
Molecular Mechanisms Underlying the

Spectral Shift in Zebrafish Cone Opsins

L. América Chi,∗,! Shubham Kumar Pandey,! Wojciech Kolodziejczyk,§ Peik

Lund-Andersen,∥ Jonathan E. Barnes,§ Karina Kapusta,¶ and Jagdish Suresh

Patel∗,§,!

!Department of Chemical and Biological Engineering, University of Idaho, Moscow, Idaho,

United States of America

§Department of Chemistry, Physics and Atmospheric Sciences, Jackson State University,

Jackson, Mississippi, United States of America

∥Department of Biological Sciences, University of Idaho, Moscow, Idaho, United States of

America

§Institute for Modeling Collaboration and Innovation, University of Idaho, Moscow, Idaho,

United States of America

¶Department of Chemistry and Physics, Tougaloo College, Tougaloo, Mississippi, United

States of America

E-mail: achi@uidaho.edu; jspatel@uidaho.edu

1

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2024. ; https://doi.org/10.1101/2024.09.24.614827doi: bioRxiv preprint 



Abstract

Visual pigments are essential for converting light into electrical signals during vi-

sion. Composed of an opsin protein and a retinal-based chromophore, pigments in

vertebrate rods (Rh1) and cones (Rh2) have different spectral sensitivities, with dis-

tinct peak absorption wavelengths determined by the shape and composition of the

chromophore binding pocket. Despite advances in understanding Rh1 pigments such as

bovine rhodopsin, the molecular basis of spectral shifts in Rh2 cone opsins has been less

studied, particularly the E122Q mutation, which accounts for about half of the observed

spectral shift in these pigments. In this study, we employed molecular modeling and

quantum mechanical techniques to investigate the molecular mechanisms behind the

spectral difference in blue-shifted Rh2-1 (absorption peak = 467 nm, 122Q) and green-

shifted Rh2-4 (absorption peak = 505 nm, 122E) zebrafish cone opsins. We modeled

the pigments 3D structures based on their sequences and conducted all-atom molecu-

lar dynamics simulations totaling 2 microseconds. Distance analysis of the trajectories

identified three key sites: E113, E181, and E122. The E122Q mutation, previously

known, validates our findings, while E181 and E113 are newly identified contributors.

Structural analysis revealed key features with differing values that explain the diver-

gent spectral sensitivities of Rh2-1 and Rh2-4: 1) chromophore atom fluctuations and

C5-C6 torsion angle, 2) binding pocket volume, 3) hydration patterns, and 4) E113-

chromophore interaction stability. Quantum mechanics further confirms the critical

role of residue E181 in Rh2-1 and E122 in Rh2-4 for their spectral behavior. Our study

provides new insights into the molecular determinants of spectral shifts in cone opsins,

and we anticipate that it will serve as a starting point for a broader understanding of

the functional diversity of visual pigments.

Introduction

Visual pigments are indispensable for an organism’s survival, playing a pivotal role in es-

sential activities such as mating, foraging, and predator avoidance. Located in the rod and

2

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2024. ; https://doi.org/10.1101/2024.09.24.614827doi: bioRxiv preprint 



cone photoreceptors of the retina, these molecules are crucial for the initial conversion of

light into electrical signals. Rod photoreceptors facilitate vision in dim light, while cone

photoreceptors are responsible for daylight and color perception. Together, they enable the

brain to interpret these signals as vision. Understanding the mechanisms underlying visual

pigments’ function is not only fundamental but also central to diverse fields ranging from

physiology to bioengineering.1,2

Each visual pigment is composed of two primary elements: an opsin protein and a retinal-

based chromophore, with the chromophore attached to the protein via a protonated Schiff

base (PSB) linkage. These pigments exhibit a remarkable diversity of spectral sensitivities,

reflecting their adaptive responses to different environments. The range of spectral sensitivi-

ties for each visual pigment and the corresponding maximum absorption wavelengths (λmax)

are influenced by the type of chromophore and the associated opsin protein. Given that the

most common chromophore is 11-cis retinal,3 the shape and composition of the retinal bind-

ing pocket in the opsin protein are critical in determining the spectral sensitivity differences

among visual pigments.4–6 For instance, an 11-cis-retinal molecule dissolved in an organic

solvent like ethanol typically exhibits a λmax of approximately 440 nm.7 However, within

visual pigments, this λmax can vary from about 420 to 560 nm, largely due to interactions

with residues in the protein’s binding site. The shift in λmax from that of the PSB model

compound in solution to that in the visual pigment is known as the “opsin shift”. This term

is also employed to describe variations in λmax among different pigments. While progress has

been made and some important insights have been gained, fully elucidating the molecular

basis of spectral tuning in visual pigments remains a formidable challenge.

Vertebrate visual opsins are classified into five phylogenetic groups based on their ab-

sorption spectra: rod opsin or rhodopsin (RH1), rhodopsin-like cone opsins 2 (RH2), short-

wavelength-sensitive cone opsins 1 and 2 (SWS1/SWS2), and medium/long-wavelength-

sensitive cone opsins (M/LWS).8 Bovine rhodopsin (referred to as Rh1 from this point)

was the first visual pigment with a determined experimental structure, leading to extensive
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research on its function and mechanisms.9,10 Recent advancements have also revealed the

structure of human LWS cone opsin,11 broadening our understanding of visual pigments.

However, experimental structures for other families, including RH2 cone opsin, are still lack-

ing, leaving the spectral tuning mechanisms of RH2 cone pigments less explored. Fortunately,

the high homology between RH1 and RH2 opsins allows the use of homology modeling to

investigate the spectral tuning mechanisms of RH2 cone opsins. In particular, zebrafish, a

model organism for understanding the mechanisms of vision and developing potential ther-

apies for vision-related conditions,12 possess four duplicated RH2 opsin genes (RH2-1 to

RH2-4).13 The reconstituted photopigments from these genes (Rh2-1 to Rh2-4), with 11-cis

retinal, exhibit a broad range of absorption spectra (450-540 nm), providing an excellent

model to study spectral tuning mechanisms of RH2 in vertebrates.13

In general, at least 20 mutation sites in opsin pigments have been shown to cause notable

spectral shifts via experimental reconstitution of vertebrate visual photopigments using a

labor-intensive heterologous cell-culture system that measures absorption spectra.14 One

substitution that causes a large spectral shift occurs at site 122.14,15 Residue 122 is one of

the 27 amino acids forming the retinal-binding pocket, located within 4.5 Å from 11-cis

retinal, lining the β-ionone ring of the retinal chromophore in bovine rhodopsin (Rh1).16

Replacement of highly conserved glutamate by glutamine (E122Q) at this site has been

specifically studied in Rh1, resulting in a spectral blue shift (shorter wavelengths) between

15 and 21 nm.14 One proposed mechanism in Rh1 suggests that the β-ionone ring of retinal

is stabilized by rhodopsin’s electric dipole groups, particularly the electronegative carboxyl

oxygen of GLU122, resulting in a green shift in the Schiff base’s excited state.17 On the other

hand, the E122Q replacement resulted in a 13 nm blueshift to the coelacanth Rh2 pigment.18

In contrast, in zebrafish, the inverse amino acid substitution (Q122E) in Rh2-1 accounts for

half of the spectral difference (19 nm out of 39 nm) between Rh2-1 and Rh2-4.19 Instead,

the forward mutation (E122Q) in a named ancestor 1 explains almost half (15/32) of the

spectral difference between ancestors 1 and ancestor 2. The same mutation in ancestor 3,

4

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2024. ; https://doi.org/10.1101/2024.09.24.614827doi: bioRxiv preprint 



explains the majority (14/18) of the spectral difference between ancestor 3 and Rh2-3.20

Besides the remarkable importance shown for the E122Q/Q122E mutation, the molecular

mechanism behind this mutation-induced spectral shift remains elusive.

In this study, we used molecular modeling and quantum mechanical techniques to ex-

plore the molecular mechanisms behind the spectral shifts in zebrafish Rh2-1 (λmax = 467

nm) and Rh2-4 (λmax = 505 nm) cone opsins, the most blue- and green-shifted Rh2 genes

respectively, with special emphasis on the spectral shift induced by the E122Q mutation.

We modeled the 3D structures of these pigments based on their opsin sequences and per-

formed microscale atomistic classical molecular dynamics (MD) simulations, totaling 2 µs, in

a membrane and aqueous environment. From these simulations, we extracted both static and

dynamic structure-based features to identify functionally critical amino acid sites, revealing

both previously known and novel sites. We then proposed how these features contribute to

understanding the molecular mechanisms underlying spectral shifts in these systems. Our

key findings highlight the significant role of residues GLU113, GLU181, and GLN/GLU122

in the spectral shifts of Rh2-1 and Rh2-4 pigments.

Results

The global structural fluctuation differs between Rh2-1 and Rh2-4

pigments

While Rh2 pigments show similar flexibility patterns to Rh1, significant global structural

changes have been observed between Rh2-1 and Rh2-4 photopigments. Both are 349 residue-

long zebrafish proteins that have high sequence homology (83%) between them and with their

bovine Rh1 paralog (66% and 71%, respectively) as shown in Figure S1 (see Supplemental

Material). The structure of Rh2-4 photopigment highlighting characteristics of an opsin pro-

tein is shown in Figure 1a-b, including the seven transmembrane helices, the antiparallel sheet

motif interacting with the chromophore from the extracellular side, and the 11-cis retinal
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chromophore attached to residue LYS296 in helix 7. We first analyzed the root mean square

deviation (RMSD) of the Cα atoms for both Rh2-1 and Rh2-4 pigments to observe global

fluctuations. We observed that the systems reached equilibrium within the first nanosec-

onds of the MD simulation and maintained stable structures throughout (Figure S2 of the

Supplemental Material). Figure 1c-d shows the root mean square fluctuation (RMSF) of the

Cα atoms for the Rh2-1 and Rh2-4 and the corresponding RMSF values are mapped onto

their 3D structures. Experimental β-factors for Rh1 are shown for comparison. Overall, high

fluctuations occur in the coil/loop/β-sheet inter-helical regions in all systems. The Rh2-4

RMSF profile shows significantly higher fluctuations at the N-terminus, in coil/loop/β-sheet

inter-helical regions, and the first segment of helix 6.

The local environment diverge in Rh2-1 and Rh2-4 pigments

Local structural changes were observed between Rh2-1 and Rh2-4 pigments. The volume of

the chromophore pocket over time (Figure 2a) shows differences, with Rh2-4 maintaining a

larger pocket volume compared to Rh2-1. The residues surrounding the chromophore pocket

are presented in Figure 2b, showing different environments in the Rh2-1 and Rh2-4 systems.

In general, the chromophore is surrounded by charged (GLU) and polar (SER) residues near

the protonated nitrogen or Schiff base proton (N+/SBH+) region and hydrophobic (PHE,

TRP, ALA, LEU) residues around the β-ionone ring. In both systems, GLU113 and SER186

line the SBH+. In addition, Rh2-1 chromophore is lined by GLU181, SER94, PHE91, and

CYS187, while Rh2-4 is lined by ALA117. For the β-ionone ring, both systems have LEU125

and TRP265 as lining residues. However, Rh2-1 has additional residues PHE261, PHE212,

GLN122, and ALA269, while Rh2-4 has GLU122, GLY121, and HIS211. The chromophore

in Rh2-1 and Rh2-4 is surrounded by residues that are also found in the binding pocket of

bovine Rh1, as shown in Figure S3 in the supplemental material. An important difference

is that of the 27 sites found in the Rh1 pocket, Rh2-1 coincides with 25 and Rh2-4 with 23.

Among the residues shared with Rh1, variations are noted at several sites: site 94 hosts a
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Figure 1: Comparison of structural fluctuations in Rh2-1 and Rh2-4 pigments. The Rh2-4
pigment is shown in side (a) and top (b) views, with the seven transmembrane helices de-
picted in the tube representation, the chromophore in the stick representation, and the an-
tiparallel sheets motif in the cartoon representation. Root Mean Square Fluctuation (RMSF)
profiles of Rh2-1 (blue line) and Rh2-4 (green line) visual photopigments during 1µs long
MD simulations are mapped onto 3D structures (c) and plotted along amino acid residue
numbers (d). Experimental β-factors for bovine rhodopsin (Rh1) are shown in the gray line
as a reference (Right Y axis).10 Shadow spots highlight the seven transmembrane helices
reported for Rh1.
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threonine in Rh1 and Rh2-4, but a serine in Rh2-1; site 122 hosts glutamate in Rh1 and

Rh2-4, and glutamine in Rh2-1; site 189 has isoleucine in Rh1, but is replaced by proline

in both Rh2-1 and Rh2-4, and site 295 contains an alanine in Rh1, but a serine in both

Rh2-1 and Rh2-4. The presence or absence of specific residues near the chromophore may

influence how opsins fine-tune their absorption properties. To assess whether these changes

are consistent on average, we performed a detailed distance analysis, as discussed in the

following section.

a) b)
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1
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5
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Figure 2: Variations in the local structure around the chromophore in Rh2-1 and Rh2-4
pigments. a) The volume of the chromophore pocket over time. b) Residues lining the
chromophore pocket (β-ionone ring and N+) for representative structures.

Distance analysis pinpoint potential critical sites

Notable changes in the distances between the centers of mass of helix 7, which contains

the chromophore, and the β2-sheet motif or helix 3 were observed in Rh2-4 compared to

Rh2-1 (Figure S4 in the Supplemental Material). While all helices exhibit some degree of

bending, Helix-5 shows significantly more bending in Rh2-1 compared to Rh2-4 (Figure S5

in the Supplemental Material). To examine more closely which sites might be involved in

significant structural changes, we measured the relative differences in distances between the

residues and the chromophore (Figure 3, revealing that several residues in Rh2-4 tend to

be further/closer from the chromophore than those in Rh2-1. Residues at sites 181, 292,

and 187 were significantly farther from the N+, whereas residues at sites 90, 113, and 117

remained closer. Residues at sites 122, 211, and 212 were significantly farther from the
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N+, whereas residues at site 268 remained closer. From the sites identified in the distance

analysis, we chose to further investigate sites 113, 122, and 181, which have been moderately

to extensively discussed in the bovine rhodopsin literature.

Figure 3: Relative difference in the distances of the residues from the chromophore. This was
measured specifically for those residues whose Cα atoms were within 8 Å of the chromophore.
We first measured the distance between Cα atoms and the protonated nitrogen/β-ionone
ring, then averaged these distances across the entire simulation. Thus, we compared the
difference between the same residue-chromophore pair in Rh2-4 to those in Rh2-1. In this
context, grey indicates that the average distance from a specific residue to the chromophore
domain (protonated nitrogen N+ or β-ionone ring) is shorter in Rh2-1 than in Rh2-4, while
orange signifies that the distances are greater.

Chromophore structure dynamics vary within Rh2-1 and Rh2-4 pro-

teins

Chromophore dynamics vary within Rh2-1 and Rh2-4 proteins. Figure 4a displays the chem-

ical structure of the chromophore covalently attached to LYS296 (LYR). The RMSF of the

LYR Cα atoms is shown in Figure 4b, where Rh2-4 exhibits higher fluctuations compared to

Rh2-1, especially towards the β-ionone ring. In Figure 4c, the LYR radius of gyration (Rg)

over time shows that Rh2-4 maintains a slightly larger radius, reflecting a more extended

chromophore conformation. Figure 4d-e presents the key angle distributions. The peak in

the histograms for the CD-CE-N+-C15 torsion angle in Rh2-1 is noticeably shifted to higher

angles compared to Rh2-4. The histogram for the C7-C6-C1-C16 torsion angle in Rh2-1 is

monomodal, whereas in Rh2-4 it is bimodal. The peak in Rh2-1 overlaps with the higher an-

gle peak in Rh2-4. The histogram for the C5-C6-C7-C8 torsion angle in Rh2-1 is monomodal,

whereas in Rh2-4 it is bimodal. The peak in Rh2-1 overlaps with the negative angle peak
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in Rh2-4. The peaks in the histograms for the CA-N+-C13/C14-C10-C2 geometric angles in

Rh2-1 are noticeably shifted to lower angles compared to Rh2-4.

CD-CE-N
+
-C15

C7-C6-C1-C16

C5-C6-C7-C8

C14-C10-C2

CA-N
+
-C13

a)

c)

e)

d)
O
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CE 15
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8
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6
16
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4

5

18

N
+

b)

Figure 4: Chromophore dynamics and structural analysis within Rh2-1 and Rh2-4 proteins.
a) The chemical structure of the chromophore plus LYS296 (LYR), with specific atoms
and torsion angles analyzed. b) The RMSF of the LYR atoms in Rh2-1 (blue) and Rh2-4
(green) proteins. c) The radius of gyration (Rg) for residue LYR over time. d) Torsion
angle distributions for key bonds within the chromophore: CD-CE-N+-C15, C7-C6-C1-C16,
C5-C6-C7-C8. e) Geometric angle distributions for CA-N+-C13, and C14-C10-C2.

Chromophore interactions with its environment in Rh2-1 and Rh2-4

Chromophore-opsin interactions show differences between Rh2-1 and Rh2-4 pigments. Fig-

ure 5 show a detailed view of the interactions of the residue with LYR. Hydrogen bonds (HBs)

are observed between the SBH+ and the GLU113 counterion in both systems. In the Rh2-1

system, additional HBs are formed between the NH of LYS296 and ALA292, and between

the CO of LYS296 and VAL300. Conversely, in the Rh2-4 system, an HB is formed between
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the NH of LYS296 and PHE293. The additional presence of GLU181 in the Rh2-1 system is

noteworthy; GLU181 is oriented toward the chromophore, creating a differentially positively

charged environment around the chromophore, which is not observed in the Rh2-4 system.

GLN122 polar residue is oriented towards the β-ionone ring of the chromophore in Rh2-1,

whereas the positively charged residue GLU122 is directed away from the chromophore in

Rh2-4. Additionally, the chromophore pocket is more hydrated, and lipid molecules stay

closer in Rh2-4 compared to Rh2-1 (Figures S6-S7 from Supplemental Material).

a)

Rh2-4Rh2-1

b)

Figure 5: Chromophore-opsin interactions in Rh2-1 and Rh2-4 pigments. The two-
dimensional schematics provide detailed views of residue interactions, including hydrogen
bonds (magenta arrows), hydrophobic (green), polar (blue), and charged positive (red). The
diagram was built with the Maestro Schrödinger suite.21

The key role of GLU113, GLU181 and GLU/GLN122 in differential

pigments behavior

The chromophore is significantly influenced by key residues E113, E181, and GLU/GLN122.

Figure 8 shows the relative positions and orientations of these residues to the chromophore or

between them in both systems. Figure 8a depicts the orientation of each residue around LYR

of Rh2-1, while Figure 8b represents Rh2-4 case. The distance between the GLU/GLN122

residue and the β-ionone ring of the chromophore is larger in the Rh2-4 system. The distance
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between the GLU181 residue and the polyene region of the chromophore is larger in the Rh2-

4 system. The distance between the GLU181 residue and residue GLU/GLN122 is larger in

the Rh2-4 system.

Q122

E113
E181

1

2

3

Rh2-1

E122

E113

E181

1

2

3

Rh2-4a) b)

Figure 6: Distance and orientation between key residues in a) Rh2-1 or b) Rh2-4. 1) The
distance between the GLU/GLN122 residue and the β-ionone ring of the chromophore. 2)
The distance between the GLU181 residue and the polyene region of the chromophore. 3)
The distance between the GLU181 residue and residue GLU/GLN122.
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Residue GLU113, the counter ion for the PBS+, shows a differential behavior in Rh2-

1 compared to Rh2-4. In Rh2-1, GLU113 can form HBs with NH+ of the SBH+, OH of

SER94, or OH from water molecules (Figures S8-S9 from Supplemental Material). While

the interaction with NH+ occurs frequently during the simulation, with an occupancy of 99%,

the interaction with SER94 is less frequent, with an occupancy of 80%, and even lower for

the water molecules, with an occupancy of 18%. In Rh2-4, GLU113 can form HBs with NH+

of the SBH+, OH of SER186, or OH from water molecules. The interaction with NH+ occurs

frequently during the simulation, with an occupancy of 92%, the interaction with SER186

with an occupancy of 95%, and lower for the water molecules, with an occupancy of 19%. We

also looked at the distances between the oxygen atoms of the GLU113 counterion and the N+

and angles between the donor-acceptor (Figure S8 from the Supplemental Material), and we

found that the distances and angles are more frequently within the ideal range for hydrogen

bond formation in Rh2-1 compared to Rh2-4. In summary, GLU133-SBH+ interaction seems

more stable in Rh2-1 than in Rh2-4.

Residue 122, the residue whose change Q/E accounts for an important shift in the peak

spectral absorption, shows a differential behavior in Rh2-1 compared to Rh2-4. In Rh2-1,

GLN122 can form HBs with CO backbone atoms from H211 or NH-backbone/NH side chain

atoms from TRP126 (Figures S10-S11 from Supplemental Material). The interaction with

H211 occurs with an occupancy of 93%, and the interaction with TRP126 is less frequent,

with an occupancy of 80%. In Rh2-4, GLU122 can form HBs with NH-backbone/NH side

chain atoms from TRP126 or NH backbone atoms from CYS167. The interaction with

TRP126 with an occupancy of 2.7%, and even lower for CYS167, with an occupancy of

0.4%. In summary, residue 122 has a more stable HB network in Rh2-1 than in Rh2-4.

Residue GLU181 exhibits differential behavior in Rh2-1 compared to Rh2-4. In Rh2-1,

GLU181 can form HBs with the OH side-chain groups from TYR268 and SER186 or OH

from water molecules (Figures S9-S10 in the Supplemental Material). The interaction with

TYR268 has an occupancy of 94%, the interaction with SER186 has an occupancy of 93%
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and it interacts with 1 water molecule with an occupancy of 13%. In Rh2-4, GLU181 can

form HBs with OH side-chain groups from TYR268, TYR191/TYR192, or water molecules.

The interaction with TYR268 has an occupancy of 99.5%, interactions with TYR191 and

TYR192 have lower occupancies of 41% and 39%, respectively and it interacts with 10 water

molecules with occupancies below 25%. In summary, residue GLU181 has a more stable HB

network with other residues in Rh2-1 than in Rh2-4.

Electronic effects of opsin shifts in Rh2 photopigments through QM/MM

optimization and TDDFT analysis

To investigate the electronic effects influencing the experimentally observed opsin shift,

we conducted QM/MM (quantum mechanics/molecular mechanics) optimization following

quantum mechanics excited state calculations. For the initial QM/MM optimization, the

chromophore and GLU113 residues were included in the QM region as entire residues (in-

cluding a side chain and a backbone). Analysis of the optimized structure (Figure 7a)

revealed that, in addition to forming a salt bridge and hydrogen bond with GLU113, the

NH+ of the SBH+ engaged in an additional π-cation interaction with PHE293 in the Rh2-

1 protein. This interaction was absent in the Rh2-4. The hydrogen bonds between the

LYR296 backbone and ALA292 and VAL300 remained unchanged for Rh2-1, as did the hy-

drogen bond between the chromophore backbone and PHE293 for Rh2-4. A newly formed

π-cation interaction suggested that including PHE293 in further optimizations could improve

accuracy. The preliminarily optimized structure was then re-optimized, with LYR as an en-

tire residue and GLU113 and PHE293 as side chains included in the QM region. Despite

this adjustment, the 3D structures of both Rh2 photopigments remained mostly unchanged

(Figure 7b), except for the hydrogen bond with ALA292 being broken for Rh2-1. To assess

chromophore-opsin’s absorption properties, LYR interactions were subsequently analyzed to

select specific residues for TDDFT calculations. Various functional/basis set combinations,

both in the gas phase and water solvent, produced consistent results, with the absorption
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maximum for Rh2-1 showing a significant redshift compared to Rh2-4 (23–37 nm, method-

dependent). However, this trend contradicted known experimental data, indicating that the

optimized structure was insufficient to describe the Rh2 system accurately. Nonetheless, the

TDDFT results (Table S1 in Supplemental Materials) allowed us to benchmark the most

effective method combinations regarding their quality and computational time.

To achieve a more accurate QM/MM optimization, the second attempt included ad-

ditional residues in the QM region: LYR296 (entire residue), GLU113, GLU/GLN122,

GLU181, PHE293, and LEU/VAL300 as side chains. This refinement eliminated the π-

cation interaction in the optimized structure of Rh2-1 (Figure 7c). The newly optimized

Rh2-1 structure also featured a hydrogen bond between the chromophore and ALA292 (as

in the original structure) but lacked one with VAL300. The Rh2-4 structure exhibited only

minor changes. HOMO and LUMO orbitals were visualized for optimized structures (Fig-

ure 7d–e). The LUMO was similar in both Rh2 systems, spanning the chromophore between

the NH+ of the SBH+ and β-ionone ring. However, the HOMO of Rh2-1 had significantly

lower energy compared to Rh2-4, being shifted toward the β-ionone ring and partially lo-

cated on GLU181. In contrast, the HOMO of Rh2-4 was solely situated on GLU122. The

HOMO-LUMO gap was larger for Rh2-1 (3.03 eV) compared to Rh2-4 (2.15 eV). These

findings supported the experimental results, indicating a red (bathochromic) shift in the

absorption λmax for Rh2-4. TDDFT calculations were performed on the newly optimized

pigment structures to confirm this further.
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Figure 7: Results of the Rh2 proteins’ QM/MM optimization. Geometries of Rh2 with (a)
LYR296 and GLU113 as entire residues, (b) LYR296 as an entire residue and GLU113 and
PHE293 as side chains, and (c) LYR296 as an entire residue and GLU113, GLN/GLU122,
GLU181, PHE293, and VAL/LEU300 as side chains. QM region is colored in blue or green,
while the MM region is colored by element. Visualization of the highest occupied and lowest
unoccupied molecular orbitals for (d) Rh2-1 and (e) Rh2-4 photopigments.
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The QM region of the optimized structure was extracted and used for single-point and

TDDFT calculations, which were performed using two different method combinations based

on the benchmark results shown in Table S1 (Supplemental Materials): the HF/3-21G level

of theory in the gas phase and the CAM-B3LYP/6-31G_JSKE level of theory in water

solvent (using the conductor-like polarizable continuum model). Both methods showed a

bathochromic shift for the Rh2-4 protein, aligning with experimental data. The Hartree-

Fock (HF) method with the economical, small split-valence basis set 3-21G in the gas phase

revealed a more substantial λmax difference of 15 nm between Rh2-1 and Rh2-4, with ab-

sorption peaks of large intensity, as shown in Figure 8a. In contrast, using the CAM-B3LYP

hybrid exchange-correlation functional with our previously developed, physically justified

augmented 6-31G_JSKE basis set22 resulted in less intense peaks and a smaller λmax differ-

ence of 5 nm (Figure 8b).

To further explore these observations, HOMO and LUMO orbitals were visualized (Fig-

ure 8c-d). For the Rh2-4 pigment, similar orbital shapes were observed with both methods,

yielding HOMO-LUMO gap values of 6.36 eV with HF/3-21G and 5.26 eV with CAM-

B3LYP/6-31G_JSKE. However, a significant difference was observed in the Rh2-1 pigment.

At the CAM-B3LYP/6-31G_JSKE level, the HOMO location resembled the distribution ob-

tained from the QM/MM optimization with B3LYP/cc-pVTZ(-f) (Figure 7d), predominantly

located between the β-ionone ring and the NH+ group of the chromophore, with partial dis-

tribution on GLU181. In contrast, the HF/3-21G calculation showed the HOMO exclusively

on GLU181. These differences led to substantial variations in the calculated HOMO-LUMO

gaps, with HF/3-21G yielding a gap of 8.24 eV, while CAM-B3LYP/6-31G_JSKE produced

a significantly lower value of 5.37 eV. The larger gap difference observed with Hartree-Fock

was consistent with the more pronounced shift in the absorption maximum, whereas the

smaller HOMO-LUMO gap obtained with CAM-B3LYP corresponded to a smaller λmax

difference. Detailed results of these calculations are presented in Table S2 (Supplemental

Materials).
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Figure 8: Absorption properties of Rh2 photopigments. UV-Vis spectra calculated using
(a) the HF/3-21G level of theory in the gas phase and (b) the CAM-B3LYP/6-31G_JSKE
level of theory in water solvent. Visualization of HOMO and LUMO performed using (c) the
HF/3-21G level of theory in the gas phase and (d) the CAM-B3LYP/6-31G_JSKE level of
theory in water solvent.

Discussion

In this study, we used molecular modeling techniques to gain insight into the largely unex-

plored molecular mechanisms behind the spectral shifts of Rh2 cone opsins, in particular the

zebrafish Rh2-1 and Rh2-4. Taking advantage of their homology to bovine rhodopsin, we
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constructed 3D models of these pigments and subsequently performed microscale classical

all-atom MD simulations on the systems. From these simulations, we extracted both static

and dynamic structure-based features through a top-down structural analysis, identifying

functionally critical amino acid sites, including both previously known and novel ones. We

performed a detailed analysis of the characteristic structural features of these sites and pro-

posed how they may contribute to the molecular mechanisms driving spectral shifts in these

systems.

Our study leveraged the significant homology of zebrafish Rh2-1 and Rh2-4 cone opsins

to bovine Rh1 rhodopsin to construct models in the absence of experimental structures. The

careful selection of optimal models, together with the rapid achievement of equilibrium and

well-preserved structures observed during extensive MD simulations, ensures the reliability

of our approach and the insights gained from our MD simulations. Furthermore, we antici-

pated some degree of structural dynamic similarity between Rh1, Rh2-1, and Rh2-4 due to

substantial sequence homology. We confirmed that the global flexibility patterns of Rh2-1

and Rh2-4 closely resemble those observed in bovine rhodopsin, especially in interhelical loop

regions and terminal domains, i.e., regions with higher RMSF values were consistent with

elevated experimental β-factor values seen in Rh1 crystal structures10 and similar compu-

tational studies.23,24 A key difference is that, unlike Rh2-1, Rh2-4 exhibits a greater overall

degree of fluctuation, particularly at the base of helix 6. In Rh1, spin-label mobility studies

have indicated significant shifts at the cytoplasmic end of this helix, often associated with

G-protein binding during activation.10,25 This observation highlights the need for further

studies on Rh2 systems in this regard. In particular, no other computational studies have

yet investigated the dynamics of Rh2 opsins in zebrafish, which provides a strong motivation

for our research, but also makes it difficult to compare our results with the existing literature.

In general, the retinal binding pocket volume in Rh2-1 and Rh2-4 zebrafish cone opsins

are notably larger, approximately double that of bovine rhodopsin Rh1,26 suggesting a much

tighter packing within rhodopsin’s chromophore binding pocket compared to cone opsins.19
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The larger chromophore binding pocket in Rh2-4 compared to Rh2-1 reflects a differential

microenvironment surrounding the chromophore. This result goes in line with the obser-

vation that Rh2-4 reacted more quickly in the presence of hydroxylamine than Rh2-1, sug-

gesting the possibility of differences in the accessibility of the chromophore binding pocket

between these two opsins.19 The variation in pocket shape observed in Rh2 cone opsins may

allow adaptation to subtle differences in chromophore size, flexibility, and torsion angle.

Alternatively, the microenvironment within the pocket could influence the structure of the

chromophore and contribute to the differences observed between the two systems. Particu-

larly, the dihedral angle around the C6-C7 single bond exhibited differential distribution in

Rh2-1 and Rh2-4. In rhodopsin, this torsional angle is a well-known factor contributing to

spectral shifts, where absorption energy increases with greater torsion.27–30 These structural

adaptations are likely to fine-tune the absorption properties of the opsins by influencing how

the retinal fits and interacts within the pocket. When the binding pocket is larger and more

flexible, the chromophore can interact with surrounding residues more freely, which may

change its electronic environment and make it easier for the chromophore to transition to its

excited state in Rh2-4 than in Rh2-1. In terms of composition, the chromophore in Rh2-1

and Rh2-4 is surrounded by residues that are also found in the binding pocket of bovine

Rh1. Although many sites/residues are conserved across the Rh1, Rh2-1, and Rh2-4 binding

pockets, key differences between Rh2-1 and Rh2-4 could contribute to functional variations

between these visual pigments. For instance, site 122, which contains glutamate in Rh1

and Rh2-4 but glutamine in Rh2-1, has been extensively studied in the Rh1 system but has

received comparatively less attention in the Rh2 systems. In the other hand, site 94, which

contains threonine in Rh1 and Rh2-4 but serine in Rh2-1, warrants further investigation due

to its potential impact on pigment function.

It is widely recognized that the interaction between the chromophore and the surround-

ing protein environment plays a crucial role in altering the absorption maxima of opsin

pigments.31,32 Residues, positioned strategically near the chromophore, can differentially in-
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fluence the chromophore’s electronic environment, thereby altering its absorption spectrum.

Consequently, measuring the differential distance of binding site residues from chromophore

main domains emerged as a logical approach. We first examined the spatial relationships

between various structural domains relative to Helix 4 which contains the chromophore. We

identified significant positional shifts in Helix 3 and the β2 segment. Furthermore, using

a distance analysis we were able to identify functionally critical amino acid sites. Partic-

ularly residues 113, 122, and 181, experienced differential distance distribution from the

chromophore and thus might play pivotal roles in the color tuning of Rh2 zebrafish cone

opsins as these amino acids involve chemical properties that could alter the dielectric and

electrostatic character of the chromophore-binding pocket. Residue 122 has been pointed

out in previous mutagenesis analysis as responsible for a significant part of the Rh2 and

Rh1 spectral shift.14,18–20 Residue 113 has mostly been studied on Rh1, mainly as impor-

tant for activation33 but also as has been mentioned as a contributor to spectral shift. On

the other hand, residue 181 has been related to Rh1 activation,34 a few studies claim that

it does not contribute significantly to the Rh1 spectral tuning35 while others suggest the

contrary.36 Such findings underscore the utility of distance analysis as a tool not only for

structural but also for functional annotation in photoreceptive proteins. The simplicity of

the distance analysis, combined with its ability to yield insights into functionally significant

molecular interactions, provides a robust framework for future studies. This approach can

be particularly useful in cases where experimental data are scarce or when rapid screening

of potential functional sites is required.

Multiple factors typically contribute to the mechanisms underlying spectral shifts in

opsins. Some of the most common factors include 1) changes in the strength of interactions

of the electrostatic interaction between the PSB group of the chromophore and its coun-

terion;37,38 2) placement of full or partial charges along the retinal;4–6 3) an alteration in

the polarity or polarizability of the environment of the chromophore-binding site;39 and 4)

twisting along bonds of the polyene chain.7 Our results suggest that the opsin shift observed
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in Rh2-1 and Rh2-4 zebrafish cone opsins might involve a combination of changes involving

these factors and critical residues at sites 113, 122, and 181.

GLU113, a residue highly conserved among vertebrates, plays a critical role in stabi-

lizing the PSB+,6 as observed in bovine rhodopsin.40 In addition, GLU113 is essential for

effective G protein activation,41 highlighting its dual significance in opsin function. In gen-

eral, counter-negative ion groups play a significant role in the electrostatic energy change

upon chromophore excitation, making them key factors in determining the absorption max-

imum.31,42 Here, we found that the distances between the oxygen atoms of the GLU113

counterion and the N+ are more frequently within the ideal range for hydrogen bond forma-

tion in Rh2-1 compared to Rh2-4 (Figure S8 in the Supplementary Material). This aligns

with a study suggesting that the mutual distance between the PSB and its counterion group,

even with a small difference of less than 1 Å, is a key factor in controlling the absorption

maximum and can lead to significant changes in the observed spectrum.27 Additionally,

graph-based analysis of HBs during the entire simulation showed that hydrogen bonding

between E113 and the SBH+ had higher occupancy in Rh2-1 than in Rh2-4 (Figures S9

and S10 in the Supplementary Material). According to the 2D interaction diagram, the

environment near SBP+ is more negatively charged in Rh2-1 than in Rh2-4. This increased

negative environment could over-stabilize the positive charge on SBP+. In summary, our

results demonstrate differential stability of the E113-SBP interaction between Rh2-1 and

Rh2-4, with the interaction being more stable in the Rh2-1 system.

Residue 122 is known to be critical in a spectral shift of Rh1 and Rh2 from several

species.14 Homology models of zebrafish Rh2 cone opsins in this work confirm the proximity of

GLU122 to the β-ionone ring of the chromophore, similar to bovine rhodopsin9 and zebrafish

rhodopsin.19 The key role of this site aligns with studies on zebrafish Rh2 opsins, where

spectral diversification is believed to be driven by direct interactions with retinal, particularly

involving residue 122 in the retinal-binding region.20 As has been proposed previously43 in 14

teleost Rh2 opsins, the negative charge on GLU122 may encourage the hydrophobic β-ionone
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ring to explore other space in the binding pocket and increase its fluctuation, resulting in a

red-shift Rh2-4, whereas GLN122 in Rh2-1 discourages such fluctuations. Furthermore, here

we observed that GLU122 in Rh2-4 distorts the alpha helix turn in helix 4, which leads to

changes in the hydrogen bond networks around the chromophore (Figures S9 and S10 from

Supplemental Material). This is similar to what was observed in a study that demonstrated

that GLU122 is part of a hydrogen bond network that stabilizes the photoreceptor molecule

in rhodopsin,44 highlighting its potential significance in Rh2 zebrafish opsins.

Lastly, site 181 has been identified as a critical factor in opsin function. The glutamic acid

at position 181 is highly conserved across both vertebrate and invertebrate rhodopsins,36,45

originally functioning as the sole counterion neutralizing the positive charge of the Schiff

base. This ancestral role continues in invertebrates, but in vertebrates, this residue remains

connected via a water-mediated hydrogen bond network to the PSB.46 In bovine rhodopsin,

GLU181 is positioned in the extracellular loop between helices 4 and 5, oriented toward

the center of the retinal’s polyene chain.35 A different set of studies has suggested that the

spectral tuning mechanism involving GLU181 in rhodopsin is a perturbation of the electron

distribution near the center of the polyene chain.5,16 While GLU181 is proposed to serve

as a secondary counterion during Rhodopsin activation,34 some studies argue that it affects

spectral absorption rather than acting as a counterion. For instance, replacing GLU181 with

GLN in bovine rhodopsin caused a 10 nm red-shift in the absorption maximum36 or has been

shown to modulate the spectral properties and the stability of metarhodopsin II.35 However,

mutational experiments indicate only minimal spectral shifts associated with this residue,35

and some research suggests that GLU181 primarily prevents solvent access to the Schiff base

in the dark.35 Interestingly, GLU181 occupies different positions in the binding pockets of

Rh2-1 and Rh2-4, with its placement in Rh2-4 near a water trafficking pathway not observed

in Rh2-1. These differential hydration patterns lead to changes in the electrostatic environ-

ment, side-chain rotations, hydrogen bond networks, and competitive interactions between

residues and water molecules. Such changes in hydration and binding pocket architecture,
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particularly around the PSB group, likely contribute to the distinct behaviors of these opsins.

It’s also possible that residues influencing spectral shifts do so indirectly, by altering bind-

ing site conformation or the orientation of other residues. The role of water molecules in

spectral tuning is further supported by structural models in rhodopsin, which suggest that

conserved water networks around the retinal pocket play a regulatory role.27,46,47 We pro-

pose that GLU181 is a key tuning site, influencing water molecule trafficking within the

retinal-binding pocket and thereby altering its hydrophobicity or hydrophilicity, potentially

affecting the protonation or deprotonation status of the Schiff base.

In quantum theory, the positive charge in the ground state of the chromophore is typ-

ically localized on the Schiff base nitrogen, while in the excited state, this charge becomes

more delocalized, extending through the conjugated system towards the ionone ring. This

shift in charge distribution results in an increase in the energy required for photon absorp-

tion, leading to a blue shift in the absorption spectrum.48 It has been suggested that blue

shifts in opsins occur when polar or charged residues near the PSB preferentially stabilize

the ground state over the excited state of the chromophore.6 Conversely, red shift models

propose that polar residues along the chromophore backbone, particularly near the ionone

ring, preferentially stabilize the excited state over the ground state.49 In our case, residue

GLU122 increases chromophore motion in green-shifted pigments in the dark state, possibly

raising the energy of the ground state, which in turn decreases the energy gap between the

ground and excited states. This reduction in the energy difference may partly explain the

higher λmax observed in our study as previously proposed in a broad set of Rh2 teleost.43 Ad-

ditionally, the negatively charged GLU122 in Rh2-4 tends to stay further from the negatively

charged GLU181, resulting in a more distant placement of GLU181 from the chromophore.

In contrast, the polar GLN122 in Rh2-1 remains closer to the ionone ring and exerts less

influence on GLU181, allowing GLU181 to position itself closer to the PSB. This proximity

potentially further stabilizes the ground state over the excited state in Rh2-1, leading to a

blue shift.
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Through QM/MM optimizations followed by excited-state calculations, we identified the

electronic effects contributing to the bathochromic shift in Rh2-4 compared to Rh2-1, while

also benchmarking our methodology for analyzing this system. When performing QM/MM,

the importance of the QM region selection cannot be underestimated. While some studies in

the literature included only chromophore50 terminating with the link-hydrogen-atom in place

of the chromophore-bound LYS296 sidechain, or whole LYR296 residue,51 others consider

GLU113 and water molecules in close proximity or even larger systems, involving LYR,

GLU113, GLU181, TYR268, and THR94.52

Our initial QM/MM optimization (Model 1), which included only chromophore and

GLU113 residue in the QM region, indicated that Rh2-1 formed a unique π-cation inter-

action between the NH+ of the SBH+ and PHE293. This interaction was not present in

Rh2-4. This could suggest a potential stabilizing role of PHE293 on Rh2-1’s electronic con-

figuration, affecting its absorption properties. However, upon re-optimization (Model 2)

followed by TDDFT calculations, the absorption maxima did not align with experimental

trends, falsely predicting a bathochromic shift for Rh2-1. This underscored the importance of

careful QM region selection, as the MM treatment of PHE293 with the less accurate LACVP*

basis set may have caused incorrect optimization. Being captured in the local minimum, even

after the re-optimization as a part of a QM region using the more accurate cc-pVTZ(-f) basis

set, PHE293 did not change its positioning. Model 3 expanded the QM region to include

additional residues (GLU113, GLU122, PHE293, GLU181, and VAL/LEU300) to address

this. QM/MM optimization was carried out on the original structure with a cc-pVTZ(-f)

basis set and the new QM region. This refined approach removed the artifact of the π-cation

interaction in Rh2-1, providing a more accurate representation.

Another important observation was made in the frames of the benchmark TDDFT cal-

culations when tested on Model 2. The calculations across various functionals and basis

sets revealed that UV-VIS spectra appeared similar for all approaches except the PBE func-

tional, which showed insufficient results for Rh2 proteins. The hybrid exchange-correlation
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functional CAM-B3LYP and a range-separated version of Becke’s 97 functional wB97XD

provided similar and reliable results, with CAM-B3LYP being less time-consuming. The

custom-developed 6-31G_JSKE basis set matched the accuracy of the significantly more

time-intensive and widely used correlation-consistent polarized valence triple-zeta basis set,

Dunning’s cc-pVTZ, establishing it as a viable choice. Interestingly, gas-phase calculations

displayed a larger λmax difference (36-37 nm) compared to those in water solvent (21-23

nm), with the exception of HF/3-21G, which produced a similar ∆λmax as the water phase

calculations (≈ 25 nm). This indicated that solvent effects play a significant role in ac-

curately modeling opsin-chromophore systems, justifying CAM-B3LYP/6-31G_JSKE in a

water solvent for subsequent studies.

The HOMO-LUMO gap is often correlated with the absorption maximum. This gap

represents the energy difference between the ground state (HOMO) and the excited state

(LUMO), which corresponds to the energy required for an electronic transition when the

molecule absorbs light. This correlation was reaffirmed, as Rh2-1’s larger gap reflected

shorter wavelengths, while Rh2-4 exhibited a smaller gap and a bathochromic shift. No-

tably, Rh2-4 maintained consistent HOMO and LUMO positioning across all methods, while

Rh2-1 displayed variability. The HF/3-21G level of theory positioned HOMO solely on

GLU181, yielding a more negative HOMO energy and, thus, a larger HOMO-LUMO gap.

In this case, on the UV-Vis spectrum, the more significant gap between λmax was noted (15

nm), which correlated better with the experimental data (∆λmax = 38 nm). Contrary to

this, both QM/MM optimization with B3LYP/cc-pVTZ(-f) and QM TDDFT calculations

with CAM-B3LYP/6-31G_JSKE showed a delocalized HOMO between the chromophore

and GLU181, resulting in a higher energy HOMO and, thus, reduced gap. Additional cal-

culations were done using CAM-B3LYP/cc-pVTZ to verify this, which confirmed the latest

results. The Hartree-Fock method neglects electron correlation effects, crucial for accurately

describing electronic interactions, especially in conjugated and complex systems such as Rh2.

In addition to that, the lack of polarization and diffuse functions in 3-21G makes it challeng-
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ing to accurately represent delocalized electrons, especially in interactions involving charged

species. Finally, the gas-phase calculation does not account for the solvent environment,

which can significantly influence the electronic structure when charged and polar species are

present. Thus, while HF/3-21G successfully predicted the direction of the absorption max-

imum shift and provided a more apparent distinction between the two pigments, it did not

perform well with either the size of this shift or the electronic structure of the chromophore.

The noteworthy discrepancies in the HOMO-LUMO gap between methods (8.24 eV vs. 5.37

eV) and the difference in absorption maxima highlight the impact of computational choices

on electronic transition interpretations.

A critical challenge was to address why the absorption maximum shift was significantly

smaller than the experimental results. TDDFT predictions often require scaling to align with

experimental data.53 Considering this, it was challenging to conclude whether the calculated

value for Rh2-1 was extensively red-shifted or the one for Rh2-4 was far blue-shifted. The

answer to this question could be speculated based on the location of HOMO of Rh2-4 being

located on a GLU122. As was shown earlier, the distance between the chromophore and

GLU122 fluctuated significantly throughout the MD simulation time. With such fluctua-

tions, when the distance between this residue and LYR increases, it destabilizes the ground

state, resulting in higher energy of HOMO. The energy of LUMO, on the contrary, does not

depend on this distance; thus, even considering the flexibility of a chromophore, it remains

mostly unchanged. The persistent increase in HOMO energy while keeping LUMO energy

relatively stable could result in a smaller average HOMO-LUMO gap and a bathochromic

shift consistent with experimental observations.

Biophysically relevant questions often focus on subtle molecular differences between

closely related states or systems. This can include identifying molecular signatures when

a protein binds to different ligands, evaluating the effects of point mutations on the same

protein, or, as in this case, analyzing the same chromophore bound in different proteins. Tra-

ditionally, these analyses involve the manual interpretation of large, high-dimensional data
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sets, requiring both expertise and a keen eye that has become almost an art form. There-

fore, the complexity of such tasks underscores the growing need for automated methods to

streamline the selection and prioritization of key features for more efficient analysis. Future

efforts should focus on applying machine learning algorithms to advance this process further.

Conclusions

This study employed molecular modeling techniques to investigate the mechanisms behind

the spectral shifts in zebrafish Rh2-1 and Rh2-4 cone opsins. Through all-atom molecular

dynamics simulations and structural analyses, we identified key amino acid sites that con-

tribute to the distinct spectral properties of these pigments. The comparison between Rh2-1

and Rh2-4 revealed differential stability in key interactions, particularly between GLU113

GLN/GLU122 and GLU181 and the protonated Schiff base, which we propose as drivers of

the observed spectral shift. Further investigation into the hydrogen bonding and electrostatic

environments around critical residues highlights their potential role in tuning absorption

maxima. The QM calculations revealed that fluctuations in chromophore-GLU122 distance

could be one of the driving forces of the bathochromic shift in Rh2-4, as this pigment’s

highest occupied molecular orbital was located on GLU122. Our findings provide valuable

insights into the chromophore-protein interactions that govern spectral tuning in visual pig-

ments, suggesting that these residues and water-mediated interactions play a critical role in

the photoreceptor function of zebrafish opsins.

Methods

The amino acid sequences of the zebrafish (Danio rerio) Rh2-1 and Rh2-4 cone opsins13,20

were obtained from UniProt with accession numbers Q9W6A5 and Q9W6A6, respectively. A

template structure search was performed using MODELLER v9.15.54 The bovine rhodopsin

(Rh1) structure (PDB ID: 1U19)10 was selected as the template for both opsins because
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it met the following criteria: i) sequence identity >60% (Table 1); ii) >95% sequence cov-

erage with the target Rh2 sequence; iii) presence of 11-cis retinal bound in the binding

pocket and occupied palmitoylation sites; iv) high X-ray crystal resolution (2.2 Å); and

v) no mutations in the crystal structure protein. MODELLER v9.15 was used to perform

the sequence alignments and generate three-dimensional structures of the Rh2 cone opsins.

Five homology structures were generated for each opsin sequence. Stereochemical checks

were performed on all five structures using the SWISS-MODEL structure evaluation tool

(https://swissmodel.expasy.org/), and the best structure was selected based on minimal

stereochemical deviation and a high QMEAN score.

The final selected structure of each Rh2 opsin was first uploaded to the Prediction of Pro-

teins in Membranes web server (http://opm.phar.umich.edu/server.php). The membrane

boundaries provided by this server, along with the protein model, were then uploaded to

the CHARMM-GUI server (http://charmm-gui.org/) for further processing. To incorporate

the 11-cis retinal chromophore into the binding pocket of each structure, the three-letter

amino acid code of the lysine residue that covalently binds to the chromophore to form

the Schiff base was changed from LYS to LYR in the PDB file. This modification allowed

CHARMM-GUI to recognize and build the Schiff base using the appropriate force field pa-

rameters available on the server. The palmitate moiety was included because the sequences

share a conserved palmitoylation site (C323) with the bovine rhodopsin template sequence.

The C323 residue was bound to a palmitate molecule using the "add palmitoylation sites"

option in CHARMM-GUI. Protonation states of the amino acid residues were assigned at

the physiological pH of 7.4. The protein was embedded in an unsaturated homogeneous

bilayer of 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC) lipids to pro-

vide a realistic representation of the phospholipids found in the cone outer segment. The

replacement method55 was used to pack the opsin model with the lipid bilayer, with a lipid

layer thickness of 1.6 ( 70 lipids in the top leaflet and 70 lipids in the bottom leaflet). Each

system was placed in a rectangular solvent box, and a 10 Å TIP3P water layer was added to
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solvate the intra- and extracellular spaces. Charge neutrality was achieved by adding Na+

and Cl− ions at a concentration of 0.15 mol/L to the water layers. CHARMM-GUI initially

assumed the retinal was in the 11-trans conformation, so we replaced the coordinates with

the 11-cis conformation obtained from the bovine rhodopsin structure. The CHARMM36

force field56 parameters were used for the protein and lipids. Each system was first mini-

mized using the steepest descent for 5,000 steps. To allow equilibration of the water, each

system was then simulated for a total of 550 ps with harmonic restraints on all heavy atoms

in the protein, phosphorus atoms in the lipid head group, and all dihedral angles in the

lipid carbon chains. The restrained simulations were divided into six steps, with restraints

gradually relaxed at each step. The temperature was set to 300 K, and the pressure was

maintained at 1 atm using the Berendsen algorithm. Production NPT simulations were

carried out for 100 ns using the Parrinello-Rahman barostat57 with semi-isotropic pressure

coupling and the Nose-Hoover thermostat58 for temperature control.

The analysis was performed within Python Jupyter notebooks.59 MDAnalysis packages

were used for the majority of structural feature calculations on the MD trajectories.60 Se-

quence alignment was performed using MultAlin software.61 Bridge2 software was employed

for HBs graph-based network analysis.62 Maestro software from Schrödinger was used for

2D interaction diagrams.21

The structures of Rh2-1 and Rh2-4 were optimized for QM/MM calculations using the

Qsite module,63 implemented in the Schrödinger Software Package. The MM region was

minimized using the Truncated Newton algorithm with the OPLS_2005 force field. The im-

portance of carefully selecting the QM region in QM/MM studies cannot be overstated, as

it significantly affects the accuracy of electronic properties. We established three QM/MM

models: (1) the preliminary model 1 utilized the B3LYP functional64 with the LACVP*

basis set,65 incorporating the entire GLU113 and LYS296 residues in the QM region, while

the remainder of the protein was treated as the MM region; (2) the initial geometry from

model 1 refined using the B3LYP functional with the cc-pVTZ(-f) basis set66 and including
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in the QM region the entire LYR296 residue and the side chains of GLU113 and PHE293;

and (3) the original geometry optimized using B3LYP/cc-pVTZ(-f) with LYR296 as the

entire residue, and GLU181, GLU113, GLN(GLU)122, PHE293, and VAL(LEU)300 as side

chains in the QM region. HOMO and LUMO orbitals were calculated for these optimized

structures. QM calculations were carried out for optimized structures from models 2 and

3 using Gaussian 09, utilizing single-point calculations and Time-Dependent Density Func-

tional Theory (TDDFT).67–69 For model 2, we selected all the residues that interacted with

the chromophore and those that interacted with the above-mentioned residues. This way, the

structure for QM calculations contained LYR296, TYR43, SER(THR)94, GLU113, ALA117,

SER186, SER187, PHE293, THR297, and VAL300 (213 atoms for Rh2-1 and 219 atoms for

Rh2-4). Various computational methods were used, including Hartree-Fock (HF),70 PBE,71

wB97XD,72 and CAM-B3LYP.73 A range of basis sets was employed, including 3-21G,74 6-

31G_JSKE,22 and cc-pVTZ.66 Calculations were carried out in both the gas phase and the

conductor-like polarizable continuum model (CPCM)75,76 with water as the solvent. This

allowed us to perform a benchmark, which suggested using only HF/3-21G in the gas phase

and CAM-B3LYP/6-31G_JSKE in the water solvent for future calculations. For Model 3,

the QM calculations involved LYR296, GLU181, GLU113, GLN(GLU)122, PHE293, and

VAL(LEU)300 (163 atoms for Rh2-1 and 164 atoms for Rh2-4). Cubes were generated using

a standalone Cubegen program from the Gaussian 09 package.
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