the glycosylation
pattern of COS-1 cells (Figure 3D).

Transducin Activation of 9CR Regenerated Rhodopsin
and Red Cone Opsin

To study the ability of regenerated pigments to activate transdu-
cin, purified visual pigments were tested in the dark, upon illumi-
nation, and after addition of 9CR under experimental conditions
similar to those of the fluorimetric experiment (Figure 4). To do
this, different sample aliquots were taken from the cuvette during
the fluorimetric measurements, were added to the transducin
mix immediately, and the activation was measured by means
of a radioactive GTPyS®® binding assay. In the case of
rhodopsin, anincrease in transducin activation, which decreases
over time, was observed immediately after photoactivation.
However, the fact that upon subsequent addition of 9CR the
functional activity of rhodopsin decreased may indicate regener-
ation of photoactivated rhodopsin with the added 9CR and for-
mation of a dark-state pigment. Further illumination with white
light of this regenerated pigment resulted in functional activation,
suggesting the formation of a small amount of functionally active
regenerated rhodopsin from the whole sample (Figures 4A and
4C). Importantly, the results show that photoactivated rhodopsin
regenerated with 9CR is functionally active. On the other side,
transducin activation of red cone opsin samples taken along
the fluorescence experiment was determined as mentioned

D
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Figure 3. Phosphate Buffer—Low-Salt
Conditions—Improves 9CR Regeneration
Kinetics of Photoactivated Rhodopsin
Purified recombinant rhodopsin in 2 mM NaPi
buffer (containing 0.05% DM) was illuminated
(>495 nm) after the dark-state spectra stabilized.
(A) Then 2.5-fold of 9CR was added to the con-
centration of rhodopsin and mixed thoroughly. The
experiment was also followed by UV-visible
spectroscopy (inset A: 1, dark; 2, illuminated; 3,
regenerated).

(B and C) Blue native PAGE and SDS-PAGE were
performed with rhodopsin-purified PBS and in
NaPi, which was expressed in HEK293S-GnTi~
cells. (D) The western blotting was carried out with
rhodopsin, expressed in COS-1 cells, and purified
in PBS, in NaPi.

Rhodopsin

above for rhodopsin. Unlike rhodopsin,
red cone opsin exhibited less ability to
activate transducin than rhodopsin (Fig-

80 ures 4B and 4C).

60 Structural Comparison between

PBS NaPi
Retinal Binding Sites of Rhodopsin
and Red Cone Opsin with 11CR
and 9CR
Two homology models for the red cone
opsin were constructed based on the

crystal structures of dark-state rhodopsin
and opsin soaked with ATR (see the Experimental Procedures).
11CR and 9CR retinals were docked to the opsin forms of
rhodopsin and of the red cone opsin. There is no structure of
bovine rhodopsin available with 9CR. However, squid rhodopsin
has been crystallized with both 11CR and 9CR, revealing only
one minor difference between them: a shift in the localization
of the C10 and C11 atoms by ~1 A (Murakami and Kouyama,

2008, 2011). Accordingly, we assumed that the same mimicry

should apply to rhodopsin and to the red cone opsin.

Figures 5A and 5B represent an initial state of 11CR or 9CR
rhodopsin and red cone opsin regeneration prior to covalent
binding to K296/3127-*3, Similar binding scenarios, for both reti-
nals in both rhodopsin and red cone opsin, can be observed.
According to the molecular model, a remarkable difference
between the two photoreceptor proteins is the presence of
W183%% in red cone opsin (corresponding to C1674%% in
rhodopsin), which may contribute to the stabilization of the
retinal-opsin complexes (Nakayama et al., 1998). Therefore,
W183 can help preserve the native conformation of the opsin
binding pocket—in the absence of retinal—and favor increased
accessibility of the retinal to red cone opsin binding pocket by
favoring retinal-protein interaction. This specific Trp residue
may prevent the red cone binding pocket from becoming
unstructured, and it can also contribute to the large drop in fluo-
rescence caused by 9CR in the fluorimetric experiments. The
main difference between the two retinals is that the 9-cis isomer
makes more favorable contacts with W265/28154° and Y268/
284551 than does the 11-cis isomer in the two receptors in the
region in the vicinity of the C13 methyl group. Thus, it is likely

40

30
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Figure 4. Transducin Activation of 9CR
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that 9CR benefits from higher stabilization energy than does
11CR in the two photoreceptors.

DISCUSSION

Active-state decay of visual photoreceptors has been exten-
sively studied, mainly for rhodopsin but also for cone pigments.
However, the receptor properties at the post-bleaching phase
are still unclear. Recently, we have reported on the importance
of lipids (like docosahexaenoic acid phospholipids) in the post-
bleaching ability of opsin regeneration long after illumination
(Sanchez-Martin et al., 2013). In that work, we reported on a
decrease of fluorescence upon 11CR addition in the presence
of the lipid which would reflect increased stability of the opsin
molecule in the lipid environment. In the present study, our aim
was to study the regeneration differences after photoactivation
of purified rhodopsin and red cone opsin with two retinal
analogs. Fluorescence spectroscopy has been used to track
changes induced by chromophore regeneration after photoacti-
vation and Metall decay processes. A major finding suggests
that the retinal binding site of purified recombinant rhodopsin
can be accessible to 9CR a long time after illumination, but not
to 11CR.

In order to understand how retinal regeneration occurs at a
molecular level, it is important to understand the structural
changes associated with the transition from the inactive to the
active states and vice versa. In rhodopsin, K296”** and
W26554® represent important residues of the retinal binding
pocket. The aldehyde group of retinal covalently binds to
K2967%, whereas W265°%48 remains proximal to the B-ionone
ring of retinal (Borhan et al., 2000). Comparison of the extracel-

Time (min)

the corresponding time in min), were analyzed for
transducin activation. Each data point in (C) is
represented as mean + SD (n = 3).

50 100

lular region in the dark-state (11CR-
bound) and active rhodopsin structures
(Li et al., 2004; Scheerer et al., 2008) (Fig-
ure 5C) shows only remarkable changes
in TMs 3, 6, and 7. In specific, a decrease
from 8.5 t0 6.5 A in the distance between
TM5 and TM6 (measured as the distance
between the a-carbons of F208%4 and
A269%%?). In turn, TM7 becomes closer
to TM6 (from 5.5 to 4.9 A, measured
between the a-carbons of P267%°° and
P2917-%". On the other side, the distance
between TMS3 increases (from 10.7 to
13.4 A, measured between E113%28 and K2967-*3). Thus, without
the inverse agonist 11CR, TM6 packs more tightly with TM5.
Because TM7 moves closer to TM6, the distance to TM3
increases. A major consequence of these changes is that the
main countercharge of K296’** changes between the dark
and the active forms from E113%28 to E181°°. Table 1 shows
a comparison between residues, forming the retinal binding sites
in the rod and red cone photoreceptors. Despite the fact that
they share the same endogenous ligand, only a third of the
residues are conserved between rhodopsin and the red cone
opsin. Crystal structures also reveal the existence of different
networks of interactions close to the retinal. This suggests spe-
cific recognition mechanisms at the molecular level.

Retinal has been proposed to enter the opsin binding pocket
through TM1 and TM7 (called opening A) or TMs 5 and 6 (called
opening B). This opening B region is flanked by V204%5°,
F208°43, F212547, A2695-%2, F273%56, and F276°%°° (Hildebrand
et al., 2009; Park et al., 2008). In the dark state, these residues
constitute a zipper between the two helices that keeps the
access to the protein interior closed (Figure 5D). A similar zipper
is observed in the molecular model of the red cone opsin, though
stabilized mainly by Met/Cys-Met/Cys interactions instead of
aromatic-aromatic and aromatic-aliphatic interactions. These
sulfur-containing residue interactions, which are of the same
magnitude and are even stronger than aromatic-aromatic inter-
actions, can act as molecular gears in GPCRs (Cordomi et al.,
2013). In activated rhodopsin, F208%42 exhibits a conformational
change that, together with the translation of TM5, opens a cavity
within the zipper and allows the retinal into the retinal binding site
(see Figures 5D and 5E). The molecular model shows clearly that
this cavity is conserved in red cone opsin, except that the
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(A and B) Molecular complexes for 11-cis (pale-yellow) and 9-cis (orange) retinal bound to rod (A) and red cone (B) opsins.

(C) Comparison between helical arrangements in dark-state rhodopsin (PDB ID code 1GZM, shown as white transparent cartoon) (Li et al., 2004) and opsin
soaked with ATR (PDB ID code 2X72, shown as colored cartoons) (Standfuss et al., 2011). The color code for opsin helices is as follows: TM1, light gray; TM2,
gold; TM3, red; TM4, dark gray; TM5, green; TM6, blue; TM7, pale red. Dashed lines display the distances between the shown amino acids (see main text; dark-
state rhodopsin, white; active opsin, yellow).

(D and E) The entrance site for retinals in the dark (D) and opsin (E) states. Rod opsin residues are shown in colors, whereas residues in red cone opsin are shown

in white.

opening of the zipper would be controlled by M214%43 instead of
F208542 (Figure 5E). In addition, substitution of four Phe residues
by residues with smaller volume (Met, Cys, and Ala) may facilitate
the entrance of retinal.

The molecular models of opsin form in complex with 11CR and
9CR, without formation of the Schiff base with K296-4%, suggest-
ing that 9CR benefits from stronger interactions with W265°-4°
and Y268%5 than does 11CR. In the red cone opsin, in addition
to Y281%4° and W284°%% positions, W183%5¢ also contributes to
maximal higher stabilization energy toward both retinals. The
opening of TM6 after photoactivation shows that W265°%4°
presumably favors binding of 9CR, which has shorter C9 to
B-ionone ring length than does 11CR. This would favor the
9-cis isomer to enter the retinal binding site. The previous finding
that 9-demethyl retinal could inhibit the formation of active Metall
conformation of rhodopsin (Ganter et al., 1989), but not of red
cone opsin (Das et al., 2004), suggests that the retinal binding
site of red cone opsin is more accessible and more versatile
than that of rhodopsin. The specific interaction with W265 and
Y268 may contribute to enhancing 9CR fluorescence quenching.

The more versatile the ligand binding site, the less constriction
within the retinal entry and exit channels; hence, either retinal
analog, added exogenously after photoactivation, may be
accommodated into the retinal binding site, as is observed in
our fluorimetric measurements.

When 11CR is added immediately after photoactivation, i.e.,
while Metall intermediate of rhodopsin has not decayed yet,
we observed (Figure S2) similar results to those previously
published for 11CR (Farrens and Khorana, 1995), suggesting
that rhodopsin is brought back to its native chromophore-
regenerated state. In the case of red cone opsin, in which the
t1,0 of Metall decay is in the milliseconds time range (Estevez
et al., 2009), addition of retinal immediately after photoactivation
led to a considerable decrease in Trp fluorescence, suggesting
chromophore regeneration with both retinals (Figure S2). It is
well established that rhodopsin regeneration ability is gradually
lost with time, due to the formation of opsin conformations,
which impair retinal acceptance into the binding pocket (Saka-
moto and Khorana, 1995). In the case of red cone opsin, we
added retinal and followed the fluorescence signal over time in
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Table 1. Comparison between Residues at the Retinal Binding
Pocket in Bovine Rod Opsin and in Human Red Cone Opsin

Bovine Rhodopsin Human Red Cone Opsin

BW No.? Residue Cons. (%) Residue Cons. (%)
TM3 3.28 Glu 113 68 Gilu 129 68
3.32 Ala 117 45 Val 133 15
3.33 Thr 118 51 Ser 134 28
3.37 Glu 122 38 lle 138 27
ECL2 C-6 Glu 181 77 His 197 8
C-1 Ser 186 80 Ser 202 80
C+2 lle 189 25 Pro 205 32
C+4 Tyr 191 65 Val 207 11
TM5 5.42 Met 207 48 Leu 223 30
5.47 Phe 212 72 Cys 228 11
T™M6 6.44 Phe 261 76 Tyr 277 13
6.48 Trp 265 92 Trp 281 92
6.51 Tyr 268 100 Tyr 284 100
6.52 Ala 269 70 Thr 285 11
T™7 7.39 Ala 292 74 Ala 308 74

The consensus GPCR numbering (left column) is given together with the
protein-specific sequence numbering. C-i numbers indicate the position
relative to the conserved cysteine in ECL2 (C187 in rhodopsin and C203
in red cone opsin). Underlined residues indicate conservation between
the two proteins. Percentages of conservation (Cons.) refer to the
sequence alignment of all opsins as implemented in the GPCR Motif
Searcher (http://Imc.uab.cat/gmos).

?Ballesteros-Weinstein numbering system (Ballesteros and Weinstein,
1995).

the dark (Figure 2). Strikingly, a decrease in fluorescence was
observed with either retinal, and subsequent illumination did
not alter the fluorescence intensity. UV-visible spectra of the
dark-state-purified visual pigments indicate that, along with the
peak of regenerated pigment in the visible region, the character-
istic protein peak at 280 nm can also be detected, which may
account for the presence of both regenerated opsin and free
opsin. At least a fraction of this opsin can be non-misfolded opsin
as has already been previously reported (Jager et al., 1996;
Reeves et al., 1999). The Ajgo/Aseo ratio of red cone opsin,
from the UV-visible spectrum, indicates the presence of non-
regenerated opsin in the eluted purified sample. We suggest
that the decrease in fluorescence observed in both red cone
opsin and rhodopsin, in the dark before photoactivation, is due
to the presence of free opsin that can accept the exogenously
added free retinal. The lack of a classical photoresponse upon
illumination (Figure 2) can be explained by the presence of
excess free retinal in the sample. Interestingly, a saturation curve
is obtained upon hydroxylamine addition, which may reflect
additional retinal release from the binding pocket. The tq,» of
this process is ~3 min, and this parameter can be used to assess
the regeneration properties of red cone opsin mutants (associ-
ated with visual disorders) that we are currently studying. The
observation of similar features in the case of rhodopsin with
the addition of 9CR —except the fact of faster formation of retina-
loxime—and the lack of effect with 11CR conclusively supports
the hypothesis that the binding pocket of free opsin from
rhodopsin can be accessible by 9CR, but not by 11CR, under

our experimental conditions. A recent study on the thermal prop-
erties of rhodopsin reports that exogenous addition of 11CR
10 min after photoactivation shows a decrease in Trp fluores-
cence intensity, which is 20% of the total fluorescence increase
observed after photobleaching. However, the conditions used in
this study are different from those in the present study, namely,
that they used a 1:1 retinal:opsin ratio, a temperature of 55°C and
a shorter post-bleaching time (Liu et al., 2011).

We performed BN-PAGE in order to identify the presence of
rhodopsin oligomeric forms in different buffers (Shukolyukov,
2009). Higher molecular weight bands—corresponding to oligo-
meric forms of rhodopsin—appear to be more intense in NaPi
(Figure 3B). These oligomeric forms of rhodopsin may favor
post-bleaching regeneration of rhodopsin, due to increased
stability provided by dimeric opsin units. The differences in
oligomerization may account for the different kinetics observed
for rhodopsin regeneration in PBS and NaPi buffers. Recent
studies have highlighted the influence of rhodopsin dimers on
its capacity for regeneration with either 11CR or 9CR (Jastrzeb-
ska et al., 2013b) and on the asymmetry of the rhodopsin dimer
complex with transducin (Jastrzebska et al., 2013a). Attempts to
purify regenerated red cone opsin using NaPi buffer were un-
successful. Thus, regenerated red cone opsin can only be
obtained in PBS buffer, consistent with the fact that a chloride
binding site is crucial for the optimal conformation of cone pig-
ments (Wang et al., 1993).

Overall, the observed different regeneration ability of rhodopsin
and red cone opsin, with 9CR and 11CR, may be due to a combi-
nation of both stability and accessibility effects. These two effects
may explain the differences observed for the two visual pigments.
In the case of samples in PBS buffer, the opsin protein would
show lower stability—being predominantly monomeric—and
this would alter the conformation of the retinal binding pocket,
thus affecting the accessibility of retinal to the pocket. When
the protein is in NaPi, the presence of dimers would help stabiliz-
ing opsin, and this would better preserve the correct retinal bind-
ing conformation facilitating accessibility of retinal to the interior
of the protein. Therefore, increased stability of the opsin retinal
binding pocket structure would result in better retinal.

On the functional side, rhodopsin appears to activate rod
transducin more effectively than red cone opsin. This result is
in line with a recent study in which transducin activation by
cone pigment is slowed immediately after photoactivation in
contrast to the rhodopsin behavior (Imamoto et al., 2013).

SIGNIFICANCE

The findings of the present study indicate that the con-
stricted retinal binding site of rhodopsin (together with an
inherently less-stable retinal binding pocket in the opsin
conformation) restricts the entry of 11CR but permits the en-
try of 9CR into the retinal binding site a long time after photo-
activation. In contrast, the flexible (and more stable in the
opsin state) retinal binding site of red cone opsin is open
to the entry of either retinal isomer. In red cone opsin, both
retinals benefit from the interaction with W183*%¢ (lacking
in rhodopsin), which favors the entry of 11CR and 9CR into
the retinal binding site. However, 9CR interacts more favor-
ably than 11CR with Y268/284%5' and W265/2815%%, This
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would be justified by the stronger interaction energy
acquired by the C-13 methyl group of 9CR from Y268 and
W265, favoring the entry into the rhodopsin retinal binding
site, which is lower in the case of the 11CR ligand. Functional
activity of the pigments, regenerated with 9CR after photo-
activation, has been also detected for both receptors. Red
cone opsin appears to activate rod transducin less effi-
ciently, which would be consistent with the known physio-
logical response for cone pigments. Thus, our results, on
the specific ligand/receptor interactions described, high-
light the tight coupling of the ligands with their receptors
after activation and also suggest that the oligomerization
state of rhodopsin modulates the retinal-opsin binding pro-
cesses. These effects can certainly play an important role
in the activation process of GPCRs, not only of other
rhodopsin-like GPCRs but of other subfamilies of GPCRs
as well.

EXPERIMENTAL PROCEDURES

Materials

The red cone opsin gene, cloned into pMT4 plasmid vector, was kindly
provided by Prof. Kevin D. Ridge. Dulbecco’s modified Eagle medium (PAA
Laboratories), supplemented with fetal bovine serum (Sigma), L-glutamine
(Sigma), and penicillin-streptomycin (Sigma), was used to culture COS-1 cells
(American Type Culture Collection no. CRL-1650). 11CR was provided by the
National Eye Institute, National Institutes of Health. Purified mAb rho-1D4 was
obtained from Cell Essentials and was coupled to CNBr-activated Sepharose
beads (Sigma). n-dodecyl-p-D-maltoside (DM) was purchased from Affyme-
trix. The nonamer-peptide H-TETSQVAPA-OH was obtained from Unitat de
Tecniques Separatives i Sintesi de Péptids, Universitat de Barcelona. 9CR,
hydroxylamine, protease inhibitor cocktail, and phenylmethanesulfonyl fluo-
ride (PMSF) were purchased from Sigma, and polyethyleneimine (PEI) was
purchased from Polysciences. Cellulose membrane used for the G protein
activation assay was purchased from Millipore.

Methods

Expression and Purification of Rhodopsin and Red Cone Opsin
Rhodopsin or red cone opsin genes were expressed in transiently transfected
COS-1 cells by chemical transfection using PEI reagent. Cells were harvested
48-60 hr after transfection and regenerated with 10 uM 11CR in PBS buffer
(137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 1.8 mM KH,PO,
[pH 7.4]) by overnight incubation at 4°C. Regenerated cells were subsequently
solubilized using 1% DM with PMSF and protease inhibitors, and the pigments
were purified by immunoaffinity chromatography using Sepharose coupled to
rho-1D4 antibody. The bound rhodopsin and red cone opsin were eluted in
PBS containing the nonamer peptide and 0.05% DM. COS-1 cells were
used for the expression of the recombinant proteins in all experiments, except
for samples used in the electrophoretic analysis.

Characterization of Regenerated Rhodopsin and Cone Opsin by
UV-Visible Spectroscopy

Purified pigments were spectroscopically characterized using a Varian Cary
100 Bio spectrophotometer (Varian), equipped with a water-jacketed cuvette
holder connected to a circulating water bath. Temperature was controlled
by a peltier accessory connected to the spectrophotometer. All the spectra
were recorded in the 250-650 nm range for rhodopsin and 250-700 nm for
red cone opsin, with a bandwidth of 2 nm, a response time of 0.5 s, and a
scan speed of 400 nm/min.

Fluorescence Spectroscopy of Retinal Release and Regeneration
after Photoactivation

QuantaMaster 4 spectrofluorimeter (Proton Technology International) was em-
ployed to measure the Trp fluorescence emission corresponding to retinal
release and uptake processes. The excitation wavelength was 295 nm, and
the emission wavelength was 330 nm, measuring 1 point per second for 2 s, fol-
lowed by a 28 s pause (with a beam shutter to prevent sample photobleaching
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by the fluorimeter lamp). The excitation slit settings were 0.5 nm, and emission
was 10 nm. Trp fluorescence was monitored over time in the dark until a steady
baseline was obtained. Then the sample was photobleached with a 495 nm cut-
off filter for 30 s using a Dolan-Jenner MI-150 fiber-optic illuminator, and the
change in fluorescence was recorded. For regeneration experiments, a 2.5-
fold molar concentration of retinal over pigment was used. The volume of the
retinal stock added to the protein sample was 1% of the total sample volume.
BN-PAGE

BN-PAGE was performed as previously described (Schéagger and von Jagow,
1991; Wittig et al., 2006), with a few modifications. For electrophoresis,
a Bio-Rad Mini-PROTEAN 2 gel running apparatus was used with the corre-
sponding gel running buffer (50 mM Tricine, 15 mM Bi-Tris, and 0.02%
Coomassie blue G [pH 7.0]). The gel was casted with the separating gel
(13% acrylamide, 50 mM bis-Tris, 1.2% ammonium persulfate, and 0.6%
TEMED) and stacking gel (4.2% acrylamide, 15 mM bis-Tris, 1% ammonium
persulfate, and 1% TEMED). Here, the rhodopsin gene was expressed in tran-
siently transfected HEK293S-GnTi™ cells—which lack glycosylation—in order
to avoid the smeary appearance of protein bands by difference in glycosylation
patterns (Reeves et al., 2002). Rhodopsin concentrations of purified samples,
using PBS and NaPi (2 mM sodium dihydrogen phosphate and disodium
hydrogen phosphate mixed to pH 7.4), were normalized using Aggo nm in the
UV-visible spectra. An equal amount of protein samples in sample buffer
(5% glycerol and 0.01% Ponceau-Red) were loaded onto the gel, which was
destained and visualized after 4 hr.

SDS-PAGE

Equal amounts of rhodopsin samples, purified in PBS and NaPi buffers, were
used to carry out SDS-PAGE as described earlier (Laemmli, 1970).

Western Blot Analysis

Rhodopsin, purified either in PBS or in NaPi buffer, was used for SDS-PAGE.
The proteins from the gel were transferred onto a nitrocellulose membrane and
detected using 1:10,000 dilution of the rho-1D4 anti-mouse antibody and
1:5,000 dilution of goat anti-mouse IgG conjugated to horseradish peroxidase
(Santa Cruz Biotechnology). The blots were developed using substrate Super-
Signal West Pico Chemiluminescent Substrate (Luminol/H202) (Thermo
Fisher Scientific).

Transducin Activation Assay

Transducin was purified from bovine retinas and stored in 20 mM Tris (pH 7.5),
100 mM NaCl, 50% glycerol, 10 mM B-mercaptoethanol, and 5 mM magne-
sium acetate as previously described (Fukada et al., 1994). For the transducin
activation assay, 10 nM pigment aliquots (~1-2 pl) were taken from the same
sample used in the spectrofluorimetric experiment, at different time points, in
order to ensure that the conditions of the assay were identical in both cases,
thus allowing reliable correlation between the two data sets. The samples
were added to a mixture of 500 nM transducin in assay buffer (25 mM Tris
[pH 7.5], 5 mM MgCl,, 100 mM NaCl, 2.5 mM dithiothreitol, and 0.013%
DM) containing 5 uM GTPyS®® (0.156 mCi/mmol). The reaction mixture was
incubated at room temperature for 20 min in the dark and transferred onto a
96-well cellulose membrane plate. The plate was fixed to a manifold filtering
unit, and the membrane was washed thoroughly with assay buffer. Bound
GTPYyS® was measured by means of a Tri Carb 2100TR liquid scintillation
counter (PerkinElmer).

Molecular Model of Rhodopsin and Red Cone Opsin

The sequences of bovine rhodopsin (P02699) and human red opsin (P04000)
were retrieved from Uniprot (UniProt Consortium, 2010) and aligned. Excluding
the first 15 and 31 residues of the N terminus of rhodopsin and red-opsin,
respectively, the sequence identity between bovine rhodopsin and human
red opsin is 39%, and sequence similarity reaches 55%. The alignment
between the two sequences did not contain any gap. Thus, it is possible to
create reliable models for the human red opsin based on bovine rhodopsin
even for loops. Homology models for the dark-state and active human red
opsin were constructed, respectively, based on the crystal structure of bovine
rhodopsin (Protein Data Bank [PDB] ID code 1GZM) (Li et al., 2004) and the
opsin soaked with ATR (PDB ID code 2X72) (Scheerer et al., 2008). Modeler
(v. 9.8) was used for this purpose (Sali and Blundell, 1998).

Molecular Models of the Regenerated Photoreceptors with 11CR
and 9CR

The photoreceptors with 11CR and 9CR, mimicking the regeneration process,
were modeled using the rhodopsin structure containing retinal without
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formation of the Schiff base with K2967-*® (PDB ID code 2X72) (Standfuss et al.,
2011). 11CR and 9CR were manually docked in the same volume occupied by
the unbound ATR. Four complexes combining rhodopsin and red opsin with
11CR and 9CR were constructed and refined using energy minimization with
the AMBER program (Case et al., 2012). The force field Amberff99SB-ILDN
was employed in all simulations (Lindorff-Larsen et al., 2010).

Statistical Analysis

The error bars are represented as mean + SD (n = 3).

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and can be found with this
article online at http://dx.doi.org/10.1016/j.chembiol.2014.01.006.
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