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Abstract

Human color vision is mediated by the red, green and blue cone visual pigments. Cone opsins
are G protein-coupled receptors consisting of an opsin apoprotein covalently linked to the 11-
cis-retinal chromophore. All visual pigments share a common evolutionary origin and red and
green cone opsins exhibit a higher homology, whereas blue cone opsin shows more resemblance
to the dim light receptor rhodopsin. Here we show that chromophore regeneration in
photoactivated blue cone opsin exhibits intermediate transient conformations and a secondary
retinoid binding event with slower binding Kinetics. We also detected fine-tuning of the
conformational change in photoactivated blue cone opsin binding site that alters the retinal
isomer binding specificity. Furthermore, the molecular models of active and inactive blue cone
opsins show specific molecular interactions in the retinal binding site which are not present in
other opsins. These findings highlight the differential conformational versatility of human cone
opsin pigments in the chromophore regeneration process, particularly compared to rhodopsin,
and point to relevant functional unexpected roles other than spectral tuning for the cone visual

pigments.



INTRODUCTION

Human color vision is mediated by the red, green and blue cone photoreceptor cells. Blue cones
represent ~10% of all cone photoreceptor cells and are responsible for short-wavelength
photopic vision. These cells are distributed unevenly throughout the retina, unlike the red/green
photoreceptor cells that are populated mainly in the fovea (1,2). The outer segment of these
photoreceptor cells contains densely packed light-absorbing receptors, the blue cone opsins.
Blue cone opsin shares 46% sequence similarity with rhodopsin, the well characterized visual
pigment from rod photoreceptor cells specialized in dim-light scotopic vision (3). Opsins are
seven transmembrane (TM) helical G protein-coupled receptors (GPCRs), bound to an 11-cis-
retinal (11CR) chromophore in its dark state (inactive) conformation. Photon absorption (short
wavelength, ~420 nm, photons in the case of blue cone opsin) triggers the isomerization of
11CR to all-trans-retinal (ATR) and starts a series of conformational changes that lead to active
Metarhodopsinll intermediate (Metall). Metall conformation, with bound ATR, gradually
decays and the retinal eventually leaves the protein binding pocket (4,5). Metall is the
functionally-active conformation and its interaction with the G-protein, transducin, initiates the
visual signal transduction pathway (6). Metall should be eventually converted back to the dark-
adapted state by regeneration with 11CR for receptor turn-over but the structural details of such
conformational rearrangements are still unclear. Metall intermediate of blue cone opsin decays
in less than a second when compared to the decay time of about 10 min for rhodopsin (7,8).
Such a fast decay of its active intermediate requires rapid adaptation in order to maintain a
sufficient supply of regenerated dark-adapted blue cone opsins which can ensure an appropriate
response to a continuous bright light stimulus (9). The detailed molecular mechanism behind the
regeneration of free opsin is unclear, but these cone photoreceptor cells have been shown to
engage in a different chromophore recycling pathway which is 20-fold faster than the canonical
pigment epithelium pathway of rod photoreceptor cells (10).

Lys293"* at TM7 in blue cone opsin (superscripts refer to the general numbering system for
GPCRs (11)), is the site of covalent attachment for 11CR via a protonated Schiff base (SB)
linkage. The protonated SB is stabilized by Glu110*?® at TM3 that acts as the counterion
(12,13), though SBs from other short wavelength opsins are unprotonated (14). Without any
perturbation, bare protonated SB shows a maximum absorbance at 440 nm and the 12 specific
amino acids, from blue cone opsin, responsible for the spectral shift to 420 nm have been
previously identified. (15,16). In dark, the retinal B-ionone ring is located close to Tyr262%“
(Trp281°* or Trp265°* in red/green cone opsin and rhodopsin, respectively). Upon
photoactivation, the fluorescence of this aromatic residue (with the potential contribution of
Trp123**, Phe205>* and Phe209>*) is no longer quenched by the retinal molecule causing a
fluorescence increase in the environment which has been used to study the changes at the retinal

binding site of opsins by fluorescence spectroscopy (17,18).
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We have previously compared the regeneration process of photoactivated rhodopsin and red
cone opsin in vitro, and identified key differences in the regeneration mechanism, with retinal
analogs. This implies that red cone opsin has its binding pocket in a relatively more “open”
conformation compared to rhodopsin (18). These findings provided novel insights into the
precise fine-tuning mechanism of ligand binding to GPCRs (19). In another recent study, we
found differences in SB protonation in the transient intermediates for green cone opsin when
compared to red cone opsin upon regeneration. Moreover, we proposed the existence of a
secondary retinal binding site for red and green cone opsins (20). In a parallel approach, here we
have analyzed the regeneration mechanism of blue cone opsin pigment with two retinal analogs.
Our results can be interpreted as reflecting structural differences in the regeneration process of
photoactivated blue cone opsin compared to those of red and green cone opsins. Such
differences may have been relevant in the evolutionary course of color vision development in

vertebrates.

MATERIALS AND METHODS

Materials

The green and blue cone opsin genes, cloned into pMT4 plasmid vector, were 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-b-D-maltoside (DDM) was purchased from Affymetrix.
The nonamer-peptide H-TETSQVAPA-OH was obtained from Unitat de Técniques Separatives
i Sintesi de Peptids, Universitat de Barcelona. 9CR, hydroxylamine, protease inhibitor cocktail,
and phenylmethanesulfonyl fluoride (PMSF) were purchased from Sigma, and
polyethyleneimine (PEI) was purchased from Polysciences. Quartz absorption cuvettes were

from Hellma Analytics (Germany).

Expression and purification of cone pigments

Cone opsins were expressed in transiently transfected COS-1 cells by chemical transfection
using PEI reagent. Cells were harvested 48-60 h after transfection and regenerated with 10 uM
11CR in PBS buffer (137 mM NacCl, 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%

DDM with PMSF and protease inhibitors, and the pigments were purified by immunoaffinity



chromatography using Sepharose 4B coupled to rho-1D4 antibody. The bound cone opsins were

eluted in PBS buffer containing the nonamer-peptide and 0.05% DDM.

Characterization of blue cone opsin by means of UV-visible spectrophotometry

Purified cone pigment was 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 and the temperature was maintained at 20°C during all the experiments. All
the spectra were recorded in the 250 nm — 650 nm range, with a bandwidth of 2 nm, a response
time of 0.5 s, and a scan speed of 400 nm/min.

Pigment acidification

The presence of retinylidene Schiff base in visual pigments can be measured by acidifying the
sample using 2 M H,SO,, to pH 1.9 (21). In dark state, acidification disrupts the spectral tuning
arising from retinal and opsin interactions but not the protonated SB which shifts the absorbance
maximum to 440 nm (21,22). Here, we used acidification to measure the regeneration of

photoactivated blue cone opsin.

Fluorescence spectroscopy to study changes at the retinal binding site

QuantaMaster 4 spectrofluorimeter (Proton Technology International) was employed to measure
the fluorescence emission corresponding to retinal release and uptake processes. The excitation
wavelength was 285 nm, and the emission wavelength was 335 nm, measuring 1 point per
second for 2 s, followed by a 28 s pause (with a beam shutter to prevent sample photobleaching
by the fluorimeter lamp). The excitation slit setting was 0.5 nm, and the emission was at 10 nm.
In the case of green cone opsin, the Trp fluorescence from the binding pocket was measured by
using 295 nm as excitation wavelength and 330 nm for emission wavelength. Fluorescence from
the aromatic functional group was monitored over time, in the dark, until a steady baseline was
obtained. Then the sample was photobleached for 30 s using a Dolan-Jenner MI-150 fiber-optic
illuminator, and the change in fluorescence was recorded. For regeneration experiments, a 2.0-
2.5-fold molar concentration of retinal over pigment was used, from a concentrated retinal stock

in absolute EtOH, which accounts for 1% of the final protein sample volume.

Molecular Modelling

Homology models of the dark-state and active forms of blue, green and red cone opsins were
created using Modeller 9.16 (23) based on rhodopsin structures with PDB id 1GZM (24) and

3DQB (25) respectively. Acidic and basic residues were considered charged except Asp®®

(dark-state/active rhod, green and red), Glu1785°-? (dark-state rhod and blue), Glu®*? (active

3.37 2.53

rhodopsin, green, red and blue), Glu™** (dark/active rhodopsin) and Glu“~>* (dark/active red and
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green) which were taken protonated since they do not have a counterpart. Twenty-six
crystallographic internal water molecules present in the inactive and active structures, were kept
as part of the model. The dark-state model included a covalently bound retinal molecule. All
systems were embedded in a pre-equilibrated cubic box containing 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) lipid bilayer. The final systems had ~180 POPC
molecules, ~16000 water molecules and a 0.2 M concentration of Na* and CI" ions. All systems
were energy-minimized and subsequently subjected to a 21 ns molecular dynamics (MD)
simulation for equilibration, with decreasing positional restraints on protein coordinates. These
restraints were released, and 500 ns of MD trajectory were produced at constant pressure and
temperature. Simulations were run with the GROMACS 5.1.2 simulation package(26), using the
AMBER99SBILDN force field as implemented in GROMACS and Berger parameters for
POPC lipids. This procedure has been previously validated (27). Retinal parameters were taken

from a previous work (18).

RESULTS AND DISCUSSION

Inactive and active state retinal binding sites of blue cone opsin

We generated molecular models of blue cone opsin at its dark (inactive) and active state
conformations opsin (Fig. 1A and 1C, respectively) based on the homology with rhodopsin (see
Methods). These models provide the structural framework to understand the process of
chromophore regeneration of photoactivated blue cone opsin. For comparison purposes we also
constructed analogous models of green (Fig. 1B and 1D) and red (not shown) cone opsins.
These models reveal many analogies between the residues of the retinal binding pocket in
rhodopsin and in the blue cone opsin, suggesting a similar activation mechanism. For instance,
rhodopsin structures show that the counterion of Lys296"*/SB is Glu113*# in the dark state
and Glu1815°? in the opsin form. Both residues are conserved in blue cone opsin (Glu110*%
and Glu178%°?), whereas red and green cone opsins lack GIu¥“"* and have an alternative Glu
residue at position 2.53 (Glu102>°%) near both Lys312"** and Glu129*%. Thus, the possible
ionic interactions of Lys"“}/SB are with Glu** or GIu¥*? in rhodopsin and blue cone opsin, and
with Glu**® or GIu®>® in red/green cone opsins. We performed molecular dynamics (MD)
simulations of rhodopsin and the three cone opsins starting from either the dark-state or the
opsin forms (see Methods) and monitored the counterions in less than 3.5 A to the SB (Fig. 1E).
Blue opsin shows distance profiles compatible with the changes of counterion observed in the
crystal structure of rhodopsin (Lys *¥/SB - Glu113*% in the dark inactive state and Lys"* -
Glu1815°? in the opsin form), but the simulations of the opsin state of both the red and green
opsins indicate that Glu102*%* is the main counterion of Lys312"“ in the active form (Fig. 1E).

This implies a different orientation of the Lys"** side-chain in red/green cone opsins that might
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have consequences in the functional properties of the photoreceptors. Moreover, the proximity

between GIu*?, Lys™*, Glu***and Asp®*® enables the formation of a large cluster of internal

6.48 7.49

water molecules that connects the four residues with the conserved Asn*, Trp>* and Asn
(Fig. 1E). The size of the water molecule cluster is smaller in rhodopsin and blue cone opsin
which both lack Glu**®, a difference that may also have consequences in the transmission of the
signal towards the cytoplasmic side where G protein activation takes place. Two particularities

of the blue cone opsin structure are the absence of the highly conserved Asp®*

(it features
Gly80 instead) and the presence of Tyr262 at position 6.48 instead of Trp (Trp is present at this
position in most GPCRs including the other sensory opsins). These specific changes suggested
that blue cone opsin might exhibit a distinct retinal binding mechanism than other visual
pigments. However, our MD simulations of the blue cone opsin did not show effects that can be

03.39

associated to these changes and suggest that Thr121%*%* (Gly140°** in the red/green cone opsins)

compensates for the lack of Asp®* by occupying a similar position in the network.

Chromophore regeneration of blue cone opsin

The chromophore regeneration mechanisms from purified recombinant blue cone pigment can
be analyzed in real-time using UV-vis and fluorescence spectroscopy by treating the
photoactivated opsins with retinal analogs.

In the present study, blue cone opsin was illuminated using white light. Therefore, it was
necessary to exclude the potential regeneration of available free opsin with retinal isomers other
than ATR. Therefore, after measuring a dark state UV-vis spectrum, the sample was illuminated
using white light, subsequently acidified and the corresponding spectra recorded. A band at 440
nm, in the difference spectrum between the acidified and illuminated spectra would indicate the
presence of SB-linked regenerated species but no such band was observed (Fig. S1). This
indicated that free opsin did not regenerate with any retinal isomer (other than ATR) that could
have potentially been formed by illumination with white light.

The molecular changes at the active chromophore binding site of blue cone opsin can be
measured by means of fluorescence spectroscopy. To this aim, the purified blue cone pigment
sample in DDM detergent solution was illuminated using white light after obtaining a stable
fluorescence baseline, and the fluorescent signal obtained was compared to that obtained for
green cone opsin pigment (Fig. 2A). The sudden increase in fluorescence intensity suggests a
fast release of the isomerized retinal upon photoactivation which is analogous to that observed
for other cone pigments (18,20). Subsequently, 11CR was exogenously added at a concentration
2.5-fold over that of the purified pigment, immediately (Fig. 2B) or 15 min (Fig. 2C) after
illumination and the resulting fluorescence changes recorded. In both cases we observed a
decrease in fluorescence, a fact that suggested a binding process for blue cone opsin similar to
that we previously observed for rhodopsin (18) with the same net reduction in fluorescence.
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When adding 11CR immediately after photoactivation, the decrease in fluorescence intensity
would reflect occupancy of the retinal binding pocket by the exogenously added chromophore
(Fig. 2B). The two spectral components observed in Fig. 2B would reflect a fast fluorescence
decrease as a result of photoactivation followed by the regeneration affecting Trp fluorescence
qguenching. The fluorescence changes detected when 11CR was added 15 min after
photoactivation, might be the result of a conformational change with a slower kinetics which
may occur specifically in the case of blue cone opsin. This conformational change occurs within
the time lag of 15 min before 11CR addition and retinal entrance into the opsin binding pocket.

We next validated the fluorescence results by means of parallel absorption UV-visible
spectrophotometric measurements. The dark-state UV-visible spectrum of purified blue cone
opsin in DDM showed its characteristic bands at 420 nm and 280 nm associated to
chromophore-regenerated species and opsin, respectively. After measuring the dark-state
spectrum of blue cone opsin, the sample was illuminated using white light, 11CR was
immediately added and the regeneration was followed by continuously recording spectra for 60
min. The regeneration process of photoactivated blue cone opsin could not be followed
unambiguously at 420 nm because the band corresponding to the exogenously added retinal
masked the band of the regenerated blue cone opsin (Fig. 3A). Thus, we acidified the sample
and followed the increase in absorbance at 440 nm indicative of SB-linked species that
confirmed regeneration. A difference spectrum was obtained by subtracting the acidified and the
regenerated spectra that could be compared to the difference spectrum between dark and
illuminated spectra of the sample (Fig. 3A, inset). Comparison of these two difference spectra
clearly shows a spectral shift to higher wavelength with equal amplitudes for the difference
bands. Comparison with the dark-state acidified blue cone opsin (Fig. S2) also indicates the
maximal extent of chromophore binding and regeneration. The regeneration experiment was
also conducted by adding 11CR 15 min after illumination, mimicking the fluorescence
experiment. Upon acidification at the end of the experiment, an absorbance increase at around
440 nm could be detected similar to that observed when adding retinal immediately after
illumination (Fig. 3B). Difference spectra between acidified and regenerated conditions
(compare Figs. 3A and 3B, insets) show a similar pattern in the two cases, suggesting retinal

binding and chromophore regeneration.

A conformational change in photoactivated blue cone opsin impairs secondary 11CR

uptake

The regeneration kinetics of blue cone opsin cannot be determined from the UV-visible spectra
because of the overlapping bands associated to free retinal and the regenerated opsin appearing

in the same region of the spectrum. After the exogenous addition of retinal molecule, the



appearance of a 420 nm band, suggesting the regeneration of photoactivated pigment, is parallel
to the decrease in 380 nm retinal band of the spectra. The absorbance change at 380 nm was
monitored from 0 min to 60 min (Fig. S3) and fitted to a sigmoidal function (Fig. 3C): the
obtained profile was similar to that previously observed for red and green cone opsins (20),
though slower (ty, = 26.6 min compared to 11.4 min and 13.1 min for red and green cone opsin,
respectively). Blue cone opsin regeneration, with 11CR, was also conducted by adding retinal
15 min after illumination with no apparent change at 380 nm. The lack of absorbance change at
380 nm suggested absence of secondary retinal uptake by the photobleached opsin (Fig. 3D).
This did not seem to perturb the regeneration at the primary retinal binding pocket (Fig. 3B).

A fine-tuning conformational change shifts the retinal analog specificity in free-state blue

cone opsin at the photobleached state

The regeneration of blue cone opsin was also tested with 9-cis-retinal (9CR) by exogenously
adding this analog immediately or 15 min after illumination, in a similar way to the 11CR
regeneration experiments above. The results showed that blue cone opsin regenerated with 9CR
immediately after illumination (Fig. 4A) in a similar fashion to 11CR. Absorbance changes at
380 nm were monitored and showed a sigmoidal pattern (Fig. 4B) suggesting secondary retinal
uptake. This result contrasts with the behavior of the other cone opsins that did not show
secondary retinal uptake with 9CR (20). The same experiment was conducted at the post-
bleached phase of blue cone opsin, i.e., 15 min after illumination and showed that 9CR could
still bind to photoactivated blue cone opsin (Fig. 4C) similarly to 11CR (Fig. 3B). Surprisingly,
secondary retinal regeneration rate was t;, 28.8 min (Fig. 4D), that is, faster than the observed
immediately after illumination. This result is in contrast with the 11CR case where no secondary
binding site 15 min after photobleaching was observed.

Our results with purified blue cone opsin indicate that this opsin subtype can readily be
regenerated in vitro with both 11CR and 9CR, and can undergo binding of a second retinal
molecule other than that at the canonical primary binding pocket. The ability to bind the second
retinal molecule is lost for 11CR (but not for 9CR) when retinal is added 15 min after
illumination. This is likely due to a conformational change that renders blue cone opsin unable

to accommodate the second 11CR.

In terms of sequence similarity, blue cone opsin is half way between red and green cone opsins
(43%) and rhodopsin (46%). This is in contrast with the high similarity (96%) between red and
green cone pigments (28). Furthermore, blue cone opsin evolved from an earlier taxonomical
split with red and green cone opsins exhibiting a differential molecular basis for spectral tuning

(12,29). Several key aromatic amino acids located in the retinal binding pocket are involved in



spectral tuning of visual pigments, including Trp123*#!, Phe205°*, Phe209°*" and Tyr262°“
(Fig. S4) (3,30). These determine the optimal excitation and emission wavelengths to measure
the maximal change in the fluorescence spectra of blue cone opsin, which were estimated to be
285 nm and 335 nm respectively (Fig. S5) when compared to excitation wavelength, 295 nm,
and emission wavelength, 330 nm, used to study other opsins (18). A peculiar fluorescence
signal decrease was observed for blue cone opsin, at a slow rate, after the initial increase which
was not observed for green cone opsin (Fig. 2A) or red cone opsin (20). We believe that this
could be due to a fine-tuning mechanism governing the conformational change that involves
rearrangement of Tyr262%* (Trp in red and green opsins and in rhodopsin (17)) in a slower
fashion. This distinct conformational change, after isomerized retinal release, might be specific
to blue cone opsin.

In our previous study, we have shown that opsins regenerate and remain functionally active
even long time after photoactivation (18). In the present study, blue cone opsin was regenerated
either immediately or 15 min after photoactivation. At these conditions, the stability of blue
cone opsin in solution would even be presumably better than in our previous works with the
other cone opsins where retinal was added 60 min after photocativation. Cone opsins are known
for their faster dark adaptation compared to rhodopsin (31). Dark-state adaptation is favored by
the more accessible retinal binding pocket with a relatively more open conformation (32). In
terms of pocket accessibility, the hydroxylamine reactivity results (Fig. S6) showed that blue
cone opsin is 10-fold more accessible than green cone opsin. This result suggests differences in
the regeneration rates among the different cone opsin pigments but further experiments would
be needed to prove this point.

We attribute the slower sigmoidal absorbance decrease at 380 nm to the uptake of a second
retinal molecule by blue cone opsin, in agreement with our previous model for red and green
cone opsins (20) and other studies (33-35). The lack of secondary retinal binding in the case of
11CR, when added 15 min after illumination, could be due to a conformational change that may
fine-tune the spatial arrangement of amino acid residues at this secondary retinal site in this time
frame. The measured half-life time for the kinetics of the secondary 9CR uptake is longer than
that for 11CR (34.7 min versus 26.6 min), suggesting that 11CR binding is favored immediately
after illumination. This interpretation is consistent with a previous study that analyzed the real
time conformational dynamics of rhodopsin and showed a major conformational change in
photoactivated rhodopsin involving larger movements of TMs 5 and 6 than those reported
earlier (36).

The channeling hypothesis proposes that the retinal entrance/exit is controlled by receptor
conformational changes that open/close the gates to the channel (34,37). Accordingly, upon SB
hydrolysis, ATR may be initially trapped into the binding pocket, blocking the entrance of a
fresh 11CR molecule (38). In our model, the secondary retinal uptake into regenerated cone
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opsins may function as an 11CR buffer that may compensate for the fast decay of the
photoactivated conformation of cone opsins. Hence, in vivo, the regeneration of photoactivated
blue cone opsin (and the associated conformational change) would be similar to those found in
the present study but with a faster kinetics due to the higher availability of retinal molecules in
the membrane environment. The conformational differences upon illumination, in the case of
the blue cone opsin, may be connected to the fact that this pigment has a chromophoric band
with significant overlap with that of free retinal as opposed to green and red cone opsins that
absorb at longer wavelengths. An alternative explanation may be that scarce blue cone pigments
need slightly delayed physiological response in comparison to the more abundant red and green
cone pigments.

The slower sigmoidal kinetics observed in Fig. 4B would suggest that the secondary retinal
interactions with opsin reported in the present study could exert inhibitory effects on the exit of
ATR from the protein. Though the conformational change observed after photoactivation (under
our in vitro conditions) may not necessarily occur in vivo, any mutations at the retinal pre-
binding site would possibly affect the binding of its natural chromophore to its canonical site.
The use of chromophore analogs compensating the compromised natural chromophore
interactions could be a potential strategy for novel therapeutic approaches similar to the
application of a synthetic 9-cis-retinoid analog for Leber’s congenital amaurosis, a visual
disease in which 11-cis-retinal synthesis is inhibited or abolished (39).

Additional MD simulations (data not shown) of both rhodopsin and the blue cone opsin, with
retinal bound to the proposed secondary binding site for red and green cone opsins (40), suggest
that this alternate site may also exist in rhodopsin and in blue cone opsin because retinal
molecules remain bound through the trajectory course. We suggest that this secondary binding
site may be used by both 11CR and 9CR before reaching the canonical retinal binding pocket
constituting a “membrane vestibule” similar to what has been proposed for the sphingosine-1-
phosphate receptor 1 (40).

Overall, regeneration experiments of photoactivated blue cone opsin with retinal analogs, at
different time points after photobleaching, suggest that a fine-tuned conformational change
takes place for photoactivated blue cone opsin, that could involve helical rearrangements
affecting the movements of one, or more, aromatic amino acids that would be responsible for
the intensity changes observed in the fluorescence experiments and for the differences observed
in the binding of different retinal analogs at the secondary site (Fig. 5). This phenomenon may
have similarities with that observed for rhodopsin in its retinal binding site (18). Moreover,
differences in intragenic epistatic interactions between the structurally related red, green and
blue cone opsins (41,42) may justify the existence of the different functionally-relevant

conformations reported in the present study.

11



AUTHORS CONTRIBUTION

S.S. planned and conducted the experiments, discussed the results and wrote the main
manuscript text. M.A.F.S. conducted the disulfide bond double-mutant experiments. M.M. and
E.R. contributed to the discussion and to the final written version of the manuscript. M.J.R. and
A.C. were responsible of the molecular modeling simulations and wrote the corresponding
theoretical section. P.G. planned the overall experimental strategy and contributed to the

discussion of the results and the writing of the manuscript.

ACKNOWLEDGEMENTS

This work was supported by a grant from Fundacién Ramén Areces (CIVP16A1861), and in
part by grants from the Ministerio de Ciencia e Innovacién (Spain) (SAF2011-30216-C02-01),
by Grups de Recerca Consolidats de la Generalitat de Catalunya (2009 SGR 1402) (to P.G.),
Ministerio de Economia y Competitividad (SAF2015-74627-JIN) (to A.C.), and by a CIG grant
from the European Commission (to E.R.). S.S. is the recipient of a FI-AGAUR Fellowship

12



REFERENCES

1.

10.

11.

12.

Mustafi, D., Engel, A. H., and Palczewski, K. (2009) Structure of cone photoreceptors.
Progress in retinal and eye research 28, 289-302

Haverkamp, S., Wassle, H., Duebel, J., Kuner, T., Augustine, G. J., Feng, G., and Euler,
T. (2005) The primordial, blue-cone color system of the mouse retina. The Journal of
neuroscience : the official journal of the Society for Neuroscience 25, 5438-5445
Stenkamp, R. E., Filipek, S., Driessen, C. A., Teller, D. C., and Palczewski, K. (2002)
Crystal structure of rhodopsin: a template for cone visual pigments and other G protein-
coupled receptors. Biochimica et biophysica acta 1565, 168-182

Imamoto, Y., and Shichida, Y. (2014) Cone visual pigments. Biochimica et biophysica
acta 1837, 664-673

Buczylko, J., Saari, J. C., Crouch, R. K., and Palczewski, K. (1996) Mechanisms of
opsin activation. The Journal of biological chemistry 271, 20621-20630

Sato, K., Yamashita, T., Imamoto, Y., and Shichida, Y. (2012) Comparative studies on
the late bleaching processes of four kinds of cone visual pigments and rod visual
pigment. Biochemistry 51, 4300-4308

Ala-Laurila, P., Kolesnikov, A. V., Crouch, R. K., Tsina, E., Shukolyukov, S. A.,
Govardovskii, V. I., Koutalos, Y., Wiggert, B., Estevez, M. E., and Cornwall, M. C.
(2006) Visual cycle: Dependence of retinol production and removal on photoproduct
decay and cell morphology. The Journal of general physiology 128, 153-169

Kefalov, V. J. (2012) Rod and cone visual pigments and phototransduction through
pharmacological, genetic, and physiological approaches. The Journal of biological
chemistry 287, 1635-1641

Wang, J. S., Estevez, M. E., Cornwall, M. C., and Kefalov, V. J. (2009) Intra-retinal
visual cycle required for rapid and complete cone dark adaptation. Nature neuroscience
12, 295-302

Mata, N. L., Radu, R. A., Clemmons, R. C., and Travis, G. H. (2002) Isomerization and
oxidation of vitamin a in cone-dominant retinas: a novel pathway for visual-pigment
regeneration in daylight. Neuron 36, 69-80

Ballesteros, J. A., Weinstein, H. (1995) Integrated methods for the construction of
three-dimensional models and computational probing of structure-function relations in
G protein-coupled receptors. Methods in Neurosciences 25, 366-428

Shi, Y., Radlwimmer, F. B., and Yokoyama, S. (2001) Molecular genetics and the
evolution of ultraviolet vision in vertebrates. Proceedings of the National Academy of
Sciences of the United States of America 98, 11731-11736

13



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Loppnow, G. R., Barry, B. A., and Mathies, R. A. (1989) Why are blue visual pigments
blue? A resonance Raman microprobe study. Proceedings of the National Academy of
Sciences of the United States of America 86, 1515-1518

Hunt, D. M., Carvalho, L. S., Cowing, J. A., Parry, J. W., Wilkie, S. E., Davies, W. L.,
and Bowmaker, J. K. (2007) Spectral tuning of shortwave-sensitive visual pigments in
vertebrates. Photochemistry and photobiology 83, 303-310

Lin, S. W., Kochendoerfer, G. G., Carroll, K. S., Wang, D., Mathies, R. A., and
Sakmar, T. P. (1998) Mechanisms of spectral tuning in blue cone visual pigments.
Visible and raman spectroscopy of blue-shifted rhodopsin mutants. The Journal of
biological chemistry 273, 24583-24591

Zhou, X., Sundholm, D., Wesolowski, T. A., and Kaila, V. R. (2014) Spectral tuning of
rhodopsin and visual cone pigments. Journal of the American Chemical Society 136,
2723-2726

Farrens, D. L., and Khorana, H. G. (1995) Structure and function in rhodopsin.
Measurement of the rate of metarhodopsin Il decay by fluorescence spectroscopy. The
Journal of biological chemistry 270, 5073-5076

Srinivasan, S., Ramon, E., Cordomi, A., and Garriga, P. (2014) Binding specificity of
retinal analogs to photoactivated visual pigments suggest mechanism for fine-tuning
GPCR-ligand interactions. Chemistry & biology 21, 369-378

Crouch, R. K., and Kono, M. (2014) Ligand control of g protein-coupled receptor
activity: new insights. Chemistry & biology 21, 309-310

Srinivasan, S., Cordomi, A., Ramon, E., and Garriga, P. (2016) Beyond spectral tuning:
human cone visual pigments adopt different transient conformations for chromophore
regeneration. Cellular and molecular life sciences : CMLS 73, 1253-1263

Sakamoto, T., and Khorana, H. G. (1995) Structure and function in rhodopsin: the fate
of opsin formed upon the decay of light-activated metarhodopsin Il in vitro.
Proceedings of the National Academy of Sciences of the United States of America 92,
249-253

Srinivasan, S., Fernandez-Sampedro, M. A., Ramon, E., and Garriga, P. (2017)
Structural and functional alterations associated with deutan N94K and R330Q mutations
of green cone opsin. Biochimica et biophysica acta 1863, 1840-1847

Sali, A., Potterton, L., Yuan, F., van Vlijmen, H., and Karplus, M. (1995) Evaluation of
comparative protein modeling by MODELLER. Proteins 23, 318-326

Li, J., Edwards, P. C., Burghammer, M., Villa, C., and Schertler, G. F. (2004) Structure
of bovine rhodopsin in a trigonal crystal form. Journal of molecular biology 343, 1409-
1438

14



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Scheerer, P., Park, J. H., Hildebrand, P. W., Kim, Y. J., Krauss, N., Choe, H. W.,
Hofmann, K. P., and Ernst, O. P. (2008) Crystal structure of opsin in its G-protein-
interacting conformation. Nature 455, 497-502

Pronk, S., Pall, S., Schulz, R., Larsson, P., Bjelkmar, P., Apostolov, R., Shirts, M. R.,
Smith, J. C., Kasson, P. M., van der Spoel, D., Hess, B., and Lindahl, E. (2013)
GROMACS 4.5: a high-throughput and highly parallel open source molecular
simulation toolkit. Bioinformatics 29, 845-854

Cordomi, A., Caltabiano, G., and Pardo, L. (2012) Membrane Protein Simulations
Using AMBER Force Field and Berger Lipid Parameters. Journal of chemical theory
and computation 8, 948-958

Nathans, J., Thomas, D., and Hogness, D. S. (1986) Molecular genetics of human color
vision: the genes encoding blue, green, and red pigments. Science 232, 193-202
Takahashi, Y., and Yokoyama, S. (2005) Genetic basis of spectral tuning in the violet-
sensitive visual pigment of African clawed frog, Xenopus laevis. Genetics 171, 1153-
1160

Hoersch, D., Otto, H., Wallat, I, and Heyn, M. P. (2008) Monitoring the
conformational changes of photoactivated rhodopsin from microseconds to seconds by
transient fluorescence spectroscopy. Biochemistry 47, 11518-11527

Kolesnikov, A. V., Tang, P. H., Parker, R. O., Crouch, R. K., and Kefalov, V. J. (2011)
The mammalian cone visual cycle promotes rapid M/L-cone pigment regeneration
independently of the interphotoreceptor retinoid-binding protein. The Journal of
neuroscience : the official journal of the Society for Neuroscience 31, 7900-7909
Kawamura, S., and Yokoyama, S. (1997) Expression of visual and nonvisual opsins in
American chameleon. Vision research 37, 1867-1871

Kefalov, V. J., Crouch, R. K., and Cornwall, M. C. (2001) Role of noncovalent binding
of 11-cis-retinal to opsin in dark adaptation of rod and cone photoreceptors. Neuron 29,
749-755

Heck, M., Schadel, S. A., Maretzki, D., and Hofmann, K. P. (2003) Secondary binding
sites of retinoids in opsin: characterization and role in regeneration. Vision research 43,
3003-3010

Schafer, C. T., and Farrens, D. L. (2015) Conformational selection and equilibrium
governs the ability of retinals to bind opsin. The Journal of biological chemistry 290,
4304-4318

Malmerberg, E., PH, M. B.-G., Katona, G., Deupi, X., Arnlund, D., Wickstrand, C.,
Johansson, L. C., Westenhoff, S., Nazarenko, E., Schertler, G. F., Menzel, A., de Grip,
W. J., and Neutze, R. (2015) Conformational activation of visual rhodopsin in native

disc membranes. Science signaling 8, ra26

15



37.

38.

39.

40.

41.

42.

43.

Schadel, S. A., Heck, M., Maretzki, D., Filipek, S., Teller, D. C., Palczewski, K., and
Hofmann, K. P. (2003) Ligand channeling within a G-protein-coupled receptor. The
entry and exit of retinals in native opsin. The Journal of biological chemistry 278,
24896-24903

Navid, A., Nicholas, S. C., and Hamer, R. D. (2006) A proposed role for all-trans retinal
in regulation of rhodopsin regeneration in human rods. Vision research 46, 4449-4463
Maeda, T., Dong, Z., Jin, H., Sawada, O., Gao, S., Utkhede, D., Monk, W., Palczewska,
G., and Palczewski, K. (2013) QLT091001, a 9-cis-retinal analog, is well-tolerated by
retinas of mice with impaired visual cycles. Investigative ophthalmology & visual
science 54, 455-466

Stanley, N., Pardo, L., and Fabritiis, G. D. (2016) The pathway of ligand entry from the
membrane bilayer to a lipid G protein-coupled receptor. Sci Rep 6, 22639

Parera, M., and Martinez, M. A. (2014) Strong epistatic interactions within a single
protein. Molecular biology and evolution 31, 1546-1553

Yokoyama, S., Xing, J., Liu, Y., Faggionato, D., Altun, A., and Starmer, W. T. (2014)
Epistatic adaptive evolution of human color vision. PLoS genetics 10, e1004884
Piechnick, R., Ritter, E., Hildebrand, P. W., Ernst, O. P., Scheerer, P., Hofmann, K. P.,
and Heck, M. (2012) Effect of channel mutations on the uptake and release of the
retinal ligand in opsin. Proceedings of the National Academy of Sciences of the United
States of America 109, 5247-5252

16



FIGURE LEGENDS

FIGURE 1. Molecular models and MD simulations of the blue and green cone opsins. (A, B)
Representative snapshots of the dark-state (inactive) blue and green cone opsins. (C, D)
Representative snapshots of the active blue and green cone opsins. (E) Distance profiles
between Lys7.43 and Glu3.28, GIUECL2 and Glu2.53 (<3.5 A).

FIGURE 2. Fluorescence changes attributed to the chromophore binding site of blue cone opsin
upon photoactivation and regeneration. (A) Fluorescence changes of the retinal binding site,
presumably from Tyr6.48 and to some extent from Trp3.41, from the purified human blue cone
pigment (solid line) before and after illumination were compared to the fluorescence changes of

6.48

Trp™™ of purified green cone pigment (dotted line). (B, C) 2.5 fold 11CR to the concentration of
the blue cone pigment was added immediately (B) and 15 min (C) after photoactivation and the

fluorescence changes were recorded.

FIGURE 3. Photoactivated blue cone opsin shows regeneration with 11CR both immediately (0
min) and 15 min after illumination. (A) The UV-visible spectrum of blue cone pigment was
measured in the dark (1), after illumination of the sample (2) and after immediate addition of
2.5-fold of 11CR, over pigment concentration, after illumination (3). The regenerated spectrum
was recorded after 60 min (4), followed by sample acidification using 2N H,SO, (5). (inset, A)
difference spectra were plotted by subtracting the dark minus illuminated spectra (6), and the
acidified and last regenerated spectra (7), respectively. (B) Same experiment as in (A) but the
addition of 11CR was carried out 15 min after illumination. (C) After the addition of 11CR in
both the cases (immediately and 15 min after photoactivation), the regeneration was followed at
380 nm for 60 min. The decrease in absorbance at 380 nm plotted versus time, and fit to a
sigmoidal curve (D) The same was performed during the 11CR regeneration experiment in
which the retinal was added 15 min after illumination. In this case data did not fit to a sigmoidal

curve but showed a linear dependence.

FIGURE 4. Regeneration and secondary retinal uptake of blue cone opsin with 9CR at 0 min
and 15 min after photoactivation. (A) 9CR regeneration experiment was performed with blue
cone opsin, the retinal was added immediately after photoactivation and the difference spectra
were obtained by subtracting the dark minus illuminated spectra (1), and also by subtracting the
the acidified minus the regenerated spectra (2). (B) The absorbance changes observed over 60
min at 380 nm were plotted and fit to a sigmoidal curve. (C, D) The same was carried out but 15
min after photoactivation, and the corresponding difference spectra (C), and secondary retinal

uptake sigmoidal curve were obtained (D).
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FIGURE 5. Schematic representation of the activation and chromophore regeneration processes
for blue cone opsin. After the purified blue cone pigment (blue shape) with 11CR (orange
shape) is illuminated, 11CR isomerizes to ATR (green shape) and rapidly activates the receptor
and, subsequently, the G protein (gray shape). The associated conformational changes open a
channel that is used by retinal to exit or enter (43). After retinal leaves, the opsin form is in
equilibrium between different states (represented by the light blue shapes) that allow entrance of
both the 11CR and the 9CR via the putative “membrane vestibule”. The chromophore can
regenerate immediately (t = 0 min) and 15 min after photoactivation. After regeneration the
retinal channel progressively closes and goes back to the fully closed state. Our data suggests
the existence of a secondary retinal site in the blue cone opsin that is available for both 11CR
and 9CR at t = 0 min, but not for 11CR long time after activation (t = 15 min), probably due to

the conformational changes that do not affect the binding of 9CR.

18



Leug3*%?

Gly802%°

Asn29974°

( Asn31874?

Glu178ect (14
Ser183ccLz

Glu1103®

Lys293743
LeuB32s

hri21sse  CIY80*%

<

Asn29974°

Lys2967- Glu113:2 | inactive -y
Lys296"<- Glu1g1==:z | inactive 1
Lys3127- Glut2g>= | INactive 1
Lys31274- Glut02:s | inactive 7 — —t S —
Lys3127%- Glu12g: | Inactive =
Lys312™- Glu102*% I mggg::g_ e s Mg
Lys293"4- Glut10:= | inactive 1 ;
o 100 200 300 400 500
Time (ns)
== Rhodopsin == (Green cone opsin

== Red cone opsin == Blue cone opsin

FIGURE 1

19



3
@
~ 27000 1
()
(&)
c
()
(&)
(%))
= e — Bl
S 22000 1 \ ue
> Coahadr e Green
LL
0 15 30
Time (min)
B C
S 11CR 3
g 23000 <« < 25000 |
E (¢} = 11CR
: :
C 4
5 18000 | M § 20000
g hv Qo ho\
E N S 15000 |
T 13000 | T
0 15 30 0 15 30
Time (min) Time (min)
FIGURE 2

20




Absorbance

Absorbance,,

0.06

0.04 -

0.02

0.00

AAbsorbance
> o

o

o

o

350 450
Wavelength (nm)

550

300

400 500
Wavelength (nm)

600

0.038

0.035

0.032

FIGURE 3

30

Time (min)

60

0.06 AT R
g 0.000
1) 3
O 0.04 3 -0.007
c 4
CU 350 450 550
e Wavelength (nm)
$ 0.02
Q0
<
0.00 |
300 450 600
Wavelength (nm)
D
0.041
£
o
8
S
2 00387 .
S -
e .
o
a2
< 0.035 |
0 30 60
Time (min)

21



Absorbance

Absorbance

A
0.005
0.000
-0.005
350 450 550
Wavelength (nm)
C
0.007
0.000
-0.007 -
350 450 550
Wavelength (nm)
FIGURE 4

g 0.035 |
o
2
(]
(&)
& 0.030 |
2
(@]
0
Q0
< 0.025 |
0 30 60
Time (min)
D
: 0.045 |
o
2
3
S 0.040
©
2
(@]
8 0035
<
0 30 60
Time (min)

22



J
2xicR ﬂ
11CR
{ x

ok
. LR E-

g
¢ ¢
2x9CR /

11CR ATR

t=0min t=15 min

FIGURE 5

23



	caratula elsevier hoy.pdf
	UPCommons
	Portal del coneixement obert de la UPC
	http://upcommons.upc.edu/e-prints
	Aquesta és una còpia de la versió author’s final draft d'un article publicat a la revista Biophysical journal.
	URL d'aquest document a UPCommons E-prints:
	https://upcommons.upc.edu/handle/2117/118008
	Article publicat / Published paper:
	© 2018. Aquesta versió està disponible sota la llicència CC-BY-NCND 3.0 http://creativecommons.org/licenses/by-nc-nd/3.0/es/


