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Abstract

Rhodopsin is a member of the large family of transmembrane proteins known as G

protein-coupled receptors (GPCRs) and is frequently used in drug design to model GPCR

activation and behavior. GCPRs are used in signaling, regulation, and sensing in many

organisms, including humans, making them attractive pharmaceutical targets. Retinal is the

light-sensitive cofactor of rhodopsin responsible for its activation during phototransduction; it is

covalently bound at Lysine 296 via a Schiff base linkage. Because of the complexity of the

retinal energy landscape and its importance in rhodopsin activation, the development of an

accurate computational model for retinylidene is of great interest. Both quantum mechanical

(QM) and molecular dynamical (MD) methods have been used to study rhodopsin and retinal,

but previous research has been limited by its use of small model systems and generic force fields.

This research improves upon previous studies by using novel, retinal-specific force fields applied

to the entire retinylidene system. These force fields were derived using artificial intelligence

algorithms which took Born-Oppenheimer Molecular Dynamics (BOMD) trajectories as inputs.

MD simulations used the Optimized Potentials for Liquid Simulations (OPLS) functional form

for its four dihedral torsional energy terms instead of the single-term description used by

CHARMM and previous studies. These changes allow us to reproduce

experimentally-determined C5, C9, and C13 rotation energies much more closely than previous

studies. Our work highlights the need for molecule-specific force field parameterizations in order

to correctly model GPCR activations.

Introduction

Rhodopsin is a member of the large family of proteins known as G protein-coupled

receptors (GPCRs) (Rosenbaum et al., 2009). GPCRs consist of seven transmembrane helices

and are found across a wide variety of organisms, from archaea to humans (Ryazantsev et al.,

2019). They play an important role in regulating what goes in and out of cells and transmitting

extracellular signals to the cell interior; other uses include ion channel regulation, ion pumping,

optogenetic control of enzyme activity, and light/temperature/chemical sensing (Govorunova et

al., 2017; Ryazantsev et al., 2019). Rhodopsin itself is found in the rod cells of the eyes of

humans as well as the visual processes of other organisms, and it is the first protein involved in

the phototransduction (Zhou et al., 2012). During this process retinal, the light-sensitive cofactor
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of rhodopsin, absorbs a photon and isomerizes from 11-cis to all-trans (Figure 1). This

conformational change alters the geometry of the larger rhodopsin protein, setting off a relay of

processes that result in the perception of light. Rhodopsins in other organisms use different

retinylidene isomers in their dark and light-activated forms, but mammalian rhodopsins use only

the 11-cis- and all-trans- isomers of retinal (Sekharan et al., 2011).

Figure 1. 11-cis-retinal (top) to all-trans-retinal (bottom) isomerization upon absorption of a
photon (hv). Methyl groups circled in orange, Lysine 296 residue (from rhodopsin protein) boxed
in blue.
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Figure 2. Retinal carbon numbering scheme. Ring contains carbons 1 through 6, and the
conjugated alkene chain consists of carbons 6 through 15. C5, C9, and C13 methyls highlighted,
named for the carbon to which they are bonded.

Because of the key role that retinal plays in the activation of rhodopsin, its behavior and

interaction with the opsin apoprotein have been extensively studied with experimental techniques

such as nuclear magnetic resonance (NMR) and x-ray crystallography (Ryazantsev et al., 2019).

However, two main computational methods have also been used: density functional theory

(DFT) and molecular dynamics (MD) simulations.

DFT is an electronic structure method that involves the use of electron densities and

wavefunction approximations to perform geometry optimizations and energy calculations. These

calculations can require a large amount of computational time and power to approximate

quantum mechanical functions, but they also provide accurate predictions for the structural

evolution of small compounds over time: thus, they are usually used for small molecules and

short timescales.

On the other hand, MD uses classical, rather than quantum, mechanics to simulate the

evolution of a system over time. In an MD simulation, intramolecular interactions are modeled

with a force field, a list of spring-like forces that act on each bond, angle, and dihedral within a

molecule. This force field is generated by modeling the compound as a system of connected

masses and springs, with the spring constants expressing the magnitude of the force pulling the

molecular components back to equilibrium. MD uses this force field to simulate the behavior of
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the bonds, angles, and dihedrals that hold a molecule together after specific timesteps, recording

the structural geometries that approximate the compound’s true motion. MD simulations are

appropriate for larger molecules (including entire protein systems) and longer timescales because

they are much less computationally intensive than DFT calculations, but this speed often comes

at the cost of model accuracy.

Previous computational studies on retinylidene model systems found surprisingly

complex methyl rotational energy profiles, potentially affecting its interactions with the

rhodopsin protein (Mertz et al., 2011). In addition, improved force fields have been shown to

dramatically increase the accuracy of molecular mechanical (MM) calculations when accounting

for van der Waals forces and other nonbonding influences (Ryazantsev et al., 2019).

Long-time-scale MD-simulated trajectories of the full rhodopsin protein and surrounding lipid

bilayer have also been validated with NMR data with respect to hydration of the protein during

activation, demonstrating the efficacy of computational modeling in analyzing the structure and

function of retinal and rhodopsin (Grossfield et al., 2008).

Project Goals and Research Hypothesis

This project will investigate the energetic landscape of retinal, specifically the C5, C9,

and C13 methyl groups. Using machine learning-generated retinal-specific force fields with

greater mathematical flexibility, MD and DFT simulations of the entire retinylidene system will

allow for a better description of steric and electronic influences on the rotational energy of

methyl groups. These results will be validated by comparison to experimental deuterium NMR

and may demonstrate the need for a more complete model that includes the protein environment

in order to accurately reflect the energy landscape of retinal.

Significance for GPCR Modeling

A dynamic model of retinylidene (and more broadly, the rhodopsin protein and

surrounding environment) will be valuable for studying the constant motion of real biological

systems. Current experimental methods, such as crystallography, generally rely on solid-state or

frozen structures, so the development of a computational technique that accurately describes the

motion of the molecule/protein over time and its interactions with elements of the environment

will greatly extend our understanding of the activation and inactivation of rhodopsin and the
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visual process. In addition, more detailed knowledge of the energetics of GPCRs is of growing

importance as they are an expanding field of pharmacology, with around 34 percent of currently

FDA-approved drugs targeting GPCRs (Hauser et al., 2017). Improved potential energy

modeling of retinal should not only increase understanding of cofactors in GPCR activation, but

also the utility of the rhodopsin complex as a model for GPCRs in general and its applicability to

other GPCR drug targets.

Methods and Procedures

All of the following calculations and simulations can be performed on every retinylidene

form, each with a unique combination of Schiff base protonation state, beta-ionone ring rotation

(s-cis or s-trans), syn or anti conformation across the Schiff C-N double bond, and five different

alkene isomers (7-cis-, 9-cis-, 11-cis-, 13-cis-, and all-trans-retinal).

This project involved the use of the University of Arizona High Performance Computing

(HPC) System to perform electronic structure and MD calculations. The computational

chemistry program Gaussian 16 was run on the HPC for the DFT component of this study.

Starting with Protein Data Bank (PDB) structure 1U19 for dark-state rhodopsin, DFT

calculations using the B3LYP density functional method and 6-31G basis set were used to

optimize the retinal geometry. This optimized structure was then used to perform relaxed

potential energy scans of methyl torsions. This method calculated energy values at constant

intervals between 0 and 120 degrees, which took advantage of the three-fold rotational symmetry

of methyl groups (Figure 3).
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Figure 3. Zoomed-in view of methyl group. Note the three evenly spaced hydrogens surrounding
the central carbon, producing even 120° separations.

This Gaussian-optimized structure was also used to run MD simulations through

Nanoscale Molecular Dynamics (NAMD), which applies a force field to calculate molecular

geometries after set time intervals. The force field parameters, as previously stated, provide

approximations of the true forces acting on each atom— the spring force acts as a Newtonian

analogue to the Morse potential curve for bond energy versus bond distance:

As shown above, Hooke’s Law for restorative spring force can be applied to model the

oscillation of bonds, angles, and dihedrals about a stable equilibrium position. In previous

research on retinal, an all-purpose CHARMM (Chemistry at HARvard Macromolecular

Mechanics) force field has been used to approximate intramolecular interactions, but this project

aims to use new retinal-specific parameterizations generated by collaborating researchers at the

Saint-Petersburg Academic University Nanotechnology Research and Education Centre RAS and

the Institute of Chemistry at Saint Petersburg State University in St. Petersburg, Russia. These

parameterizations were created with artificial intelligence algorithms utilizing separate QM

energy calculations called Born-Oppenheimer Molecular Dynamics (BOMD) trajectories. This

new force field also uses the Optimized Potentials for Liquid Simulations (OPLS) functional
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form that includes four mathematical terms to describe torsional energy instead of the single term

found in the CHARMM functional form. All of these changes should improve force field

accuracy and consistency with experimental findings when compared to previous research using

CHARMM and nonspecific force fields. For this study, the DFT-optimized structure was

minimized with NAMD over one million steps (of 1 femtosecond each, resulting in a total 1

nanosecond equilibration), and the simulation was then run for three million steps (for a

simulation time of 3 nanoseconds).

The resulting three million structure files were then inputted into Visual Molecular

Dynamics (VMD). Utilizing a script in VMD to extract specific parameters from the trajectory

(e.g., C9 methyl rotation angles), the structural information was reduced to only a handful of

documents, each with a list of the values of a single parameter across all snapshots. This

extracted information was then imported into Excel for analysis (Figure 4).

Figure 4. Histogram from previous research showing frequencies of each rotation angle for the
C13 methyl group. Notice the three distinctive peaks (one split between 0 and 360 degrees) that
demonstrate the threefold symmetry of methyl rotation. Combining these three intervals (0 to 120
degrees, 120 to 240, and 240 to 360) yields the standardized histogram for comparison.

First, the methyl rotation values were standardized to lie within the range from 0 to 120

degrees, the same range as used in the DFT calculations. These standardized values were then

used to create histograms for each methyl group. This process allowed for the estimation of

probabilities for each methyl rotation state that was inversely related to the states’ potential
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energies (higher probability signifies greater stability in less energetic states). Using the

Boltzmann distribution, state probabilities pi and pj can be related to system temperature T and

state energy ΔE using the Boltzmann constant kb:

Thus, the sample state probabilities from MD simulation data were converted into

changes in potential energy and plotted to create torsional energetics curves for comparison with

DFT calculations and NMR results (Figure 5).

Figure 5. Graph from previous research showing how the Boltzmann distribution can be used to
calculate change in potential energy using state frequencies. Compare potential energy difference
to methyl rotation angle, and note that rotation angles with higher state probabilities (higher
frequencies) have lower potential energy.

Risks and Safety Precautions

As this project was completed entirely online, there were very few risks to account for or

safety precautions to note. Continuous time spent working on research was limited to two hours,

after which a five to ten minute break was required to reduce eye strain and fatigue.

Results

We conducted NAMD simulations using the OPLS functional form for protonated

11-cis-retinal (corresponding to a dark-state system) at nine different temperatures. When

comparing the calculated methyl rotation energy barriers for the C5, C9, and C13 methyls at
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varying temperatures, we found them to be relatively constant (Figure 6). Furthermore, after

shifting all the histograms (Figure 7) to have their lowest energy state at 0 degrees and applying

the Boltzmann distribution, the resulting graph comparing energy and rotation angle

demonstrates the expected single-peaked shape (Figure 8).

Figure 6. Comparison of protonated 11-cis-retinal (dark state) methyl group rotational energy
barriers at various temperatures. C5 and C9 methyls demonstrated relatively constant barriers
across temperatures, but the C13 methyl varied much more at lower temperatures.
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Figure 7. Histograms of methyl rotation angle frequencies for C5, C9, and C13 methyls in
dark-state retinal at 153K.

Figure 8. C5, C9, and C13 methyl torsional energy barriers in protonated 11-cis-retinal
(dark-state) at 153K (experimental 2H NMR data was colected at 150K) each show a single
distinctive peak. C5-Me barrier: 3.89 kJ/mol; C9-Me barrier: 1.78 kJ/mol; C13-Me barrier: 7.16
kJ/mol.
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Discussion and Limitations

Our results show that the OPLS functional form is, in fact, more accurate than the

CHARMM approximation; the simulated methyl rotation energy barriers match experimental

NMR values (see Struts et al., 2011) much more closely, and they all have the expected

single-peaked shape consistent with previous research that we were unable to replicate using

CHARMM alone. The C9 methyl rotation barrier had the lowest calculated (with MD and QM

methods) and experimentally determined energy value, which we believe is due to the 1-6 steric

interactions between the methyl hydrogens and nearby conjugated alkene chain hydrogens

(Figure 9). The symmetry of these nonbonding interactions may help lower the energetic cost of

rotation, flattening the barrier.

Figure 9. 1-6 interaction at the C9 methyl, named for the distance (by atom count) between the
two hydrogens. There are 1-6 interactions on both sides of the C9 methyl, reducing the change in
potential energy that occurs as the methyl group rotates.

However, this project was limited in a few ways: firstly, these simulations were not

conducted in the rhodopsin protein environment, meaning the potential energetic effects of

interactions with amino acid side chains in the protein interior are not accounted for.

Unexpectedly, we found the highest energy barrier in the C13 methyl, where experimental
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deuterium NMR spectra have established that the C5 methyl has the highest energy barrier in

dark-state rhodopsin. Furthermore, at low temperatures, the MD simulation showed much more

variability and divergence from the expected constant methyl rotation energy barrier, which we

believe to be the result of fewer methyl rotations overall. Fewer distinct data points from which

to gather rotational and energetic values would result in greater variability in calculated energies.

This project also only analyzed the methyl rotation of s-cis-protonated-anti-11-cis-retinal (found

in dark-state rhodopsin), so differences in methyl energetics between conformations of retinal

cannot be determined.

Future Directions

This project has introduced several new questions that we plan to investigate in the

future. The limitations listed above will be addressed in further simulations, including

simulations of retinal within the full rhodopsin environment. We hope to build a phospholipid

membrane model surrounding the rhodopsin protein to find even more accurate calculations of

retinal energetics and study the discrepancies between experimental and computational barriers.

In addition, the functional mammalian rhodopsin protein has three major states (dark, Meta I,

and Meta II), and each of these states is characterized by a unique retinal form. The inactive dark

state uses protonated 11-cis-retinal as tested in this project, but future simulations of protonated

all-trans-retinal (Meta I) and deprotonated all-trans-retinal (Meta II) could yield interesting

findings about the specifics of the effects of retinylidene methyl groups on the activation and

inactivation of the rhodopsin protein (such as the redirection of photons by methyl groups).

Isolation of the influences of other retinal components such as beta-ionone ring rotation could

also prove useful in improving the accuracy of rhodopsin simulations. Overall, we will continue

to generate and test new force fields and computational methods for the simulation of retinal and

rhodopsin, advancing our understanding of GPCR activation and dynamics.
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