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ABSTRACT

Melanopsin is a photopigment that plays a role in non-visual, light-driven, cellular processes such as modulation
of circadian rhythms, retinal vascular development, and the pupillary light reflex (PLR). In this study, compu-
tational methods were used to understand which chromophore is harbored by melanopsin in red-eared slider
turtles (Trachemys scripta elegans). In mammals, the vitamin A derivative 11-cis-retinal (A1) is the chromophore,
which provides functionality for melanopsin. However, in red-eared slider turtles, a member of the reptilian
class, the identity of the chromophore remains unclear. Red-eared slider turtles, similar to other freshwater
vertebrates, possess visual pigments that harbor a different vitamin A derivative, 11-cis-3,4-didehydroretinal
(A2), making their pigments more sensitive to red-light than blue-light, therefore, suggesting the chromophore to
be the A2 derivative instead of the Al. To help resolve the chromophore identity, in this work, computational
homology models of melanopsin in red-eared slider turtles were first constructed. Next, quantum mechanics/
molecular mechanics (QM/MM) calculations were carried out to compare how Al and A2 derivatives bind to
melanopsin. Time dependent density functional theory (TDDFT) calculations were then used to determine the
excitation energy of the pigments. Lastly, calculated excitation energies were compared to experimental spectral
sensitivity data from responses by the irises of red-eared sliders. Contrary to what was expected, our results
suggest that melanopsin in red-eared slider turtles is more likely to harbor the Al chromophore than the A2.
Furthermore, a glutamine (Q622‘56) and tyrosine (Y853‘28) residue in the chromophore binding pocket are shown
to play a role in the spectral tuning of the chromophore.

1. Introduction

In typical opsins, the binding pocket contains a vitamin A derivative
in the 11-cis configuration that acts as a chromophore (Palczewski et al.,

Opsin photopigments are a special type of G-protein coupled recep-
tor protein that convert light to a biochemical signal via a covalently-
bound chromophore. Opsins are mostly present in the photoreceptor
cells in the retina: cones (conopsins) for colored light and rods (rho-
dopsins) for brightness. Melanopsins (Opn4) are another branch of op-
sins (Provencio et al., 1998; Kumbalasiri et al., 2007) with close
homology to cephalopod opsins (Provencio et al., 1998; Terakita et al.,
2012). Like other opsins, melanopsin consists of seven transmembrane
alpha helices (Provencio et al., 1998). Melanopsin in turtles, in partic-
ular, is predicted to possess a uniquely long cytoplasmic tail with the
potential for many phosphorylation sites (Cheng et al., 2017).
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2000; Okada et al., 2004; Murakami & Kouyama, 2008; Park et al.,
2013). Once the chromophore absorbs a photon, it isomerizes to the all-
trans conformation (El-Tahawy et al.,, 2018; Gozem et al., 2012;
Sekharan et al., 2012; Marin et al., 2019). This isomerization creates a
conformational shift of the protein which initiates a signal transduction
pathway that eventually sends a signal to the brain or muscle cells.
Since the discovery of melanopsin, two orthologs have been found
for this protein, mammalian (Opn4m) and non-mammalian (Opn4x)
(Bellingham et al., 2006; Peirson et al., 2009; Porter et al., 2012). They
have evolved throughout fish, amphibians, reptiles, birds, and mam-
mals. Non-mammalian vertebrates (birds, reptiles, amphibians, and fish)
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have been found to have both forms while mammals only have the
mammalian form. These two forms have been found to have significant
differences in amino acid sequence, suggesting that they may perform
different functions (Bellingham et al., 2006).

Melanopsin is involved in certain non-image forming processes, such
as circadian rhythms and iris constriction, and is found to be expressed
in retinal ganglion cells of mammals (Hattar et al., 2002; Lucas et al.,
2001). In addition, melanopsin has been found to be expressed in the
retina and iris tissue (Provencio et al., 2000; Provencio et al., 1998; Xue
et al., 2011). Originally, melanopsin was not thought to be involved in
image forming but recent studies have shown otherwise (Sondereker
et al., 2020). Its expression in retinal and nonretinal tissues is suggestive
of a role in both visual and non-visual photoreception (Provencio et al.,
1998). Melanopsin mRNA has been isolated from irises and retinas of
red-eared slider turtles (Cheng et al., 2017; Dearworth et al., 2011),
although further studies are required to determine the tissue locations of
where protein expression actually occurs.

In addition to the uncertainty of where melanopsin is expressed, it is
not known what chromophore is present in the different forms of mel-
anopsins in turtles. This study aims to determine the retinal chromo-
phore that is likely to bind to the mammalian melanopsin in freshwater
red-eared slider turtles. Based on other vertebrates, the melanopsin
binding pocket consists of a retinal chromophore bound to a lysine
residue forming a protonated Schiff base (PSB) complex (Sekharan et al.,
2012). In turtles, the chromophore could be one of two vitamin A de-
rivatives: 11-cis-retinal (A1) or 11-cis-3,4-didehydroretinal (A2), struc-
tures shown in Fig. 1 (Liebman & Granda, 1971; Liebman, 1972).

The two potential chromophores are nearly identical in structure
except that the A2 has an extra double bond in the -ionone ring, which
extends the n-conjugated chain. The additional double bond in the A2
chromophore allows the molecule to absorb lower energy photons than
the Al chromophore, thus red-shifting the absorption wavelength.
Water is normally blue, but freshwater environments typically have
brownish-red water due to the tannins from decaying leaves (Lee et al.,
2003; Archetti et al., 2009). Since these tannins reflect red wavelengths,
the water has a red tint compared to water without any tannins.
Therefore, animals in this environment may be more likely to have A2
due to the environmental pressures, which require a molecule that can
absorb reddish light. On the other hand, saltwater does not typically
have these tannins and is more blue in color (Braun & Smirnov, 1993).
As a result, animals in marine environments require a molecule that
absorbs more blueish light and would be more likely to evolve proteins
with Al. Salmon are a good example of the chromophore dependence on
environmental pressure. Salmon have been found to contain both Al
and A2 in their rhodopsins. These organisms spend part of their life in
freshwater and the other part in saltwater. When they are in freshwater
their rhodopsins are found to contain A2 and when they are in saltwater
their rhodopsins contain Al (Enright et al., 2015). Freshwater turtles
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Fig. 1. Structure of the (A) 11-cis-retinal (A1) and (B) 11-cis-dehydroretinal
(A2) chromophores bound to a lysine residue via a protonated Schiff
base linkage.

have also been found to have A2 chromophores in their visual opsins,
while marine turtle species have Al in their visual opsins (Liebman &
Granda, 1971; Liebman, 1972).

The hypothesis driving the work presented here was that, due to its
freshwater environment, the melanopsin of red-eared slider turtles
contains the A2 chromophore. Previous work suggested A2 is present in
melanopsin of red-eared slider turtles based on a spectral sensitivity
study (Sipe et al., 2011). However, more recent work suggests that Al is
present for melanopsin in the iris and A2 is present for melanopsin in the
retina (Cheng et al., 2017). To resolve this issue, homology models of
melanopsin for red-eared slider turtles containing each chromophore
were constructed and investigated using quantum mechanics/molecular
mechanics (QM/MM) calculations and time-dependent density func-
tional theory (TDDFT). The calculated excitation energies were
compared to experimental spectral sensitivity data from responses by
the irises of red-eared slider turtles.

2. Methods
2.1. Homology model

The melanopsin homology model was generated using SWISS-
MODEL, a homology modeling website and database (Guex et al.,
2009; Benkert et al., 2011; Bertoni et al., 2017; Bienert et al., 2017;
Waterhouse et al., 2018). An amino acid sequence is provided as input,
and based on the sequence, a template crystal structure in the protein
data bank (PDB) is identified. SWISS-MODEL uses BLAST to find se-
quences that are the most similar to the input sequence. BLAST is an
algorithm that searches databases for protein or DNA sequence simi-
larities. It uses an arbitrary position-specific score matrix in association
with a substitution matrix for amino acids of similar chemical properties
(Altschul et al., 1997). Once a sequence has been inputted, a list of
templates is generated and ranked based on similarity to the input
sequence. The partial amino acid sequence of the mammalian mela-
nopsin, Opn4m, covering the transmembrane region of the protein
(UniProt Accession Number: E7CL04, 334 amino acids) (Dearworth
etal., 2011) for red-eared slider turtles was inputted into SWISS-MODEL
and a list of templates was generated. From this list of templates the
squid rhodopsin crystal structure (PDB ID: 2z73) was selected (Mur-
akami & Kouyama, 2008). Since melanopsin shares a close homology
with cephalopod opsins, the squid rhodopsin template was the best
choice to create the melanopsin homology model (Provencio et al.,
1998; Terakita et al., 2012).

The squid rhodopsin template covered from D3'2° to P304%%° and
the other amino acids were excluded from the model, as shown in Fig. 2.
The Ballesteros-Weinstein (BW) numbering is used to describe the amino
acid numbers in both squid rhodopsin and red-eared slider turtle
mammalian melanopsin sequences (Ballesteros & Weinstein, 1995). The
homology model was then generated using template-based fragment
assembly available in SWISS-MODEL, based on the sequence alignment
between squid rhodopsin and the mammalian melanopsin for red-eared
slider turtles. The Global Model Quality Estimate (GMQE) score is a
value from O to 1 that indicates the quality of the target-template
alignment and is based on how well the template covers the target
sequence, with higher values indicating better quality. The GMQE for
the mammalian melanopsin model for red-eared slider turtles was 0.73.
The QMEAN Z-score is another quality estimate based on how many
standard deviations the model quality is from the quality of experi-
mentally determined structures in the Protein Data Bank. Models with
QMEAN below —4.0 should be rejected. The QMEAN score for the
mammalian melanopsin model for red-eared slider turtles was —3.55,
which is low, but within the range of quality models. For comparison,
jumping spider rhodopsin (Varma et al., 2019) was also tested as a
template due to close homology with melanopsin, however the resulting
homology model had a QMEAN score of —-3.98 and was rejected in favor
of the squid rhodopsin model.
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Fig. 2. SWISS-MODEL alignments of squid rhodopsin crystal structure (PDB ID: 2z73) with the mammalian melanopsin for red-eared slider turtles. The sequence for
red-eared slider turtles is a partial sequence covering the transmembrane region (UniProt Accession Number: E7CL04, 334 amino acids). The template covers from

D326 to P304%5° with a 41.72% sequence identity and 42% sequence similarity.

The Al structure was added to the models after the protein structure
was constructed. The chromophore geometry was taken from the squid
rhodopsin crystal structure (PDB ID: 2z73) and added to the homology
models using PyMOL to align the homology model and the crystal
structure (“The PyMOL Molecular Graphics System, Version 2.0,” n.d.).
In order to construct the model with A2, the A1 structure was modified
by creating a new double bond in the p-ionone ring, as shown in Fig. 1.
To create the new double bond, one hydrogen was removed from each of
the carbons involved in the double bond (specific carbon numbers are
provided in the Supporting Information (SI), Figure S1). Waters identi-
fied in the squid rhodopsin crystal structure (Murakami & Kouyama,
2008) were also added to the homology model and were included in the
subsequent calculations. An ACE (acetyl) cap was added to the N-ter-
minus and NME (methylamine group) cap was added to the C-terminus
for each protein model produced. PropKa3 was used to predict the
protonation states of titratable amino acids (Olsson et al., 2011;
Sgndergaard et al., 2011). For all amino acids, except the K2787-4?
bound to Al, the predicted pKas were typical, and no change to their
typical protonation states at pH 7.0 was made. For K2787-*?, the pKa was
predicted to be 6.75, however it was kept protonated in the model.
k27874 is the well-known protonated Schiff base (PSB) covalently
bound to the A1l chromophore, which is known to be protonated in
opsins (and deprotonated upon activation) (Longstaff et al., 1986). It is
possible that the covalent bond to Al and the initial orientation of the
p-ionone ring, which is known to have a significant effect on the pKa of
the PSB (Zhu et al., 2013), could have led to the low pKa predicted for
K27874%,

2.2. Quantum Mechanics/Molecular mechanics level of theory

The absorption of light by the chromophore must be modeled using a
quantum mechanics (QM) approach, but the protein molecule is too
large to describe the entirely with QM. Thus, a combined QM/MM
approach was carried out for the melanopsin models for red-eared slider
turtles. A QM/MM calculation is a multilayered calculation consisting of
a high and low layer. Each layer is a selection of atoms in the system. The
high layer is calculated at a higher level of theory (the QM region) and
the lower layer is calculated at a lower level of theory (MM). The QM/
MM calculations were performed using the ONIOM (our Own N-layer
Integrated molecular Orbital molecular Mechanics) method provided
via the Gaussian 16 software (Dapprich et al., 1999; Vreven et al., 2003,
2006; Frisch et al., 2016). The ONIOM method approximates the energy
of the entire system by calculating the energy of the low layer, the en-
ergy of the high layer, and then subtracting the low layer energy
contribution from high layer atoms.

The entire protein was calculated at the low level of theory. The low

layer utilized the AMBER (Assisted Model Building with Energy
Refinement) force field parameters (Weiner & Kollman, 1981; Maier
et al., 2015). For the A1 chromophore attached to the lysine residue,
previously published parameters from a computational study on bovine
rhodopsin were utilized (Altun et al., 2008a). In order to form the
additional double bond on the f-ionone ring in A2, a hydrogen atom was
removed from each carbon involved in that double bond. To adapt the
Al parameters to A2, the partial charges of the hydrogens that were
removed were added to the charges of the carbons they were removed
from. Details on the force field parameters for the A1 and A2 chromo-
phores are provided in the SI Tables S1 & S2.

The high layer (QM region) consists of the chromophore atoms, the
protonated Schiff base (PSB), and the epsilon and delta carbon (CE and
CD) atoms of the lysine along with their hydrogens (Altun et al., 2008a).
The QM calculations of the high layer were carried out using Density
Functional Theory (DFT) (Hohenberg & Kohn, 1964; Kohn & Sham,
1965) at the CAM-B3LYP/6-311 + G(2d,p) level (Clark et al., 1983;
Krishnan et al., 1980; McLean & Chandler, 1980; Yanai et al., 2004).
This level of theory, and in particular the range-separated hybrid func-
tional CAM-B3LYP, was previously shown to predict chromophore
excited state properties that were in good agreement with high-level
calculations based on configuration interaction (CI) theory, such as
CASSCF, CASPT2/CASSCF, CC2, SORCI and MRCISD (Rostov et al.,
2010).

When the high layer is covalently bonded to the low layer, as is the
case for the opsins in this work, a link atom is required in order to
complete the valence of all the atoms in the high layer calculation. The
link atom is parameterized to be connected to an sp® carbon, so choosing
a C-C bond as the high/low layer partition is recommended (Dapprich
et al., 1999; Vreven et al., 2003). Partitioning the layers and adding a
link atom to the positively charged nitrogen would cause polarization
issues. Thus, the high layer was chosen to extend two carbons past the
PSB nitrogen. The link atom was a hydrogen atom replacing the CG atom
bound to the CD atom of the LYS.

2.3. Quantum Mechanics/Molecular mechanics calculations

The initial structure of each protein system was first optimized using
an MM calculation, where all the atoms were treated with classical force
field parameters (molecular mechanically). Next the geometry was
optimized (quantum mechanically) at the CAM-B3LYP/6-31G(2d) level
(Hehre et al., 1972; Hariharan & Pople, 1973, 1974; Gordon, 1980;
Francl et al., 1982; Binning Jr. & Curtiss, 1990; Blaudeau et al., 1997;
Rassolov et al., 1998, 2001; Ditchfield et al., 2003), then at the CAM-
B3LYP/6-311G(2d,p) level (McLean & Chandler, 1980; Krishnan et al.,
1980), and finally at the CAM-B3LYP/6-311 + G(2d,p) level (Clark
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et al., 1983). Each of the QM/MM optimization calculations were con-
ducted using mechanical embedding, where only the sterics — not the
electrostatics — of the low layer region affects the optimization of the
high layer. There were no constraints on any of the atoms in the
calculations.

Following the set of three QM/MM geometry optimizations, a time-
dependent DFT (TDDFT) calculation (Runge & Gross, 1984;
Bauernschmitt & Ahlrichs, 1996; Casida et al., 1998; Stratmann et al.,
1998; Van Caillie & Amos, 1999, 2000; Furche & Ahlrichs, 2002; Scal-
mani et al., 2006) was performed at the CAM-B3LYP/6-311 + G(2d,p)
level. Electronic embedding was used for the TDDFT calculation, where
the partial charges of atoms in the low layer affect the QM calculation of
the high layer. In TDDFT, the excitation energy of the molecule is
determined by using perturbation theory to simulate the molecule
absorbing a photon of light. The excitation data provided from a TDDFT
calculation — excitation energies and oscillator strengths — can be used to
generate absorption spectra. In order to approximate the extinction
coefficient that would be observed experimentally, the individual exci-
tation energies (i.e., the stick spectrum) are broadened using the
Gaussian broadening function provided in Equation (1) (Creating UV/
Visible Plots)

60) = e (D)exp | — (ﬂ - 5’)
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The excitation energy in wavenumbers, 7, is the average value in the
Gaussian distribution function and the standard deviation, ¢, describes
the width of the distribution. The constants in Eqn. (1) are Avogadro’s
number, N,, the charge and mass of an electron, e and m,, and the speed
of light, c¢. The 7; term corresponds to the energy of each individual
excitation, i. The f; term corresponds to the oscillator strength of each
excitation, which is related to the transition dipole moment and repre-
sents the probability for the transition to occur. The total absorption
spectrum is the sum of the extinction coefficients for all n individual
excitations, as shown in Equation (2).

@) = &) 2

In this work, the first 10 excited states were calculated for each
model and were converted to extinction coefficients based on Equation
(1). The total spectrum was then calculated according to Equation (2).
The default value of ¢ provided in GaussView is 0.40 eV (Dennington
etal., 2016) and was used in benchmarking the absorption of Al in squid
rhodopsin. However, a value of 0.35 eV was used for red-eared slider
melanopsin to best model the spectral sensitivity (Sipe et al., 2011)
observed in experiment. The value of 6 was determined by finding the ¢
value that produced an absorption spectrum with the lowest mean ab-
solute error compared to the spectral sensitivity data, as shown in the SI
Figure S4.

Calculated excitation energies for Al in squid rhodopsin were
compared to experimental absorption maxima for Al, both in the gas
phase and in squid rhodopsin (Knudsen et al., 2018; Shichida et al.,
1979). To carry out gas phase (in vacuo) TDDFT calculations of the
chromophore, the QM region, including the link atom, was taken out of
the protein environment after the set of three QM/MM optimizations
were performed on the full system, and then the chromophore structure
was optimized in the gas phase. To take into account the effect of the
protein environment on the structure of the chromophore, gas phase
optimizations were carried out in two ways: 1) the geometry of the
chromophore was frozen and only the position of the link atom (replaced
with a hydrogen) was optimized, and 2) the positions of all chromophore
atoms (including the link atom hydrogen) were optimized. Details of the

chromophore structures taken out of the protein are provided in the SI
Table S3. After the gas phase optimizations, TDDFT calculations were
carried out at the CAM-B3LYP/6-311 + G(2d,p) level.

Calculations were carried out on the Lafayette College shared high-
performance computing cluster and the Extreme Science and Engi-
neering Discovery Environment (XSEDE) (Towns et al., 2014).

3. Results and discussion
3.1. Benchmarking level of theory using squid rhodopsin

Calculated excitation energies and oscillator strengths for the So—S;
transition are provided in Table 1 for all A1 molecular systems consid-
ered (other information about the chromophore structures and excita-
tions are provided in the SI Tables S4-S8). Calculated excitation energy
of the A1 chromophore using the CAM-B3LYP/6-311 + G(2d,p) level of
theory were in agreement with the calculated literature value of 2.53 eV,
which was calculated using the same level of theory (Rostov et al.,
2010). As shown in Table 1, considering additional carbon atoms in the
QM model does not have a significant effect on the absorption spectrum.

When the A1 chromophore is in the opsin binding pocket, there is an
expected blueshift in the absorption energy. In bovine rhodopsin, the
blueshift was found to result from a nearby glutamate that stabilizes the
PSB (Ferré & Olivucci, 2003). In the melanopsin models, the PSB is
stabilized by nearby tyrosine and glutamine residues, which are ex-
pected to have a similar electrostatic effect on the PSB nitrogen (as
described in Section 3.2 below). To verify that the MM parameters used
to describe the chromophores reproduce this expected blueshift in the
protein environment, the calculated excitation energies for the chro-
mophore in vacuo were compared to the calculated excitation energies
for the chromophore in the protein environment. As shown in Table 1, in
Fig. 3, and SI Figures S2 & S3, the calculated results are consistent with
the expected blueshift from gas phase to protein environment.

Fig. 3 also shows the overestimation of the calculated excitation
energy compared to experiment. The overestimation is expected because
although range-separated hybrid functionals like CAM-B3LYP provide a
more accurate description of long-range excitations and correlate well
with experimental values, they are known to slightly overestimate
excitation energies (Jacquemin et al., 2014). As shown in Fig. 3A, the
calculated absorption maximum for the Al in the protein (blue) does not
quantitatively agree with the corresponding experimentally observed
absorption maximum (blue vertical line). In order to achieve quantita-
tive agreement with experiment, the calculated excitation energies were
shifted by -0.22 eV, which brings the calculated absorption maximum
into alignment with the experimental value, as shown in Fig. 3B. The
absorption spectrum of the retinal chromophore depends on the envi-
ronment of the chromophore. In the case of squid rhodopsin, the over-
estimations of excitation energies are not consistent across chromophore
environments. The calculated gas phase energies are more over-
estimated compared to experiment than the QM/MM (protein environ-
ment) energies, as evidenced in Fig. 3B, where the calculated and
experimental maxima are aligned for the protein environment, but not
for the gas phase environment. Since the calculations of melanopsin in
this work are carried out in the protein environment (i.e., QM/MM
calculations), it is most important that the calculated excitation energies
agree well with the experimental value measured in the protein envi-
ronment, thus the —0.22 eV shift was considered reasonable and was
applied to calculations of melanopsin in this work.

3.2. Comparison between calculation and experiment for melanopsin of
red-eared slider turtles

Previous work investigating the spectral sensitivity of the photo-
intrinsic iris response in red-eared slider turtles examined the sensi-
tivity of pupil constrictions to various wavelengths of light (Sipe et al.,
2011). The data ranges from 410 to 640 nm. The relative sensitivity was
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Table 1

Calculation summary for Al in squid rhodopsin. Excitation energies (eV) and oscillator strengths corresponding to the So—S; transition are shown for different
chromophore geometries in gas phase (in vacuo) and protein environments. Calculations were carried out at the CAM-B3LYP/6-311 + G(2d,p) level.

Chromophore Electronic Environment Optimization Gas Phase Optimization constraint Excitation Energy (eV) Oscillator Strength
Structure Environment
(shorthand) (Geometry)
(sqrh-pPSB-2C) Protein Protein None 2.76 1.27
(sqrh PSB) Gas Protein Frozen geometry 2.47 1.02
(sqrh PSB-2C) Gas Protein Frozen geometry 2.49 1.13
(PSB) Gas Gas None 2.51 1.42
(PSB-2C) Gas Gas None 2.53 1.51
(PSB-4C) Gas Gas None 2.54 1.53
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Protein Protein
—— Environment —— Environment
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Fig. 3. Calculated absorption spectra for Al gas phase (in vacuo, gray) and protein environment (QM/MM, blue). Shorthand from Table 1 is also included in pa-
rentheses for reference. Dotted vertical lines indicate the excitation wavelengths predicted by TDDFT. The solid vertical lines are experimental max values of 600 nm
(So—S1, gas phase), 415 nm (Sp—Sa, gas phase), and 489 nm (Sp—S;, protein) (Knudsen et al., 2018; Shichida et al., 1979). (A) Calculated excitation energies. (B)
Calculated excitation energies were shifted by —0.22 eV in order to align the absorption maxima for the calculated and experimental spectra in the protein

environment.

determined by taking the log reciprocal of the threshold for photo-
intrinsic iris response, in other words the amount of light that is required
for the pupil to constrict. Since melanopsin was found to be the major
driving force behind the pupil constriction (Dearworth et al., 2011; Sipe
et al., 2011), measuring the pupil constriction at different wavelengths
of light would be similar to measuring the absorption spectra of the
melanopsin protein. The relative sensitivity was converted to a loga-
rithmic scale and is plotted in Fig. 4 as black dots. Although the data
point at 410 nm is thought to arise from cryptochrome (Sipe et al.,
2011), it is shown here for completeness. While the 410 nm data point
was considered in the present work, as described in the SI Figure S4, it
does not affect the conclusions of this study.

The calculated extinction coefficient from the TDDFT calculations of
the melanopsin models for red-eared slider turtles with Al and A2
chromophores were converted to a logarithmic scale in order to compare
to the experimental results and are plotted in Fig. 4. The calculated
absorption maximum in Fig. 4 is shifted by -0.22 eV (based on the
benchmarking with squid rhodopsin described above) and a broadening
factor of 0.35 eV was applied to model the absorption line shape. The
calculated absorption maxima are 477 nm and 504 nm for Al and A2
models, respectively. (Raw, non-shifted calculated absorption data is
provided in the SI Table S9.) These absorption maxima are in good
agreement with the observed ranges of Opn4 absorption maxima
measured for other species as well (Newman et al., 2003; Koyanagi et al.,
2005; Qiu et al., 2005; Torii et al., 2007; Matsuyama et al., 2012; Sun
et al.,, 2014; Tsukamoto et al., 2015). The calculated absorbance

spectrum for the A1 chromophore in melanopsin for red-eared slider
turtles agrees better with the experimental photointrinsic iris response
data than the spectrum for the A2 chromophore. The good agreement
with experiment suggests that Al is the chromophore present in the
binding pocket of melanopsin in red-eared slider turtles, rather than A2.

To verify that minor differences in the value of the spectral shift do
not impact the conclusions of this work, shifts in the range of 0.17 eV to
0.24 eV were also tested for melanopsin of red-eared slider turtles.
Likewise, the broadening factor, i.e., standard deviation (o), which is
applied to model the line shape of the extinction coefficient, €, can also
affect how the calculated results compare to experiment, and broad-
ening factors in the range of 0.25 eV to 0.45 eV were tested. Each shift
and broadening factor were applied to calculate the extinction coeffi-
cient, which was then normalized by dividing by the maximum value of
. The log of the normalized value was then compared to the experi-
mental spectral sensitivity. For each calculated spectrum, the absolute
value of the differences between each experimental data point and the
calculated value were averaged to obtain the mean absolute error
(MAE), which is plotted in Fig. 5.

The calculated spectrum with the smallest MAE agrees best with the
experiment and indicates the shift and broadening factor that should be
applied to model the experiment. As shown in Fig. 5, the optimum
spectral shift is -0.23 eV with a broadening factor of 0.34 eV. In this
work, a spectral shift of —0.22 eV with broadening factor of 0.35 eV,
which also has a near-minimum MAE compared to experiment, was
chosen so that the shift is in agreement with the benchmarking for squid
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rhodopsin described in the previous section. However, we note that the
conclusions of the study are the same for both of these parameter
choices.

The differences between the A1 and A2 absorption spectra in mela-
nopsin of red-eared slider turtles (Fig. 4) can be understood by exam-
ining the protein environment around the chromophore. The excitation
energies for the So—8; transition for both chromophores in the protein
environment and gas phase (in vacuo) are provided in Table 2, along
with the differences between the Al and A2 excitation energies (other
excitations, oscillator strengths, natural transition orbitals, and struc-
tures are provided in SI Table S9-11). The excitation energy difference
between Al and A2 is smaller in the protein environment (-0.14 eV)
than in the gas phase (-0.30 eV). As shown in Table 2, the protein
environment blueshifts the absorption spectrum for the A2 chromophore
more than for the A1l chromophore.

As discussed in the previous section, the excitation energy of the
chromophore is expected to be blueshifted in the protein environment

Table 2

Shifted excitation energies of A1 and A2 melanopsin models of red-eared slider
turtles in the protein environment and gas phase, along with distance of sur-
rounding residues to NZ of the PSB chromophore-LYS complex.

Al A2 Difference
Opn4m Oxygen Atom in Oxygen Partial Distance from NZ (A)
Residue Residue Charge
Q62256 OFE1 -0.6086 3.1 3.0 0.1
v85%28 OH -0.5579 33 3.2 0.1
E1545¢12 OE2 -0.8188 37 38  -01
E1545¢12 OE1 -0.8188 58 58 0.0

Excitation Energy (eV)
Protein Environment 2.60 246 -0.14
Gas Phase Environment 2.32 2.02 -0.30
Difference 0.28 0.44 0.16

compared to the gas phase (Ferré & Olivucci, 2003). While the
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electrostatic interactions between the chromophore and the protein
binding pocket involve many amino acid residues, in bovine rhodopsin
the E113%28 counterion residue is thought to have a significant contri-
bution to the overall spectral shift (Fujimoto et al., 2007; Altun et al.,
2008b; Fujimoto, 2021). In bovine rhodopsin, the electrostatic interac-
tion between E113%2® and the PSB”*? shortens the hydrogen bond
distance to the nitrogen, thus stabilizing the positive charge on the ni-
trogen, which contributes to a blueshift in the absorption spectrum
(Ferré & Olivucci, 2003; Altun et al., 2008a, 2008b). In melanopsin of
red-eared slider turtles, the calculated A1 and A2 structures show that a
glutamine residue (Q622'56) isinvolved in the hydrogen bond network of
the PSB”-*? nitrogen. The glutamine interacts with the PSB, and those
electrostatic interactions may similarly stabilize the positive charge on
the nitrogen and contribute to the observed blueshift in the chromo-
phore absorption spectrum for the protein environment compared to the
gas phase.

The distances between the Q622'56 oxygen (OE1) and the PSB7-42
nitrogen (NZ) for melanopsin of red-eared slider turtles are recorded in
Table 2 and are shown in Fig. 6. There is a smaller distance between the
glutamine residue and the PSB for the A2 chromophore (3.0 10\)
compared to Al (3.1 10\), which provides evidence of a stronger inter-
action between the PSB and glutamine in the A2 structure. The stronger
interaction could stabilize the positive charge on the PSB nitrogen,
which may explain how the protein environment blueshifts the ab-
sorption spectrum for A2 more than for Al. Other nearby residues that
could potentially have similar polarizing effects on the PSB include a
tyrosine (Y85%2%) and a glutamate (E154%°'2), with distances also pro-
vided in Table 2. Y85%28 is also closer to the PSB7*? in A2 than in Al,
indicating it would also stabilize the PSB in A2 more than in Al. On the
other hand, E154%°'2 js actually farther away in the A2 structure than in
Al, and would be expected to stabilize the PSB in A1 more than in A2.

As a result, we expect that Q62%%% and Y85>2% have a stronger
combined effect on the PSB stabilization than E154°°"2, and the stabi-
lization results in a greater blueshift of the absorption spectrum for the
A2 chromophore. Both Q62%°¢ and Y85%2® are neutral while E15452 is
anionic, but a simple point charge Coulomb analysis shows that it is
indeed possible for the two neutral residues to have a stronger effect on
the PSB than the anionic E1545C'2, even though we do note the overall

T™M3

Y85
™7

Q62

TM™M6
T™M2

™1

Fig. 6. Binding pocket of melanopsin model for red-eared slider turtles
comparing structures with Al (blue) and A2 (orange) chromophores. The
labeled distances correspond to the distances between the 062%5¢ OE1, Y85°28
OH, and E154%"2 OE2 atoms and the NZ atom of the PSB”-*? chromophore-LYS
complex. Distances shown (yellow, dashed) are provided in Table 2.

electrostatic effect on the chromophore is due to the interaction of
multiple amino acids (all atoms) surrounding the chromophore (Fuji-
moto et al., 2007; Fujimoto, 2021). In the simple analysis, the relative
Coulomb potential at the PSB NZ nitrogen due to the oxygen atoms in
Table 2 was determined by taking the sum of each oxygen partial charge
divided by its distance from the NZ atom and then dividing the sum for
E1545C2 by the sum for Q62%°° and Y85%*%® combined. The negative
potential due to E1545°2 is 99% and 95% that of Q622°% and Y8528
combined, for Al and A2, respectively. Furthermore, in comparing the
relative Coulomb potentials for Al and A2, the potential from Q62%°°
and Y85%28 combined is more negative for A2 than A1, and the potential
from E1545CL2 is less negative for A2 than Al. Considering the magni-
tude of these relative increases and decreases in the negative potential
from A1 and A2, the increase due to Q62%°¢ and Y85%% is greater than
the decrease due to E1545C2, This analysis indicates there is a smaller
(less negative) potential present at the PSB nitrogen due to E1545¢12
oxygen atoms than the Q62%°¢ and Y85%2® oxygen atoms. This simple
analysis only points out the possible role of Q62%°® and Y85%2% in
spectral tuning; it does not take into account the full electrostatic
interaction due to binding site residues. Further investigations are
currently underway in our lab to elucidate the relative importance of
binding site residues on spectral tuning in melanopsin for red-eared
slider turtles.

4. Conclusions

This work sought to determine whether the A1l or A2 chromophore is
present in melanopsin of red-eared slider turtles using QM/MM and
TDDFT calculations. It was hypothesized that the A2 chromophore
would be present due to the freshwater environment of red-eared slider
turtles and the presence of A2 in other freshwater turtle opsins. To test
the hypothesis, a homology model of melanopsin for red-eared slider
turtles was constructed based on the experimental structure of squid
rhodopsin. The structure was optimized using the ONIOM QM/MM
approach, and TDDFT calculations were carried out to determine the
UV-Vis absorption energies of each chromophore. The calculated
spectra were compared to experimental spectral sensitivity data based
on the photointrinsic response of irises from red-eared slider turtles. The
calculated absorption spectrum for A1 had a smaller mean absolute error
compared to experimental values than for A2. Thus, the results of this
study disagree with the initial hypothesis and indicate it is actually the
Al chromophore present in melanopsin of red-eared slider turtles.

The results of this study agree with the previous experimental
observation of Al in the iris (Cheng et al., 2017). However, other
experimental results can also be explained by assuming A2 in the iris
(Sipe et al., 2011). The calculations in the present study were carried out
for Opn4m, but gene transcripts of both Opn4m and Opn4x have been
found in the iris. Opn4x was not considered here because the full
sequence of the transmembrane region of melanopsin in red-eared slider
turtles is only available for Opn4m, not Opn4x. While Opn4m-with-Al
agrees well with the experimental spectral sensitivity for red-eared
slider turtles, the calculations do not rule out the possibility that
Opn4x-with-A2 could also agree well with experiment. We also
acknowledge the comparison requires restraint since the pupil response
curve from the photointrinsic iris response in red-eared turtles is a
composite involving multiple photopigments not only including cryp-
tochrome but also a combination of both Opn4x and Opn4m, each of
which could even have different spectral properties (cf., in chicken
(Torii et al., 2007)). Therefore, this study raises the question of how
differences in Opn4x and Opn4m may affect which chromophore is
present in the protein. This study also highlights the need to further test
the general hypothesis that freshwater turtle melanopsin contains A2,
while marine turtle melanopsin contains Al. Further investigation of
differences between freshwater and marine turtle melanopsins,
including both Opn4m and Opn4x, are the focus of ongoing in-
vestigations in our lab.
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