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ABSTRACT

Evaluating the availability of molecular oxygen (O,) and energy of excited states in the retinal
binding site of rhodopsin is a crucial challenging first step to understand photosensitizing reactions
in wild-type (WT) and mutant rhodopsins by absorbing visible light. In the present work, energies
of the ground and excited states related to 11-cis-retinal and the O, accessibility to the -ionone
ring are evaluated inside WT and human M207R mutant rhodopsins. Putative O, pathways within
rhodopsins are identified by using molecular dynamics simulations, Voronoi-diagram analysis,
and implicit ligand sampling while retinal energetic properties are investigated through density
functional theory, and quantum mechanical/molecular mechanical methods. Here, the predictions
reveal that an amino acid substitution can lead to enough energy and O, accessibility in the core
hosting retinal of mutant rhodopsins to favor the photosensitized singlet oxygen generation, which
can be useful in understanding retinal degeneration mechanisms and in designing blue-lighting-

absorbing proteic photosensitizers.



INTRODUCTION

Retinitis pigmentosa (RP) is the most common ophthalmological inherent disease resulting in a
(still untreatable) progressive retinal degeneration and eventually blindness'. Reactive oxygen
species (ROS) and electromagnetic radiations can promote retinal degenerations, including RP
variants caused by mutations of the gene encoding rhodopsin*”’.

Singlet oxygen (O»(a'A,), the lowest energy excited electronic state of molecular oxygen) is a very
destructive ROS linked to retinal degenerations®®. O»(a'A,) is frequently generated via the
photosensitizing reaction type II'°, a common photosensitization pathway which demands for
molecular oxygen (0O), energy from electromagnetic radiations, and a photosensitizing
molecule'™!". These requirements are abundant in retina®’, a tissue which houses rhodopsin in
photoreceptor rod cells'>".

Studies state an increased retinal susceptibility to light-induced damage for rhodopsin mutants*-.
Some authors suggest that even wild-type (WT) rhodopsin exhibits photosensitizing activity

418 Other studies diminish" or discard®**' rhodopsin as

associated with retinal degeneration
photosensitizer and indicate the free all-trans retinal to be the photosensitizing agent responsible
for retina damage.

There is also evidence that 11-cis-retinal covalently bound to Lys296 in rhodopsin (Figure 1) can
act as a photosensitizer and generate O»(a'A,). The action spectrum of visible light retinal damage
matches that of 11-cis-retinal absorption in mammal rhodopsins'”'?2?2?*, The conjugated double
bond system of retinal is extended along the region of the chromophore, comprising the S-ionone
ring*, where the energy transfer®?® could occur upon interaction of O, with light-excited

chromophore. The 77" configuration of retinal can contribute to a more prolonged lifetime of its

excited states with respect to those exhibiting nsr'-excited electronic configuration like in other



similar photosensitizing compounds!®. Besides, the selectivity of the rhodopsin binding pocket
(RBP) to covalently bind a unique molecule of retinal'® can prevent chromophore aggregation
phenomena, and consequently non-light-dependent reactions. Intersystem crossing (ISC) between
the lowest energy excited singlet state (S;) and the lowest energy excited triplet state (7;) of retinal
in protein environments and solutions has also been reported®”*. Experimental data show that 11-
cis-retinal can absorb a photon and react with O, in oxygenated solutions to produce O.(a'A,)
efficiently, which is indicative of lifetimes of the retinal 7’-state sufficient for a photosensitizing
reaction type II?®. Specifically, experimental results show that the 7' state of the S-ionone moiety
acts as a sensitizer generating singlet oxygen®. The photosensitized O»(a'A,) generation can also

occur inside proteins by excitation of hydrophobic residues with s-conjugated systems?'.

Figure 1. 11-cis-retinal chromophore covalently linked
to Lys296 via a protonated Schiff base in a rhodopsin
model built from the crystal structure reported with the
PDB code 1U19323, 1-cis-retinal with the [-ionone
moiety is shown in yellow licorice. Lys296 is in licorice
representation and colored according to atom types.

The photosensitizing role of rhodopsin has been debated for years®'*?!. Nevertheless, the
accessibility of O, to 11-cis-retinals at their binding pockets in human WT or mutant rhodopsins
is not fully understood, similar to other potential photosensitizers (e.g. aromatic residues) in
rhodopsins or in other proteins®'. The access of O, to the 11-cis-retinal embedded in human WT

or mutant rhodopsins can be highly probable due to the diffusion of O, in retinal tissue®’ and in



bovine rhodopsin among other proteins?-1343

, the low size and low polarity of this gas
molecule'™!", non-polar microenvironments across the polypeptidic matrix, including the binding
site of the chromophore'***. Marazzi et al.® reported theoretically a notable accumulation of O,to
the retinal S-ionone ring in bovine WT rhodopsin. This finding was considered as an indicative for
the accessibility of O,(a'A,) to the retinal ring, leading to state an isomerization mechanism based
on the generation of excited states through the chromophore oxidation by this reactive oxygen
specie. Nevertheless, the chemical reaction described by these authors to propose an additional
photoisomerization mechanism, could also induce destructive collateral reactions affecting the
structural stability of the S-ionone of 11-cis-retinal and of the whole rhodopsin core. The question
is whether the O, access in the binding pocket of human mutant rhodopsins can be favored as
photosensitized Ox(a'A,) could also access to this protein core inside bovine WT rhodopsin. To
the best of our knowledge, studies at molecular level have not been reported which address any
association of the production of O,(a'A,) in rod photoreceptors with molecular changes taking
place in mutant rhodopsins embedded in lipidic membrane or in aqueous or non-membrane
environments.

Aguila e al ¢ demonstrated experimentally that purified M207R mutant absorbs blue light in a
non-membrane environment after being genetically expressed and folded as a viable matured
rhodopsin in primate cells. Theoretical studies identify and explain the spectral blue shift by
modeling human M207R mutant in aqueous environment where the RBP structure was conserved
like in membrane**’ (Figure 2). Since M207R substitution has been associated with hydrogen
bond network perturbation in the retinal binding pocket®’?®, a loss of protection against the
penetration of molecular oxygen in the protein core of this mutant rhodopsin can be expected.

Both, the presence of O, and the energy excess of the retinal excited state from blue-shifted M207R



mutant, could be requirements sufficiently available for a reaction of photosensitization Type II at
the RBP of this stabilized rhodopsin out of membrane under pathological®“° or experimental®
conditions. Interestingly, light-dependent toxicity associated with mutant rhodopsin has been
reported in the endoplasmic reticulum and rod outer segment*', which suggests a link between
genetic causes of RP and the oxidative damage of photoreceptor cells during retinal
degenerations*#*. The amino acid substitution in the M207R mutant is also interesting for the field
of protein engineering since this change induces similar spectral characteristics® to those

from blue-light-sensitive proteins that are used as optogenetic markers generating O»(a'Ag)***.

Figure 2. Human WT rhodopsin (left) and its M207R variant (right) with 11-cis-retinal (yellow licorice) covalently
bound to Lys296 via a protonated Schiff base. The mutated residue is located near the -ionone ring of 11-cis-
retinal. These structures were obtained by homology modeling as described in the Methods Section. W6 and W8
correspond to water molecules found at the retinal binding site of rhodopsins.

The photosensitized generation of O,(a'Ag) competes favorably with other molecular events in
vivo and in vitro sceneries because it is an ultrafast and diffusion-limited reaction in blue-light-
sensitive receptors embedded in biological media*. Besides, these are not input limitations
(molecular oxygen and light energy) for this type of photosensitizing reaction in the retinal tissue
with high exposure to electromagnetic radiation and significant oxygen consumption*®. Regardless
of the normal functioning of the WT rhodopsin like a membrane-integral protein'®, our principal

goal is to study how feasible the photosensitization reaction is in the water-solubilized M207R



mutant rhodopsin. For comparative purposes, and to rationalize the potential of this type of
reaction in rhodopsin-like proteins, we use a WT human rhodopsin model under the same
conditions. Our study focuses on water-solubilized M207R because there is evidence that this
protein folds in non-membrane environment, maintaining its blue-light-sensitive receptor
property**4”. Moreover, Riedmayr et al.*® recently identified the non-insertion of structural-
perturbed M207R mutant rhodopsin in membranes from HEK293 cells and from mouse
photoreceptors, showing its localization in the soma and rod inner segments, as well as changes in
the mRNA splicing machinery that is regulated by cell type-specific factors. Although the
membrane mislocalization of M207R mutant could be due to direct structural effects caused by
the mutation, its viable conformation expressed in primate cells* could also be mislocalized from

membrane because of cellular disorders occurring in retinal degenerations®*#042,

In this work, we apply molecular dynamics (MD) simulations* on homology models® of human
M207R mutant rhodopsin (hM207R) in aqueous solution, simulating one of its possible tissular
pathological or in vitro environment. Specifically because identifying photosensitizing
potentialities, at least for the water-solubilized M207R mutant, allows getting insights into
particular retinal degeneration mechanisms**#°#? and into protein engineering focused on possible
optogenetic marker development*-#°, MD-equilibrated configurations are used to identify potential
transport pathways of O, from solvent to the S-ionone ring, using implicit ligand sampling (ILS)!
and Voronoi diagrams®. The former has been widely applied to describe energy-enabled sites and
migration paths of O, inside different types of proteins*'*% while the latter is useful to compute
geometrical properties of O,-migration tunnels and their temporal evolutions®>>~*, In addition,
hybrid quantum-mechanics/molecular-mechanics®% (QM/MM) calculations were performed to

compute energies associated with the ground and excited triplet states from QM regions including



the 11-cis-retinal chromophore, using density-functional theory (DFT) method® . Our
calculations provide detailed information on the feasibility of photosensitized singlet-oxygen
production at the retinal binding pocket of hM207R. This work may open a new avenue in
understanding the effects of a single amino acid substitution in RP-linked mutant rhodopsins as
well as for applications in the field of photoactive protein engineering regarding production of

singlet oxygen.

METHODS

Starting structures. Since the structures of hWT and hM207R rhodopsins are not known
experimentally, homology models of their full amino-acid sequence were built according to a
protocol similar to that previously reported by authors of this work?’. Three-dimensional (3D)
models were obtained by homology modeling techniques based on the satisfaction of spatial
restrictions as implemented in MODELLER 9.11 program®. All 3D models of human WT (hWT),
and human hM207R mutant (hM207R) rhodopsins were obtained from its homologous bovine
rhodopsin (bWT)%, using the atomic coordinates of the 2.2 A resolution crystal structure with PBD
code 1U19 (chain B in the dark state conformation)®?33.

The homology model of bovine WT rhodopsin (bWT) was also built from its own crystal structure
to achieve consistent comparisons. As in our previous work®, the rhodopsin sequences were
obtained from the TTEMBL and SWISSPROT databases available from the ExXPASy Molecular
Biology Server®, while data to build M207R mutant variants were collected from the literature®*
38 and from the Human Gene Mutation Database®. There is a high similarity between Bos taurus
and Homo sapiens for essential characteristics of the visual pigment associated with the structure,

function, cellular topolocalization in the rod photoreceptor, and spectral properties'*%°. This is



further reflected in the high sequence identity between human and bovine rhodopsin (ca. 93 %)%,
which was also determined by using the Basic Local Alignment Search Tool™ (BLAST).
Moreover, a huge amount of high-quality data has been reported on the high-resolution starting
structure (1U19323)133571 ygsed to obtain the structural model of the bovine dark-state in this work.
Hence, previous results and those obtained here for the bovine rhodopsin, are appropriate to
provide reasonable comparisons during the analysis of the human systems.

Twenty-five models were generated by using the starting structure 1U19 and the corresponding
sequence alignments, including within it the position of internal water molecules, which were
transferred to homology structures built with all hydrogen atoms. The molecular mechanics (MM)
parameters for the protein and retinal linked to protonated and deprotonated Schiff base were taken
from the CHARMM force field library’. The homology models were energy minimized utilizing
the variable target function method (VTFM, normal schedule) and conjugated gradient (CQG)
algorithm to subsequently be refined by combining MD simulations (normal level) with simulated
annealing. The model with the lowest discrete optimized protein energy (DOPE) was selected by
applying the DOPE-HR method through the standard MODELLER energy function®.

Each resulting model contained the opsin, 11-cis-retinal linked to Lys296 via a protonated Schiff
base (PSB), a Cys110 — Cys187 disulfide bridge, 29 internal water molecules (as hosted in chain
B of bWT?’*) with positions as expected according to the their coordinates in the crystal structure,
and two palmitic acid residues linked to Cys322 and Cys323¥. Subsequently, the selected
homology models were starting structures for the MD simulations. In addition, a variant of
hM207R (hereafter referred to as hM207Rpsg) was built which involves a deprotonated Lys296
and a neutral Glul13 (residue next to Lys296), with 11-cis-retinal being covalently bound to the

protein structure via a deprotonated Schiff base (DSB). A DSB in the rhodopsin dark-sate



conformation has been hypothesized to be responsible for the spectral blue shift of this mutant in
non-membrane environment observed experimentally*®. Theoretical studies by Hernandez et al.,
however, reproduced a similar behavior of the spectral shift by considering a PSB*’, due to a
reduction of the charge accumulation associated with geometrical distortions at the Schiff-base
and central regions of 11-cis-retinal®*.

The protonation states of titratable amino acid residues were assigned according to experimental
pH values determined in photoreceptors’™, visual inspection, and pK, calculations by using the
PROPKA 3.1 program’7¢ that considers the effect of the 11-cis-retinal ligand, as described in our
previous work?. In bWT and hWT, all titratable residues were charged, except Asp83, Glu122,
and Glul81, which is in full agreement with UV-Vis spectra determined in site-directed mutants
(for Asp83 and Glul22) and with FTIR experiments performed for bovine-WT rhodopsin’.
Nevertheless, the protonation state of Glul81 is a controversial issue as ambiguous results have
been obtained from other spectroscopic experiments (NMR’8, two photon spectroscopy”,
crystallization studies*, and preresonance Raman vibrational spectra®) and from theoretical
approximations (MM-MD?! and QM/MM?*’#? studies). However, the QM/MM calculations have
shown the normal absorption-maximum (Ama) to be very similar for the rhodopsins with a neutral
and charged state of this residue®. On the other hand, although Glu181 is conserved in the binding
pocket of bovine and human rhodopsins, its position is not located close enough to the S-ionone
ring of retinal chromophore'® which could act like a photosensitizer at the RBP.

His195 was protonated at the O nitrogen in the bWT structure. In all rhodopsin models, we assign
His65 and His152 to be protonated at the € nitrogen, and His100 and His211 were protonated at
the O nitrogen only. Thus, the protonation states of these histidine residues are consistent with

those assumed from experimental and QM/MM studies*. His278 was protonated at the 0- and &-
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nitrogen atoms, which is a residue located at a loop far away from the RBP. A salt bridge
established between the negative charge of Glul13 and a protonated Schiff base (protonated
Lys296) was also predicted for all models (i.e. bBWT, hWT, and hM207R) which have been
systematically reported for WT rhodopsins from several of the aforementioned experimental and
theoretical studies. Asp83 and Glul81 were the only neutral residues predicted in hM207R. Apart
from Lys296 and Glul13, the protonation states of other titratable residues were the same for
hM207R and hM207Rpss. Standard protonation states were assigned for all other titratable
residues.

MD simulations. All rhodopsins were subjected to MD simulations in explicit water to mimic
cytoplasmic non-membrane and in-vitro non-membrane conditions, which are possible media for
these mature visual pigments*¢#¥33-88_This approach is supported by spectroscopic experiments and
combined QM/MM calculations showing that spectral properties of lipid-membrane-solubilized
rhodopsin from Bos taurus are preserved in non-membrane environments®®-37:68:69858688-90 Thjg jg in
full agreement with the high similarity of the protein conformations in these environments, as
observed in the short nanosecond time scale of 11-cis-retinal adaptation during MD
simulations®’#%°!, In fact, both in non-membrane and in membrane media, hWT also exhibits an
absorption maximum of 493 — 500 nm®?, while a hypsochromic spectral shift (blue shift) has been
described for its mutant hM207R out of membrane***’, being a mislocalized rhodopsin completely
absent from membrane in some cell lines*.

All rhodopsin structural models were embedded into an octahedral box. The systems with
dimensions ca. 95 x 85 x 93 A contain around 66000 water molecules, keeping 29 internal water
molecules transferred from the chain B of bovine rhodopsin, after incorporating them into the

alignment during the construction of homology modeling based on the satisfaction of spacial
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restrictions. These internal water molecules include the two in the RBP that influence the retinal
absorption spectrum of the rhodopsin dark-state conformation®**. All systems were neutralized at
near-physiological concentration (200 mM) using Na*and Cl-ions. The TIP3P model®> was used
for both internal and solvating water molecules. At least 15.0 A of space was left between the
rhodopsin structures and simulation cell boundaries while more than 40 A of distance was kept
between rhodopsin copies of neighboring cells during all MD runs. The palmitoyl residues in the
rhodopsin structures were removed, since they are probably only relevant in the membrane

environment and in the opsin trafficking when the chromophore is scarce in biological media'**'.

All MD trajectories were computed with NAMD 2.7% using the CHARMM?27 force field”>*’ from
which were taken the MM parameters for 11-cis-retinal linked to protonated and deprotonated
Schiff base. The systems were simulated using periodic boundary conditions (PBC). Long-range
interactions for the full systems with PBC were computed using the particle-mesh Ewald method”®
with a grid resolution of < 1.0 A. All other nonbonded interactions were calculated using a cutoff
of 10 A. SHAKE constrains were applied to all bonds involving hydrogen atoms®. A timestep of
2.0 fs was used for all production MD simulations. All systems were simulated at a constant
temperature of 300 K and a pressure of 1.0 bar (NPT ensemble) by using the Nosé-Hoover

thermostat and barostat'®.

Before running production simulations, two minimization-equilibration cycles were performed. In
the first cycle, all rhodopsin atoms and internal waters were fixed, while the solvating water
molecules were relaxed by a 5000-step conjugated gradient (CG) minimization, followed by 100-
ps NVT MD simulation. In the second cycle, the protein backbone atoms were fixed and the system

was again subjected to 5000-step CG minimization, followed by 100 ps NPT simulation.
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Subsequently, a 100 ns (25 ns equilibration; 75 ns production) NPT MD run was performed
without applying any positional constraint or restraint.

The MD trajectories and resulting geometries were visualized using VMD 1.9.3!%, To assess the
stability of the systems along the trajectories, we analyzed the time evolution of the root-mean-
square deviation (RMSD) for the full protein backbone apart from loops, the rhodopsin binding
pocket plus O,-gateway regions, and 11-cis-retinal. The RMSD profiles show that all rhodopsin
structures are stable along the MD trajectories. The significant structural deviations along the
trajectories were observed only for loop regions (Figures S1-S3, Supporting Information). The
flexible loops do not affect the O, gateway regions identified. This conformational preservation of
the membrane-integral rhodopsin in water is in agreement with reproducible spectral behaviors
determined experimentally for rhodopsins in non-membrane environment*®, and with results from
authors of this work that show the same high conservation of conformational and spectral
properties®’. Specifically for the absorption spectra, protonation states and RBP conformations that
were reproduced in good agreement with experiments. In that previous study?’, the RMSD values
ranged from 1.38 to 1.6 A for WT and mutant rhodopsins, which show a high similarity between

RBP of rhodopsin solubilized in water and in lipid POPC membrane.

Since the structures are stable over the timescale of the simulation and the structural reference
(PDB code: 1U19%%%) corresponds to rhodopsin membrane conformation, it is reasonable to
believe that similar conformational sampling would be achieved inside the membrane (perhaps
over a longer timescale). A high structural conservation is identified by the superimposition of the
protein backbone of the crystalline starting structure 1U19 with those from bovine rhodopsin
models calculated in this work (Figure S4, Supporting Information). We consider that the

referential water-solubilized model for bovine rhodopsin can also provide more consistent
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comparison with experiments. This assumption is based on that investigated properties at RBP of
WT and mutant systems (e.g. spectral absorption, protonation states) have also been established
principally after measuring them for the purified rhodopsins in aqueous and other non-membrane

environments3®-7988,

For completeness, in addition to the homology models (MD starting structure), we evaluated the
structural quality of five equilibrated MD configurations. We used the validation tools VERIFY -
3D, PROCHECK®, and WHAT_CHECK!® to evaluate the 3D structure-sequence
compatibility (3D/1D profile), the backbone conformations through Ramachandran plot analysis,
and the 3D-model fine packing quality, respectively (Table S1, Supporting Information). This
evaluation reveals an appropriate internal consistency and the high quality of the 3D models
obtained for different steps of the applied methodology.

OM/MM calculations. QM/MM optimizations were performed to calculate the energy gap
between the 7; and Sy states (AEz;.s0) and the highest occupied molecular orbital (HOMO) energy
related to retinal for the different rhodopsin systems. For this purpose, coordinates of the protein,
retinal, and a 26 A radius water sphere (centred at the C11 atom of retinal) were randomly extracted
from MD simulations (Figure 3). Five MD snapshots of each system were selected for QM/MM
optimization. Thus, unless mentioned otherwise, all QM/MM energies reported in this study
correspond to average values over five snapshots. The QM/MM calculations were performed with
the ChemShell package'**'%, with the Gaussian09'® and DL_POLY ' packages as QM and MM
interfaces, respectively. All rhodopsins were optimized using the same QM/MM setup. The QM
region consisted of the side chain of Glu113 and the conjugate of Lys296 and 11-cis-retinal (Figure
3), and treated at the B3LYP/TZVP level'” """, DFT was chosen to describe the QM region,

considering the following: i) the use of an extended QM region limits the application of
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multiconfigurational methods, ii) the number of systems to calculate for comparative purposes,
and iii) the appropriate reproducibility of experimental values associated with energetic properties
of retinal that authors of the present work previously reached by using a very similar methodology,
QM region, and theory level on the same systems to describe the S;-state energy?’. Although multi-
configurational methods should usually be used for such multi-configurational quantum problems,
these approaches are limited to a smaller QM region?s-!'>114,

The rest of the system was treated at the MM level using the CHARMM?27 force field”>?’. The
total charge of the QM region was zero for all rhodopsins. All atoms within 7 A of the QM region
were unconstrained during optimizations (active region), whereas more distant atoms were kept
fixed (Figure 3). All optimizations were carried out using the DL-FIND optimizer module of
ChemShell'>. An electrostatic embedding scheme with charge shift correction was used to
compute the electrostatic interaction between the QM region and the surrounding partial charges
of the MM region''®!"7, Valencies at the covalent (C,-Cs) bonds crossing the QM/MM boundary

were saturated using hydrogen link atoms!'8,
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Every system was initially optimized with the QM region in Sy state. Then, the optimized S,
structure was reoptimized to calculate the 7 state using the unrestricted Kohn-Sham self-
consistent field approximation. The retinal-related ionization potential (IP..) Was approximated
as the negative of the HOMO energy of the QM region in the ground state, according to Koopmans’
theorem!"®. The chosen QM/MM setup is similar to previous studies reported in the literature'%%,
Briefly, we used ChemShell with the MM parameters from our MM MD studies and link atoms
placed on the C.,-Cs bonds of Glul13 and Lys296 to select the aforementioned QM region as

described in Figure 3.

Figure 3. Schematic view of the setup used for QM/MM optimization of all rhodopsins - bWT is shown as example.
Both Glul13 and Lys296 were charged in bWT, hWT, and hM207R, while uncharged in hM207Rpsg. QM/MM
boundary atoms are shown in orange (QM region, bottom right). It is also highlighted the centre (C11 atom of
retinal) of the 26 A radius water sphere.

Implicit ligand sampling (ILS) calculations. The ILS method®' was applied to each system using
five thousands rhodopsin conformations evenly distributed in the final 75 ns of the MD trajectories
for all systems. On the other hand, it is important to mention that the amount of MD frames (5000)

16



used to compute the O,-PMF values prevents overestimation errors that could otherwise originate
due to insufficient sampling of favorable rare events, as is proved by previous studies'.
Specifically, the ILS method allows to assess sites and migration pathways of O, within simple
and conjugated proteins, by computing the variation of the free energy (AG) associated with
transferring an oxygen molecule from vacuum to a particular position into the polypeptide matrix®'.
The ILS calculations were then used to generate 3D AG maps of placing an oxygen molecule
inside the WT and mutant rhodopsins, which allowed us to evaluate the O, accessibility near each
component of the whole structure of these visual pigments. This identified the access sites of O,
for the whole protein structure and for the retinal chromophore at the RBP, by means of the
calculated O,-PMF 3D maps.

The ILS free energy cost of transferring O, into the rhodopsin structure (AGoz-rno) Was computed
for each simulation frame divided into a regularly-spaced grid of 1.0 A in all three dimensions (1.0
A3 voxels). For O,, 40-randomly rotational orientations per voxel were evaluated in each position
ona3x3x3 A subgrid. The van der Waals (vdW) parameters for O, were an €, of —0.12 kcal/mol
and a vdW radius (Ruin0/2) of 1.70 A, as is described in CHARMM?27 and CHARMM36 force
fields. All calculations were performed at the same constant temperature of 300 K used in MD
simulations.

We used a free energy profile (FEP) based on the ILS calculations to determine energetic
properties of O, migration pathways from outside the rhodopsin structure to the -ionone ring.
Specifically because the calculated O,-PMF isosurfaces identified that the -ionone moiety was
the most accessible component to molecular oxygen inside all rhodopsin structures, with the rest
of the RBP much less accessible to this gas molecule. In fact, the average O, PMF values

represented by these iso-energy surfaces showed a clearly low probability of finding O, pathways
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that end at other chromophore regions. Therefore, we focused on O, pathways toward the 3-ionone
ring of retinal, which was also advantageous for homogeneity in the comparisons. The FEP was
calculated by plotting AGoz.ruo Values as a function of the distance between two points: (i) the
starting point, which is located in a bulk solvent region near an access point to the cavity of the
protein, and (ii) the ending point, which corresponds to the mass center of the 3-ionone ring. Since
the end point represents punctual coordinates attributable to a molecule moiety instead of
representing the complete molecule size, it was necessary to consider a collision sphere (i.e.
spherical region where the O,-ring interaction is probable considering interatomic distances). The
latter was of 3.0 A radius, with origin in the ring mass center.

The radius of the collision sphere matches with the starting distance used to search geometrical
tunnels from the retinal ring in the rhodopsin systems (vide infra) and was assigned the value of
the CHARMM force-field vdW radius parameter for O, (Rmino/2 = 1.70 A). The AGos-rno
calculations corresponding to each FEP were based on an ad-hoc TCL program that can be found
elsewhere'?*. The FEP calculations were also guided by previous representation of the Voronoi
diagram and O; potential-mean-force (PMF) maps (Figures 6, 7, Figure S5 in Supporting
Information). A very low variation of the measured O.-PMF values was identified at several
regions of the bulk solvent, as reflected by a low usual sampling error of 0.45 kT every 2 ps. We
calculated the AGo;.rro value into a box containing the -ionone ring at the RBP from the minimum
and maximum coordinates of this retinal moiety. The free energy of placing dioxygen into the
nearest vicinity of the cyclohexenil part of the chromophore is hereafter called AGoz.ring. The
calculation of the solvation energy of O,in water (A4Go:..) Was performed on the average PMF
values obtained from a box that contains bulk solvent water molecules, using 5000 simulation

frames from the equilibrated dynamic trajectory. The AGo;., Values corresponded to a random
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position in the bulk water, considering the solvent homogeneity between systems. For validation
purposes, the computed 4G Value was compared to the reported experimental one. The
regions that may host molecular oxygen inside the rhodopsin structures were identified from O»-
PMF 3D maps, by representing isoenergy surfaces at the contour values of —1.0 and 1.0 kT. The

VMD program was used to perform the ILS analysis and to visualize the results.

Voronoi-diagram calculations. The Voronoi-diagram (VD) method was performed on the same
conformational space (the same 5000 simulation frames) used in the ILS analysis. The
methodology allowed us to compute and to visualize geometrical properties of potential tunnels of
dioxygen in the rhodopsin conformations, using the CAVER>*'?> program (version 3.02) and the
CAVER Analyst'* tool (version 2.0). By subsequently placing spheres on a grid from the protein
interior to the outside environment by means of VD calculations, the CAVER program builds
tunnels connecting the buried sites of the polypeptide matrixes to the solvent bulk. This
methodology allowed us then to characterize geometrically all possible O,-migration pathways
ending near (3.0 A) the mass center of the S-ionone ring. The geometrical similarity between
pathways from different simulation frames was analyzed by clustering techniques, as implemented
in the CAVER 3.02 program. The O, tunnels were evaluated according to the parameters:
throughput, length and bottleneck radius. The tunnel search with the CAVER algorithm was started
at 3.0 A from the mass center of S-ionone ring, in agreement with the collision sphere radius used
in the ILS analysis. The minimum probe radius was of 0.9 A, which has been used to identify O,
tunnels in a previous study®. The shell radius and shell depth were set to 5.0 and 4.0 A,
respectively. Default values were applied to the remaining parameters. All data were visualized

with the VMD program to facilitate an integrated analysis with the ILS results.
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RESULTS AND DISCUSSION

Evaluation of the availability of O, near the 11-cis-retinal f-ionone ring of the rhodopsins
embedded in water solution. As mentioned above, since the O,-PMF isosurfaces allowed to
identify that the -ionone moiety was the retinal part accessed systematically by molecular oxygen,
while other regions of the chromophore were not sufficiently connected to transport this gas
molecule, we emphasized our analysis on the O, migration toward the chromophore ring. The
prediction of O, pathways is based on the steric and energetic viability for the migration of the gas
molecule from the solvent to inside the rhodopsin structures: the O, pathways have to be favorable
from both geometric and energetic standpoint. These two factors are first addressed separately
below.

Steric viability of O>migration pathways toward the 3-ionone ring. Steric viability was assessed
by calculating possible tunnels from using the CAVER program>>'* as well as by implicit ligand
sampling (ILS) calculations’! (to consider energy-enabled pathways). Both were performed on five
thousand rhodopsin conformations sampled from the final 75 ns of 100 ns MD trajectories for all
systems. In the following, the denotation of g, gc, and ¢ letters is used to represent the energetic
routes, geometrical tunnels clusters, and the geometrical tunnels with the highest throughput values
(geometrical top tunnels), respectively.

The most favorable geometrical tunnels (Ag and Bg) and the lowest-energy routes (Ag and Bg)
coincide in bWT rhodopsin, identifying two pathways (A and B) for the passage of O, through the
space available between helices H5 and H6 (Figures 4 and S6 in Supporting Information).

The steric and energetic permissibility of pathways A and B are further supported by the high
spatial matching of the energy-enabled routes (Ag and Bg) with all calculated geometrical tunnels

of the top clusters Agc and Bgc (including the Ag and Bg channels; Figure S7 in Supporting
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Information). The results also show that O, can access the -ionone ring in bWT but the rest of the
protein is much less accessible. This finding is consistent with a spectroscopy study on bWT,
where rhodopsin conformational changes have been monitored by recording the collision rates of
O, with a labeled retinal analogue carrying a nitroxide tetramethyl-oxypyrrolidine instead of the
p-ionone ring®. This study indicates a certain level of O, accessibility to the RBP. Besides, our
predictions are in full agreement with recent theoretical results that show a predominant access of
O to the retinal ring of the bovine rhodopsin embedded in lipidic membrane®.

This congruence, and the high conformational conservation, between rhodopsins in membrane and
in non-membrane environments, lead us to consider that our comparative approach could also be
coherent to understand the most general features of possible photosensitizing events associated
with membrane-solubilized WT rhodopsins.

Recently, dimers of bovine rhodopsin have been identified in vivo by a study that also confirms
the native single isoform of mature rhodopsin in rod photoreceptors. The primary dimer interface
is established by helices H1 and H8 (H1/H8 interface)®’, without implicating helices H5- H7. Thus,
the predicted access of O; to the retinal ring in bWT and human rhodopsins through the HS — H6

and H6 — H7 gates (see Figures 4 and S6) is still available in the dimeric state.
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We identified a significant protection level against the penetration of O, at the RBP of hWT
rhodopsin. In contrast to bWT, spatial correspondences were not found between the geometrical
tunnel Cg and the lowest-energy path Cg identified at the HS — H6 gate of the hWT rhodopsin

(Figure 4). The tunnel Cg shows a steric permissibility for a probe of radius 0.9 A to travel to the

a) bWT

O, Pathway A

Figure 4. Pathways of O, migration from the aqueous solvent to the S-ionone ring (yellow licorice) in bWT
(pathways A and B at the H5 — H6 gate), hM207R (pathway F at the H6 — H7 gate) and hM207Rpsg (pathway G
at the H5 — H6 gate) rhodopsins. The respective geometrical tunnels (in blue or green) and energy-enabled routes
(in red or orange) are shown in solid surface representation. Bottleneck residues are also shown around the
geometrical top tunnels (blue/green) and lowest-energy routes (red/orange) identified for the migration of O, toward
the B-ionone ring (yellow licorice) for all rhodopsin systems. Protein structures are represented in gray cartoon with
helix labels.

p-ionone ring (Table 1; Figures 4, S6 and S7). In addition, Cg corresponds to an unfavorable
energetic path ending far away from the retinal ring (Figure 4). Two non-top-five additional sets
in the clustering-analysis ranking of tunnels (clusters Dgc and Ecc) were analyzed for comparison

to the mutant systems. Tunnels from the Dgc and Egc clusters have similar spatial distributions to
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the top channels found in the mutant systems, however, the tunnel coordinates from these clusters
do not match with any energetically feasible route of O, in the hWT model (Figure S8 in
Supporting Information).

Contrary to the hWT rhodopsin, two O, pathways, F and G, were identified for both variants of
the mutant rhodopsin. Pathway F, found in hM207R rhodopsin, crosses a cleft between the H6 and
H7 helices along the trajectory toward the retinal ring. Pathway G, found in hM207Rpss, enters the
protein at the H5 — H6 gate, similar to the channel Agin the bWT model (Figure 4). Clustering
analysis reveals that the tunnel clusters Fsc and Ggc,including the top channels Fg and Gg, match
spatially with the O, pathways predicted by ILS calculations (Figure S7).

Interestingly, these O, pathways cross the hM207R and hM207Rpsg structures at different sites
(Figure 4), which suggests significant conformational variations between the mutant systems.
Since the difference between the models of these mutants is the protonation state assigned to the
Glul13 residue and Schiff base, the rupture of the OE2gu113— NZLys206 interaction is responsible of
these conformational differences identified for hM207R and hM207Rpsg (Table S2, Supporting
Information). It has been proved that the OE2giu113 — NZiys06 salt bridge stabilizes the rhodopsin
dark-state conformation and consequently a deprotonated Schiff base leads to lose this electrostatic
interaction (e.g. in metarhodopsin II) and to conformational interconversions'. In addition, the
stabilizing hydrogen bond network of the RBP is highly perturbed in both M207R mutants
compared with hWT (Table S2, Supporting Information). Therefore, it can be expected that
hM207R and hM207Rpse behave like two different conformational variants depending on the
OE2Gui13 — NZiyooe salt-bridge formation. Consistent with this, the backbone RMSD value
calculated between conformations from the last MD frame for each mutant is ~3.7 A. Similarly,

the backbone RMSD values are ~42 and ~5.1 A for hWT-hM207R and hWT-hM207Rpsg
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comparisons, respectively (Figure S9 in Supporting Information). Therefore, different patterns for
the corresponding geometric (tunnel Fs or Gg) and energetic (route Fr or Gg) component of the
pathway (F or G) can also take place between structures of these WT and mutant variants of human
rhodopsins (Figures 4 and S5-S7).

The geometrical characterization of potential O, tunnels shows in detail parameters of the steric
permissibility for O, to migrate to the retinal ring in the analyzed rhodopsins. For bWT, the
bottleneck radii of the geometrical tunnels Ag and B were larger than the probe-radius value of
09 A. The channel B was the most favorable geometrically, according to the throughput
parameter that reflects the compromise between the diameter and length of each tunnel. However,
the largest bottleneck radius of 1.14 A for the tunnel Ag indicates lower steric hindrance at the
narrowest tunnel sector. While the tunnel Cg is geometrically viable for a probe and bottleneck
radius of 0.9 A in the hWT structure, the throughput value of this channel is the lowest calculated
(0.168) due to the smallest width and largest length measured among all systems (Table 1). In
hWT, tunnel Cg is identified as the highest-hindrance path for O, to reach the retinal ring, which
is consistent with the low population of tunnels found by cluster analysis and the energetic
unfeasibility for the tunnel Cg (Table 1; Figures 4 and S7). In comparison to the tunnels in bWT,
a large number of bottleneck residues are directly associated with the narrowness of the channel
Cg in the hWT structure.

The bottleneck radius and throughput values of the channels Fg (hM207R) and Gg (hM207Rpsg)
are larger than those calculated for hWT, indicating shorter length and larger width for the
geometrical channels for O, migration in both mutants. In fact, the steric viability of the channels

Fs and Gg is similar to those from the bovine system in terms of throughput values.
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Table 1. Geometrical characterization of tunnels for O, migration from the aqueous solvent
to the fB-ionone ring of retinal in bWT, hWT, hM207R and hM207Rpsg rhodopsins.

. Tunnel Tunnel Tunnel Tunnel Tunnel Tunnel Tunnel
Geometrical " N
Propert A Bg Cq D¢ Eg Fg Gg
perty (bWT) (bWT) (hWT) (hWT) (hWT) (hM207R) (hM207Rpgsp)
Bottleneck 1.14 1.02 0.9 0.98 1.04 1.12 1.05
radius
Length 14.95 8.25 25.17 15.61 13.92 10.25 13.67
Throughput 0.52 0.64 0.17 045 047 0.56 0.63

The bottleneck radius and length are given in Angstroms (A).*The energetically unfeasible channels Dg and Eg are
geometrical top tunnels from the clusters Egc and Dgc (see Figure S8 in Supporting Information), and are spatially
comparable with the pathways F and G in hM207R and hM207Rpsg, respectively.

Therefore, these values indicate less steric hindrance for the O, migration through the tunnel of
each mutant with respect to the energetically unfeasible tunnels D¢ (top from Dgc cluster) and Eg
(top from Egc cluster) in the hWT model (Table 1; Figure S8). Thus, it is expected that the
difference in conformational sampling in both mutants lead to changes in the relative positions of
amino acids that facilitate the penetration of dioxygen toward the -ionone moiety through the
interhelix gates.

Variations in the geometrical features between systems are implicated in the critical limiting
bottlenecks for passage of O, through the tunnels. The side chains of the bottleneck residues
Val204 and Phe208 on helix H5 of bWT rhodopsin line a narrow passageway through the tunnel
Ag for O, coming from the aqueous environment. The channel Ag is present while Met207 and
Phe208 do not interact. Both gatekeeper residues (Val204 and Phe208) are identified within 3.0 A
of the bottleneck of the tunnel A (Figure 4). In the case of the route Bg, Phe212, Phe261, Trp265
and Ala269 are identified at the same contact distance for the bottleneck with conformations
oriented to the O, path (Figure 4). Phe212 on the helix HS is a gatekeeper interacting with Ala269

positioned on the H6 helix.
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The other bottleneck residues of the channel Bg are both placed on helix H6 of bWT rhodopsin.
Both Ile213 and Leu216 also contribute to the hydrophobicity of these O, passages, according to
previous results that identify to the former as one of the amino acid residues at the entrance to the
bovine rhodopsin structure for this gas molecule®. Thus, the migration of O, through the groups
lining the HS — H6 gate is consistent with the propensity of apolar residues to form O, pathways*.
In the hWT model, seven residues are detected within 3.0 A of the Cs-tunnel bottleneck: Leul25,
Leul28, Phe212, Met216, 11e219, Ala258 and Phe261. The side chains of Leul25 and Leul28 are
oriented from helix H3 to those of Ala258 and Phe261 positioned on helix H6, and the side chains
of Met216 and Ile219 are projected to the H5S —H6 gate. In bWT, the amino acid residues isoleucine
and leucine occupy the positions 213 and 216, respectively, whereas threonine and methionine are
present at these positions in the hWT structure (Figure 4). Thus, the decrease in hydrophobicity at
the HS — H6 gate for hWT could explain preventing O, migration through this passageway, with
respect to bWT. The sequence identity between bWT and hWT is ~93 and 100 % for the whole
protein structure and for the RBP, respectively?’*!?7. However, the migration of O, could be
influenced not only by the changes at the positions 213 and 216! at the H5 — H6 gate but also
by the interactions observed between Met207 and Phe208 in the hW'T simulations.

The Val204 — Phe208 cleft is crossed by the channel Bg in the bWT system, whereas the side
chain of Phe208 in the hWT model is closer to Val204 due to the orientation of Met207 to interact
favorably with the former at a distance lower than 5.0 A (Figure 4). Since the methionine-aromatic
motif are known stabilizing interactions in proteins that can occur in the range 3.4 — 4.8 A%, the
Met207— Phe208 interaction can be a significant factor that affects the O, migration throughout

the Val204 — Phe208 cleft at the H5 — H6 gate in hWT rhodopsin.
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In the tunnel Fg at the H6 —H7 gate in the hM207R system, residues Ala295, Pro267, Cys264, and
Tyr268 are in the contact distance of 3.0 A of the bottleneck, with the first two acting as
hydrophobic gatekeepers lining the entrance. Except for Ala295, the remaining bottleneck residues
are placed on helix H6 (Figure 4). The M207R substitution leads to a loss of the hindering effect
of the Met207 — Phe208 interaction for passage of dioxygen at H5 — H6 gate. The gas molecule
can sterically access the collision region near the -ionone ring at the RBP through the tunnel Gg
that crosses the hydrophobic microenvironment defined by Ala204 and Phe208 at the H5 — H6
gate (Figure 4).

A better understanding on the steric viability for dioxygen transport along VD tunnels comes from
the analysis of the radius as a function of the O,-passaway length. In the bovine rhodopsin, the
radii of the tunnels Ag and Bg can reach values higher than 1.2 A corresponding to the size of a
water molecule in the CAVER formalism™, especially into the vicinity of the $-ionone ring (Figure
5).

The Ce-tunnel radius is near to the minimum width around 3.0 A from the S-ionone moiety inside
the hWT rhodopsin (Figure 5). Thus, the permeability of the tunnel Cgis significantly reduced in
the proximity of the retinal ring into the RBP with respect to the tunnels of the bWT model. In the
mutant M207R variants, the radius of each tunnel, Fg or Gg, is steadily increased above 1.20 A
into the region for potential O,-ring interactions and along both channels, being more than enough
to allow the passage of O, and even a water molecule®~® (Figure 5). The tunnels in both mutants

are most sterically favorable for the passage of dioxygen with respect to the hWT counterpart.
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Figure 5. Tunnel radius, Angstroms (A), as a function of the trajectory length in A: a) tunnels Agand Bgin bWT,
b) tunnel Cgin hWT, ¢) tunnel Fgin hM207R, and d) tunnel Ggin hM207Rpsg. The line under the curve represents
the probe radius of 0.9 A used for the calculations with the CAVER algorithm. The origin (0,0) corresponds to the
starting point to the VD-tunnel search at 3.0 A from the -ionone ring (into the collision sphere for potential O.-
ring interactions) and the final length value is defined by coordinates accessible to the aqueous solvent.

Energetic viability of O, migration pathways toward the -ionone ring. The AGoz-ruo values along
pathways A and B in bWT, show that O, can migrate from the bulk solvent to the 5-ionone ring
(through the routes Agand Bg), since the free energy barrier is sufficiently low (< 6.0 kcal/mol),
Figure 6. In fact, studies state that protein regions with the lowest barrier of 6.4 and 7.5 kcal/mol
are crossed by dioxygen, being large barriers those that are in the range 10 — 20 kcal/mol>"'**.

The highest energy barriers — the difference between the lowest and highest AG value — are 1.13
and 1.28 kcal/mol in the direction from solvent to 3-ionone ring, as well as 2.15 and 2.10 kcal/mol
for the gas molecule to travel from the retinal ring to the solvent along the paths Ag and Be,
respectively. The maximum energy values for these routes are 0.66 (Ag) and 0.49 (Bg) kcal/mol

(Figure 6). Thus, the FEP calculations indicate that the molecular oxygen would not find a
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significant energetic hindrance to migrate in both directions (solvent@ring), with O, migration

from the water solution to the 3-ionone ring being most favourable.
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Figure 6. Free energy, in kcal/mol, profiles for the migration of molecular oxygen along the length, in
Angstroms (A), of the trajectory between starting points accessible to the solvent on the protein surface (final
length values) and ending coordinates (origin 0,0) at 3.0 A from the mass center of the -ionone ring of retinal.
a) routes Agand Bgin bWT; b) route Cgin hWT; ¢) route Fzin hM207R; and d) route Ggin hM207Rpsg. The
free energies are calculated from the O,-PMF values computed by using the ILS method. The line above each
curve corresponds to the calculated free energy for O, solvation into the aqueous system part.

For hWT, the lowest-energy O: route Cg is identified at the HS — H6 gate between the same
endpoints used for the bWT system (Figures 4, 6, and S7). Nevertheless, the migration of dioxygen
toward the S-ionone moiety is much less favorable (or unviable) in hWT. The route Cg exhibits
the closer minimum to the retinal at ~ 2.0 and 5.0 A away from the collision sphere and the mass
center of the -ionone moiety, respectively, and so does not allow that dioxygen reaches the retinal
ring inside hWT. Moreover, the coordinates of Ce do not match those of the geometrical VD tunnel
Co. In addition, Cg exhibits the highest energy barriers in both the solvent — B-ionone ring (4.88
kcal/mol) and B-ionone ring — solvent (6.60 kcal/mol) direction. The maximum energy value

along the FEP experienced by dioxygen traveling through the route Cg is 4.02 kcal/mol (Figures 4
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and 6). Even though, the O, migration is also easier in direction to the retinal ring for hWT, the
lowest-energy path Cg has the highest energetic barrier among all analyzed systems. The high-
energy cost of the tunnel Cg is expected due to the highest steric hindrance identified for the tunnel
Cg in the same region of the hWT model (Table 1; Figures 5 and 6).

In the hM207R mutant rhodopsins, the top geometrical tunnel —with the highest throughput— Fg
from cluster Fgc is followed closely by the energy-enabled route Fg for migration of O, through a
nonpolar microenviroment defined by residues at the H6 — H7 gate. Similarly, for hM207Rpsg, a
high spatial correspondence is found between the lowest-energy pathway Ggand the trajectory of
the top tunnel Gg (from cluster Ggce) passing over hydrophobic residues located at the HS — H6
gate (Figures 4 and S7).

In comparison to hWT, the routes Fg and Gg exhibit the lowest and most permissive energy barriers
of 1.44 and 1.63 kcal/mol for the migration of O, to the retinal ring inside the hM207R and
hM207Rpsg systems, respectively. Both routes end at the lowest energy values calculated near the
retinal ring (—1.72 kcal/mol for hM207R and —1.64 kcal/mol for htM207Rpsg). In the mutants, the
migration of molecular oxygen toward the [5-ionone moiety is also more favorable than to the
opposite direction for which the energy-barrier values are 2.53 (hM207R) and 3.53 (hM207Rpsg)
kcal/mol. The highest values of free energy of the FEP corresponding to the routes Fr and Gg along
the polypeptide matrixes are 1.49 kcal/mol and 0.98 kcal/mol, respectively (Figure 6).

An approach based only on the AGo:..ine Value is less realistic by neglecting in the analysis possible
earlier contacts of the outmost atoms of the retinal ring with a molecule of O, before eventually
entering to a region defined by the minimum and maximum coordinates of the box containing it.
However, the free energy cost of placing dioxygen, into the closest region to the -ionone ring

inside bWT (AGoz.ring = 0.38 kcal/mol), is lower than the solvation free energy of the gas molecule
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in water (Table 2). Therefore, AGo:..ine also indicates that the O, migration is possible from the
solvent to even more internally within the probable collision sphere containing the retinal ring into
the bovine-WT RBP. The solvation free energy of dioxygen in water (AGo:-sn) of 1.85 kcal/mol
calculated here is in agreement with both the experimental value of 1.78 kcal/mol obtained at 20
°C'? and a theoretical value of 1.97 kcal/mol reported previously*1%,

The average AGo:.ring value obtained for hWT (1.94 kcal/mol) is 1.56 kcal/mol higher than that for
bWT, being also the highest value exceeding AGoz.sn slightly (Table 2). Thus, the lowest
probability to find O; near the retinal ring corresponds to hWT. A AGoz.rine value lower than AGo:.
soiv Would not improve the arrival of dioxygen to the -ionone ring due to the energetic unviability
of the pathway Cg to transport the gas molecule to regions occupied by retinal inside the hWT
rhodopsin structure (Table 2; Figure 4).

The free energy profiles of the routes Fr and Ggas well as the geometrical characterization of the
tunnels Fs and Gg show that the 3-ionone ring is accessible to the molecular oxygen coming from
the aqueous solvent in both structures of the M207R mutant. In agreement with this finding, the
AGo2-ring values of —=0.07 (hM207R) and —0.77 (hM207Rpsg) kcal/mol, indicate that the probability
of finding dioxygen at the rhodopsin binding site (most specifically at the region closest to the
retinal ring) is higher for the mutant rhodopsin (Table 2). In fact, the AGo:..ne values are much
lower than AGo;..0 for these mutant systems, which is congruent with a more favorable O,
migration from the solvent to the retinal ring, as shown by the FEP calculations (Table 2; Figure
6).

By mapping the network of potential O, pathways through the computed iso-energy surfaces of

the PMF at the contour values of —1.0 and 1.0 kT, the -ionone ring is identified as the retinal
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moiety most accessible to the gas molecule at the RBP inside all analyzed rhodopsin structures
(Figure 7).

The iso-energy surfaces of the O,-PMF map computed by ILS calculations for bWT rhodopsin,
delimit regions around the retinal ring with high probability of finding O, in the contour value
range —1.0 — 1.0 kT (Figures 7 and S5), congruently with the prediction reported by a previous
theoretical study*. However, the rest of the bWT RBP appears much less permeable to molecular
oxygen (Figure 7). The probability of transferring an oxygen molecule from the vacuum to any
region of the RBP is notably reduced in this system (Figures 7 and S5). Again, the O,-PMF maps
indicate that the migration of dioxygen is highly unlikely from the water solution to the 3-ionone
ring region and other regions of the RBP inside the hWT rhodopsin. These findings are in
agreement with experimental observations that state a certain level of protection of the RBP against

the inclusion of dioxygen in bWT rhodopsin™®.

Table 2. Free energy (4Go:.ring) of placing O:into the nearest region to the f-ionone ring of
retinal inside the bWT, hWT, hM207R and hM207Rpsg structural models.

Structure AGps.ring"
bWT 0.38
hWT 1.94

hM207R -0.07

hM207Rpsg —0.77

*Average free energy values (in kcal/mol) obtained from PMF values computed for a box that is defined by the
minimum and maximum coordinates of the -ionone ring into the rhodopsin binding pocket each structure, using
the ILS method on 5000 simulation frames from the equilibrated dynamic trajectory.

The highest number and the largest extension of favorable regions to place O, in the vicinity of the
p-ionone ring are found in the mutant structures (with a higher number of energy minima identified
in the hM207Rpse system, Figures 7 and S5). The iso-energy surface of the O.-PMF in the

rhodopsins shows that oxygen permeability is increased in the mutant RBP with respect to the
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counterpart site in the hWT rhodopsin, according to the FEP and AGo,.,in, calculations described

previously (Table 2; Figures 6,7, and S5).

The geometric-energetic analysis shows that the viability of the O, migration, between the f3-
ionone and bulk solvent, increases when going from hWT to bWT, hM207R and hM207Rpss
systems. The steric and energetic characteristics identified for each tunnel or route of O, show that
the retinal binding site could be the most protected, or even impermeable, to O, in the human visual
pigment. In fact, as expected, average heavy-atom hydrogen bond distances reveal significant
hydrogen bond network perturbations around the 11-cis-retinal in the rhodopsin binding pocket in

both M207R mutant variants compared with the hWT model (Table S2, Supporting Information).

-

No O, route (solvé'n"t' — B-ionone ring)

Route Fz  Solvent

Figure 7. O,-PMF isosurfaces at the contour values -1.0 (in red solid) and 1.0 (in gray wireframe) kT for the retinal
binding pocket of equilibrated rhodopsin structures embedded in a water box: a) bWT; b) hWT; ¢) hM207R; and d)
hM207Rpss. Red or orange transparent lines are placed on the most favorable region crossed by the routes Ag, B, Fg
or Gg into the network of O, pathways inside each rhodopsin. Schematically, the trajectory of each route is drawn
from the solvent (out of the iso-energy surface representation) to the -ionone ring (in yellow licorice). Both Lys296
and the rest of the 11-cis-retinal structure are in licorice representation coloured by atom types.
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The analyses are coincident in that the retinal ring is more accessible to O, in both M207R-mutant
variants with respect to the hWT counterpart (Figures 4-7, S5 and S7).

Here, putative migrations of O, are described inside human rhodopsins for the first time, which
will help to address not only current questions of the availability of O, at the retinal binding pocket
for photosensitizing reactions but also the accessibility of the singlet oxygen to the chromophore.
The latter could also be relevant for understanding the cis—trans isomerization, molecular events

in retinal degenerations, and optogenetics applications®.

Identifying photosensitizing energetic potentialities of 11-cis-retinal in rhodopsins embedded
within water solution. We determined average QM/MM energies associated with photosensitizing
potentialities of 11-cis-retinal in the protein environment of the WT and mutant rhodopsins.
Previous electron density analyses (using a similar QM/MM protocol) showed that both the
conjugated electronic st system and frontier molecular orbitals are placed on 11-cis-retinal at the
RBP?*%7, These findings are consistent with those describing the placement of HOMO and LUMO
orbitals on retinal, even when it is embedded in rhodopsins adopting the dark state
conformation'!*!3%131_The previous electron density analyses indicate the retinal as the responsible
chromophore of the light energy absorption into the QM region in WT and mutant M207R
rhodopsins. Therefore, the QM/MM energies described in this work are obtained using the
complete structure of 11-cis-retinal into the RBP due to its highly conjugated electronic
configuration®.

Excess energy in the retinal binding site of rhodopsins embedded in water after photoabsorption.
The 11-cis-retinal is the chromophore determining an intensive light absorption at ~500 nm in

bWT and hWT rhodopsins'*¢”%. The following simple analysis allows to identify that the excess
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energy after absorption of a photon by the opsin-embedded retinal is very close to or above the
excitation energy of singlet oxygen (22.5 kcal/mol'®!32) " in both the WT and M207R mutant
rhodopsins. The assumption of the energy gap reported for the ground and the lowest energy
excited electronic states of molecular oxygen is based on evidences of photosensitized O»(a'A,)
production by hydrophobic residues carrying s-clouds inside proteins®!. These experimental
determinations state that the O, quenching rate constant is defined by the protein flexibility and
the accessibility of the gas molecule to photosensitizer moieties in the polypeptide matrix instead
of changes on O, properties inside proteins®'.

In bBWT- and hWT rhodopsins within lipidic membranes or in non-membrane environments, the
energy absorbed (Ex) of ca. 57 kcal/mol'33667-69.7988 ex ceeds the energy of rhodopsin light activation
that ranges between 40 and 50 kcal/mol in vertebrate rods!**, whereas the stored energy (E;) into
the bathorhodopsin intermediate is in the range 3235 kcal/mol'**!**, Hence the difference between
Ex (i.e. hmax, VEE, AEs; s, or S;-state energy) and E; (32 —35 kcal/mol) leads to minimum- and
maximum-excess energies of 22 and 25 kcal/mol, respectively, in these WT rhodopsins.

In the M207R mutant rhodopsin structures, the bulkier positively charged group of Arg207 is
placed into the RBP region near the 3-ionone ring of the retinal chain (Figures 2 and 4), inducing
a large spectral blue shift leading to E4 values of 4 and 18 kcal/mol higher with respect to both WT
rhodopsins?**¢377! The absorption coefficient is also high for the wavelength of the blue-shifted
excitation light in the M207R mutant®®. On the other hand, the wavelength dependence of the
retinal cis—trans isomerization does not occur when the blue—shifting effect is below 500 nm'*.
Therefore, the significant spectral blue shift observed in the M207R mutant***’ would not disturb
the retinal isomerization process that could compete with the O, quenching. Nevertheless, non-

optimum retinal conformation for the photoisomerization reaction has been reported for the
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M207R mutant*. Either way, the excess energies can range from 26 to 45 kcal/mol, according to
the subtraction between minimum/maximum E, and E, values, even when the endothermicity in
the M207R-mutant structure is similar to that of the bathorhodopsin-WT intermediate. The AE7;-so
values calculated for the QM regions of the bWT, hWT, hM207R, and hM207Rpsg systems are
higher than the excitation energy of O,(a'A,), which indicate that it is possible to transfer energy
from the 7 state of retinal to the ground state of dioxygen, at least from a thermodynamic
standpoint (see Table 3).

The upper limit of the 7)-state energy of retinal has been established in 40 kcal/mol by
experimental measurements with a retinal analogue out of the protein environment'*’'**. The
calculated AE7,-s) values for the retinal inside all analyzed rhodopsins are reasonably between ca.

13.5 and 15 kcal/mol lower than that energy limit for retinoide triplets (Table 3).

Table 3. T,—S, energy gap (4 Eri-s0) and approximated ionization potential (IP,,,..) related
to the S, state of 11-cis-retinal embedded in QM/MM optimized rhodopsin structures.

System AE; g | —
bWT 256+02 1326 +64
hWT 265+1.0 161.6 7.2

hM207R 250x23 154169

hM207Rpsg 263+2.1 1444 +£53

“Energy and IP,,,.. values are given in kcal/mol and correspond to average values over five snapshots. IPgpr.x 1S
approximated as the negative of the HOMO energy at the Sy state. See Methods section for more details.

Several studies state that the intersystem crossing S;—7; occurs favorably between the retinal
excited states in different environments, including its binding pocket in rhodopsins?’-?:137:138 The
O: quenching of the S, state can generate singlet oxygen and induce ISC when AFEs; 1, is greater
than the O»(a'A,)-excitation energy'''*. This deactivation process competes with the ultrafast 11-

cis/all-trans isomerization reaction in the S, state® that occurs on the femtosecond time scale (200
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fs) in WT bovine rhodopsin, although the retinal isomerizes completely after a longer significant
time window than 3.2 ps'®. In fact, the photosensitized generation of O»(a'Ag) is also an ultrafast
and a diffusion-limited process depending on the collision between the excited photosensitizer and
O,*.

Although, studies describe the high efficiency (0.65) of the cis-trans retinal isomerization via S;/Sy
canonical intersection, their authors also state that the population of the 7 state can be a possible
deactivation path for this reaction after photoabsorption®!'* or energy transfer?. Specifically, the
11-cis-retinal in solutions generate long-lived triplet states that interact with molecular oxygen and
that produce singlet oxygen. In fact, the photosensitized generation of this reactive oxygen species
has been used as indicative of the significant role of the 11-cis-retinal triplet states in the
photoisomerization reaction®. These experimental results reveal that the photoisomerization from
this triplet state has an efficiency of 1 + 0.2, exhibiting that it is possible a significant quantitative
isomerization via 11-cis-retinal triplet. Subsequently, this excited state evolves to all-trans-retinal
triplet before being transformed to all-trans retinal (ground state). The excited triplet state of the
pB-ionone molecule has also been reported experimentally*. Moreover, theoretical results show
that retinal isomerization in the rhodopsin binding pocket can be mediated by the lowest excited
triplet state of the chromophore''*. These evidences support that the triplet population of 11-cis-
retinal can occur and be quenched by O to yield Ox(a'A,), being possible the implication of the 3-
ionone in this photosensitizing reaction.

According to the reported values of S;-state energy (vide supra) and the T'-state energy calculated
for WT and M207R rhodopsins (Table 3), the resulting AEs;—; values are higher than 30 kcal/mol
which is enough energy to generate O»(a'A,) from the lowest excited singlet state. Since the

population of the 7 state of retinal can be favored®*-!'+137.138 "jt is expected that the ISC rates
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exceed the quenching of the S; state being not much longer-lived than the 7 state. The longer the
T,-state lifetime of a photosensitizer, the higher the efficiency to produce O»(a'A;) when its
corresponding AE7r; s value exceeds 22.5 kcal/mol'®!!. Thus, the triplet-triplet energy transfer
from the previously light-excited retinal to O, would be highly probable in exothermic conditions
to generate O»(a'A,) and to compete with the photoisomerization of the chromophore during the
multiplicity change, being also possible the quenching of the excited triplet state of 11-cis-retinal
by O.. This assumption is in agreement with experimental results obtained by Feis et al.”®. These
authors demonstrated that the light-excited 11-cis-retinal, in aerated solutions, is able to generate
long-lived triplet states, which are quenched by O, to produce singlet oxygen with high quantum
efficiency (¢a=0.27 vs values of photoisomerization quantum efficiency, ¢ei, that ranges between
0.12 and 0.25 in solution). As also mentioned above, Borsarelli et al.* confirmed experimentally
the formation of the excited triplet state of the S-ionone molecule acting as a precursor for the
photosensitized production of singlet oxygen with a ¢a value of 0.16.

Recently, Valentini et al* reported a QM/MM study focused on the feasibility of retinal
isomerization mediated by the photosensitized lowest-lying triplet of the chromophore embedded
in bovine rhodopsin. The study suggests that this pathway of retinal isomerization is less efficient
with respect to the cis-trans photoisomerization of the singlet. These authors also assessed the
energy conditions for the production of photosensitized O»(a'A,) from this retinal triplet state and
propose that this reaction hardly contributes to retinal deactivation. The energy of the retinal triplet,
in that study, corresponds to one conformation of minimum obtained by scanning an internal
dihedral coordinate of the twist around the C11=C12 bond. Yet, the reported potential energy
surface of this scan appears very flat for the triplet close to the minimum, but not for the

corresponding ground states. Hence, one would expect the system to be able to explore this type
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of deactivation also at higher energies that exceed the singlet-triplet oxygen gap. Further
theoretical and experimental works are required to draw conclusions about the efficiency of
photosensitization at the RBP. In addition, the O»(a'A,) generation by quenching the retinal S-
state would not be ruled out either because of the S;-7; band gap and the S;-state energy of this
chromophore that can be higher than the excitation energy of Ox(a'A,), especially for the analyzed
mutant rhodopsins exhibiting a significant spectral blue shift. On the other hand, the conformation
of retinal embedded in these perturbed visual pigments could lead to an inefficient isomerization
reaction** to compete with an eventual and favorable photosensitization at the RBP. Therefore,
photosensitizing reactions at blue-shifted mutant rhodopsin cores hosting retinal could not be a
marginal process.

Although experimental results state that several retinal isomers, including 11-cis-retinal, can
efficiently produce Ox(a'A,) in aqueous solution upon light absorption®%_ it is not yet known
which part of the retinal molecule is primarily responsible. The generation of the singlet O»(a'Ag)
through photosensitization is a diffusion-limited process*, faster than the likely timescale of (large
scale) protein conformational changes. These observations evidence that even in polar media, the
T, states of the isomer 11-cis-retinal have sufficient lifetimes to be quenched by O, leading to
photosensitization reactions (Type II). Therefore, the O, quenching of these excited S; and 7} states
of retinal can be thermodynamically viable to induce photosensitized oxidation reactions into the

RBP of the analyzed WT and mutant rhodopsins.

Approximation to the ionization potential related to retinal inside water-solubilized rhodopsins.
In rhodopsins, the conjugated szt system of 11-cis-retinal leads to st transitions during the
excitation by visible light**?” and the retinal isolation by a protonated Schiff-base linked at the

RBP"3243638  can prevent aggregation and aqueous solvation phenomena. These retinal
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characteristics can reduce the chromophore reactivity, extending the 7';-state lifetimes of retinal at
the RBP for O, quenching. In fact, a low chemistry reactivity is expected from non-aggregating
compounds with high oxidation potential (or high ionization potential) in non-aqueous solvation
medium'1141,

The approximation to the ionization potential through the Koopmans formalism'"® shows that
1P opr0x values related to retinal in the QM region are lower in bWT, hM207R, and hM207Rpsg
rhodopsins than in the human WT counterpart (Table 3). Nevertheless, it would be expected a
similar behavior between 1P, values calculated for WT rhodopsins since they are obtained from
equal QM-optimization settings for the ground states of retinal inside these structures with high
compositional similarity in their binding sites®’. In addition, as discussed above, the excited S;-
and T-state energies of the WT systems are not significantly different.

The conserved OE2guiis — NZiysos salt bridge in both WT RBPs can explain the high
correspondence between the energy of excited states, as the counterion Glull3 is a crucial
determinant of the rhodopsin spectral properties®*!#* (Table S2, Supporting Information). On the
other hand, the IP,,,.... values could be more sensitive to the conformational changes taking place
in the rest of the bovine RBP, especially in the region closer to the S-ionone ring (Figure S10,
Supporting Information). Congruently with these conformational differences, the O, migration was
more favorable to the cyclohexenyl moiety of retinal in bWT than in hWT (where the RBP is more
protected against O, penetration, vide supra). The placement of the frontier orbitals on the 11-cis-
retinal of the systems investigated here’’, leave no doubt that the IP,,.. calculation is an
appropriate comparative approximation to that redox property of the chromophore into the RBP.
In bBWT and M207R mutant rhodopsins, the lower 1P, value associated with the electronic

configuration of the ground state of 11-cis-retinal, indicate the decrease of the ionization potential
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with respect to hWT (Table 3). The lower the ionization potential of a compound, the easier the
oxidation which would be reflected in its lower oxidation potential (E,»).

Previous works conclude that a decreased E,.of the sensitizer leads systematically to an increment
in the rate constants for O, quenching of lowest excited singlet (ks;9) and triplet states (kr,9) of
sensitizers, and to a decrease in the quantum efficiency (S,) of the latter to generate Ox(a'A,)'°.
Under this reasoning, compared to hWT rhodopsin, the singlet oxygen formation can become
faster from S; and 7 states related to 11-cis-retinal embedded into bWT, hM207R, and hM207Rpsg
rhodopsins (Table 3). In fact, a charger-transfer (CT) long-lived complex can be formed by
sensitizers exhibiting an ionization potential lower than 207.5 kcal/mol with little variation of ks,¢
values, which leads to a complete O, quenching'. Therefore, it would be expected a weaker CT
complex stabilization leading to an incomplete O, quenching of §; state in the hWT system. A
higher k5,2 value make more favorable (faster) the photosensitized O»(a'A,) production competing
with the fast 11-cis/all-trans isomerization reaction in the S, state?®. Regardless of S, behavior, a
viable and fast photosensitizing reaction in RBP can lead to undesired and destructive oxidations
affecting the structure and function of rhodopsins.

The photosensitizing reactions in the RBP of both WT rhodopsins would not be discarded from
the energetic standpoint (Table 3). However, a photosensitizing activity would not be probable in
the retinal binding site of hWT due to the absence of dioxygen near the known photosensitizer 3-

ionone ring™®

. On the other hand, the photosensitized O»(a'A,) production by the opsin-embedded
retinal can be possible for dark-state conformations of bWT, hM207R, and hM207Rpss structures
under these considerations. In comparison to hWT rhodopsin, our calculations predict that the 11-

cis-retinal can be quenched by O, to generate O,(a'A,) into the RBP perturbed by the M207R

substitution linked to RP.
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The cutoff wavelengths of the lens in the range 300 — 400 nm for young primates'>'6?! can prevent
that O, quenches excited aromatic residues® lining pathways of migration of the gas molecule in
the analyzed rhodopsins. Nevertheless, the anterior segment of the eye allows that the light exciting
the chromophore retinal (406 — 469 nm) impacts retina in M207R mutants. Both phenomena can
contribute to the availability of O, migrating through predicted pathways toward the -ionone ring
and of enough excited-state energy upon retinal excitation into the less protected RBP of M207R
mutants against such photosensitizing inputs. Since the intracellular action sphere of Ox(a'A,) is
larger than 20 nm'', and can alter protein structures'*, a photosensitized singlet-oxygen generation
by retinal could lead to significant irreversible changes into the RBP structure inside the RP-linked
mutant-M207R rhodopsin. The O, pathways described in this work for rhodopsins can also be the
passage of the reactive and destructive O,(a'A,) toward the RBP after being generated by other
photosensitizing reactions with implication in physiological, pathological or technological
processes. In these contexts, an oxidant microenvironment, caused by this kind of ROS in the
pathological scenario of RP associated with less stable mutant rhodopsins, may lead to consider
therapies that are based on flavonoid allosteric modulation of structurally perturbed rhodopsins.
This therapy proposes the use of flavonoids that can act as allosteric modulators and increase both
the antioxidant potential and the stability of mutant visual pigments'#*. In addition, the finding that
photosensitizing properties of retinal can be modified in protein environments may be used to

design photosensitizing rhodopsin-like tags in optogenetics*.

CONCLUSIONS

In this work, simulations indicate a loss of protection against the penetration of molecular oxygen

at the retinal binding site in the M207R mutant of human rhodopsin (regardless of the protonation
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state of the Schiff base). The fS-ionone ring is the region most accessible to dioxygen. After
photoabsorption, the protein core with retinal bound can host enough energy to photosensitize O,
in the WT and M207R mutant rhodopsins. A photosensitized oxidation reaction is unlikely in the
WT human rhodopsin because of structural protection against the migration of dioxygen toward
the retinal ring. However, our findings suggest that photosensitizing reactions cannot be ruled out
in the water-solubilized bovine-WT rhodopsin in terms of the accessibility of O, to the -ionone
moiety and of the excited-state energy due to retinal light excitation in comparison with the human
counterpart.

The blue-light absorbing M207R-mutant rhodopsins exhibit energies of the lowest excited triplet-
states that are similar to those found for the WT human rhodopsin absorbing at ~500 nm, which
lead to larger excited-state singlet-triplet energy gaps in mutants with or without protonated Schiff
base. The HOMO-energy analysis shows significant electronic configuration changes associated
with the ground state of retinal within the M207R-mutant cores that can lead to a decrease of the
chromophore ionization potential. Consequently, the O, quenching of the retinal excited states
could lead to faster generation of O»(a'A,) in the rhodopsin binding pocket due to the M207R
substitution linked to retinitis pigmentosa. Possible pathways for O, access to the -ionone ring
and excited-state energies of rhodopsin cores hosting the retinal chromophore are found in good
agreement with available experimental and theoretical data, which may help to understand the
viability and destructive effects of photosensitized oxidation reactions in visual pigments.

These findings reveal the photosensitizing potential of 11-cis-retinal embedded into water-
solubilized mutant rhodopsins, as well as the possible accessibility of singlet oxygen to their
protein cores, which could be associated with molecular mechanisms of retinal degenerations. Our

results also show that an amino acid substitution can modify the photosensitizing properties
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associated with retinal inside a photoactive protein. This indicates that rhodopsins could be
(re)designed rationally and applied as blue-light-absorbing markers that generate single oxygen.
Finally, we encourage that further theoretical and experimental studies are needed to get insights
into the efficiency of photosensitization reactions at blue-shifted mutant rhodopsin cores hosting

retinal.
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