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Abstract
Molecular dynamics simulations and combined quantum mechanical and molecular mechanical
(QM/MM) calculations have been performed to investigate the mechanism of the opsin shift and
spectral tuning in rhodopsin. A red shift of −980 cm−1 was estimated in the transfer of the
chromophore from methanol solution environment to the protonated Schiff base binding site of the
opsin. The conformational change from a 6-s-cis-all-trans configuration in solution to the 6-s-
cis-11-cis conformer contributes additional −200 cm−1 and the remaining effects were attributed
to dispersion interactions with the aromatic residues in the binding site. An opsin shift of 2100
cm−1 was obtained, in reasonable accord with experiment (2730 cm−1). Dynamics simulations
revealed that the 6-s-cis bond can occupy two main conformations for the β-ionone ring, resulting
a weighted average dihedral angle of about 50°, which may be compared with the experimental
estimate of −28° from solid-state NMR and Raman data. We investigated a series of four single-
mutations, including E113D, A292S, T118A and A269T, which are located near the protonated
Schiff base, along the polyene chain of retinal and close to the ionone ring. The computational
results on absorption energy shift provided insights into the mechanism of spectral tuning, which
involves all means of electronic structural effects, including the stabilization or destabilization of
either the ground or the electronically excited state of the retinal protonated Schiff base.

Introduction
The ability for the human eye to distinguish a variety of shades of colors is determined by
the chromophore 11-cis retinal, which is covalently bound to Lys296 of rhodopsin through a
protonated Schiff base (PSB) linkage.1,2 Human visual pigments are found in the rod and
cone cells that line the outer layer of retina. The pigment in the rod cells mediates scotopic
(dark) vision with a maximum absorption wavelength (λmax) of 500 nm. The cone cells
contain three pigments responsible for color vision, with maximum absorption wavelength
corresponding to regions in blue (λmax = 425 nm), green (λmax = 533 nm), and red (λmax =
560nm).1–4 These pigments consist of a chromophore retinal (11-s-cis), and a protein called
“opsin”, which is a single polypeptide, containing seven transmembrane α-helices, a feature
common to G-protein coupled receptors (GPCR).5,6 The opsin shift refers to the difference
between the observed λmax of the retinal PSB in methanol solution7 and that in the opsin.
3,4,8 We aim to provide an understanding of the origin of the absorption energy shifts
(spectral tuning) in rhodopsin, making use of combined quantum mechanical and molecular
mechanical (QM/MM) methods and molecular dynamics simulations.
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There have been numerous experimental and theoretical studies of spectral regulation of the
PSB in rhodopsins.8–43 Broadly, four factors have been identified to contribute to the
observed spectral shifts;18,19,44,45 they include counterion effects (or a change of
electrostatic interactions of the chromophore with the solvent and with the protein), specific
charge interactions (partial charges interacting with the polyene chain), dispersion
interactions due to aromatic sidechains surrounding the chromophore and structural changes
in the chromophore conformation. The main new finding of the present study is the
mechanism of spectral tuning which involves a combination of factors, including the
stabilization or destabilization of either the ground state or the excited electronic state
through individual amino acid mutations.

In the absence of structural information, Honig and coworkers proposed an external point
charge model to explain the opsin shift in bovine rhodopsin,7,17,18,46–48 while site-directed
mutations established that Asp113 is the primary counterion of the protonated schiff base
(PSB).49–51 The early biochemical findings have been confirmed by crystal structures,52

which revealed that the sidechain oxygen atoms of Asp113 are 3.3 and 3.5 Å from the Schiff
base nitrogen in bovine rhodopsin. Other residues in the PSB-binding site also play
important roles in modulating the absorption spectra through electrostatic and dispersion
interactions. In general, dispersion interactions stabilize the π* excited state more strongly
than they stabilize the ground state,44 and the significance of such effects in the rhodopsin
spectral tuning is evident by the presence of a number of aromatic residues along the retinal
polyene chain. Previous studies on bacteriorhodopsin by Yan et. al. have shown that the
combined contribution of the polar residues, β-ionone ring and dispersion polarization
results in a red shift of 2000 cm−1,53 and Houjou et al. estimated that the dispersion
contribution to the opsin shift is about 1000 cm−1.19

The contribution due to conformational changes of PSB, arises from the effect on
delocalization of charge density along the polyene chain.54 Charge delocalization in the
excited state depends on the twisting of the polyene chain about the single and double
bonds. Twisting along single bonds causes a decrease in the π delocalization, leading to a net
blue shift in the absorption maxima,24,55 whereas an increase in delocalization over an
extended double bond system can result in red shift in the absorption maxima.24,56 Thus the
change in a preferred conformation of the PSB in solutions and in the gas phase to that
within the enzyme environment contributes to the total opsin shift.

One of the most remarkable properties of rhodopsin is its ability to adjust the maximum
absorption wavelength in the three pigments to encompass the entire range of visible light.
Bovine Rhodopsin is among the most widely studied because of its importance to
mammalian vision and ease in preparation.57,58 The human visual pigments, though
optimized by nature to absorb at characteristic wavelengths, have a high degree of sequence
homology. The green and red pigments have 96% sequence homology, differing only at 15
positions, but the maximum absorption wavelengths differ by 30 nm, or about 1000 cm−1 in
energy. The difference between the blue and red pigments is as large as more than 5500
cm−1.59 The high degree of similarity shows the significance of the strategic positioning of
specific amino acids on the spectral character. For example, the replacement of seven of the
fifteen residues account for the entire change in λmax from ~530 nm (green) to ~560 nm
(red), with three specific replacements making most of the contributions.58 Mutations of the
equivalent residues in bovine rhodopsin resulted in a red shift of 20 nm.60 Other studies
include simultaneous mutation of the nine residues that were identified through alignment of
bovine rhodopsin and mammalian (human, rat, mouse, bovine) blue cone pigments; this
multiple-mutation accounts for 80% of the observed spectral shift between the blue cone
pigment and bovine rhodopsin.61 Moreover, a host of single mutation studies have been
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performed to understand the role of specific residues in spectral tuning in the visual
pigments.58,60,62–67

On the theoretical side, there are two relevant questions. The first is the ability to accurately
predict the absolute values of the absorption energies of different visual pigments. This is
very important and is a difficult task because it is necessary to use high-level theoretical
methods such as CASPT2 or time-dependent density functional theory (TD-DFT) with large
basis sets.23–25,28–42 Consequently, these applications are typically carried out using
minimized chromophore geometries in a single protein configuration. It has been found that
the computed vertical excitation energies are strongly dependent on the basis set used and
the level of theory applied and the absorption spectra can vary as large as more than 200 nm.
24 Although useful insights can be obtained on the chromophore electronic structure,
dynamic fluctuations of the protein environment are neglected, which provide key
information on spectral line shape.22,43 The second issue, which is the emphasis of the
present study, is concerned with the change of the absorption energy maximum due to the
change of the chromophore environment and amino acid mutations.22,24,26,27,43,68–71 An
understanding of the spectral shifts can help to elucidate the mechanism of spectral tuning in
visual pigments.22,24,43 The dominant contributing factors in the solvachromic shift are due
to electrostatic interactions20–22,72 and this can be adequately modeled by computationally
less demanding methods including configuration interaction with only single excitations
(CIS)73,74 embedded in molecular mechanics force fields (CIS-QM/MM).22,43,68–71,74 This
approach has been applied to a variety of systems that show large solvatochromic shifts in
solution,68–70,74 and used to analyze various factors contributing to the observed opsin shift
in bacteriorhodopsin,22 and rhodopsin.43

Combined QM/MM calculations have been used in several studies of rhodopsin.20,25–
27,43,72, To understand the spectral shifts between bacteriorhodopsin (bR) and sensory
rhodopsin II (SRII), Birge and coworkers used a combination of modified neglect of
differential overlap and double configuration interaction (MNDO-PSDCI) techniques and
identified that the difference in position of Arg-72 in SR(II) (Arg-82 in bR) was the major
source of observed blue shift between the two proteins.20 On the other hand, Schulten and
co-workers, who employed a QM/MM-CASSCF (complete active space self-consistent
field) model, concluded that electronic reorganization in the retinal Schiff base makes the
dominant contribution to the bR to SRII spectral shift.72 Subsequently, Hoffmann et al.
carried out comprehensive investigations using semiempirical and ab initio multireference
CI approaches, and found that neutral amino acids in the PSB binding pocket and the
hydrogen bonding network on the extracellular side contribute about 90% of the total shift.
25–27 Trabanino et al. performed QM-CIS/MM calculations on three pigment structures
generated by homology modeling and found that structural twisting and dipolar side chains
in the PSB binding pocket contribute to the various spectral shifts.43 The latter studies
demonstrate that combined CIS-QM/MM studies can be used to understand specific protein-
chromophore interactions.

The focus of this study is to elucidate the fundamental mechanism underlying the spectral
tuning of visual pigments, using combined QM-CIS/MM methods and molecular dynamics
simulations.22,68 Our aim is not to reproduce the full absorption spectra of the three color
pigments; rather, we wish to identify the origin of specific amino acid-chromophore
interactions that alter the energies of the ground and excited electronic states of the
chromophore, leading to the observed spectral shifts. Thus, we choose to use bovine
rhodopsin and single amino-acid mutations in our investigation; bovine rhodopsin shares
88% sequence identity with human rhodopsin and has an identical maximum absorption
wavelength at 500 nm, approximately in the mid-range of the visible spectrum. We have
identified four residue mutations to illustrate the mechanism affecting the absorption energy;
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they are Glu113 to Asp (E113D), Thr118 to Ala (T118A), Ala292 to Ser (A292S) and
Ala269 to Thr (A269T). The selection was based on the location of these residues in the
binding pocket, ranging from the PSB counterion site to the steric interactions at the ionone
ring of the chromophore along with consideration of mutations in the blue and red visual
cone pigments.

In the following, we first describe the computational details, followed by results and
discussion. The paper concludes with a summary of major findings of the present study.

Computational Details
To investigate the origin of the opsin shift and the mechanism of spectral tuning in
rhodopsin, we utilize a combination of techniques based on quantum mechanics and
molecular mechanics. In a previous study, we have successfully applied a combined QM/
MM approach to analyze the opsin shift in bacteriorhodopsin.22 The same approach is
employed in the present work. Here, we briefly summarize the computational procedure,
focusing primarily on the simulation model relevant to rhodopsin.

A. Protein-Bilayer Modeling—We used the bovine rhodopsin structure (PDB code:
1HZX) to set up the initial protein-membrane-solvent system for molecular dynamics
simulations.75 A number of titratable residues, including E113, E122, E181 and H211, are
located close to the binding site of the retinal chromophore. In the present study, all acidic
residues (Glu and Asp) are negatively charged and histidine residues are kept neutral. There
are eight amino acids that are disordered in the crystal structure; they are residues 236–240
and 331–333, which belong to the cytoplasmic loop II and the C-terminal. We have built the
missing coordinates using the biopolymer module in the program InsightII. Initially, the two
amino acid residues prior and two residues after the missing residues are defined as the
anchor residues for the loop construction. Then, the sequence of the missing loop was
compared with a database of loops derived from the protein databank, and the ten structures
from the database that best fit the rhodopsin loop-sequence were selected. The inclusion of
the missing residues positions was completed through the use of the splice facility within the
module biopolymers of InsightII, which incorporates the coordinates of the previously
selected loop into the target structure. The loop residues were energy-minimized for 200
steps using the adopted basis Newton-Raphson (ABNR)76 method with the rest of the
protein atomic positions held fixed. This yields a compete set of rhodopsin coordinates.

NMR and Fourier transform IR studies suggested the involvement of a water-mediated
network between the Schiff base and its counterion E113.77–79 However the crystal
structure showed that the side chain of the counter ion is in direct contact with the PSB.75 A
total of 12 water positions were resolved in the crystal structure, one of which is about 4.4 Å
away from the carboxylate group of E113. Through accessible surface calculations, the
authors of the crystal structure reported the existence of two cavities located near the
nitrogen of the Schiff base.75 To probe the possibility of other possible positions for water,
we used the program DOWSER to analyze the solvent cavity in the protein.80 A probe
radius of 1.4 Å was used and six cavities were identified to be large enough to accommodate
water molecules. Along with the crystal water, a total of 18 waters were included in the
initial coordinate set. The positions of the additional water molecules were optimized for
100 steps using the ABNR algorithm with the protein and crystal water positions held fixed.

The initial configuration of the membrane-protein complex was constructed using a
procedure similar to that described by Wolf et al.81 The protein was first placed in a
orthorhombic box having a target dimension of roughly X = 159 Å, Y= 189 Å, and Z=200
Å, with its center of mass position coincide with the origin of the box. Then, the protein was
oriented by aligning the principal axis of helix VI in the direction of the z-axis. This
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reference was chosen based on the helical tilt analysis of the crystal structure presented by
Teller, et al.,75 suggesting that helix VI has an tilt angle of nearly zero with respect to the
norm of the membrane surface and that the protein has dimensions of 41, 45 and 37Å in
height and widths, respectively.75 Based on the experimental surface area (64 Å2)82 for each
lipid headgroup and the system dimension, a total of 70 DMPC (1,2-dimiristoyl-SN-
glycero-3-phosphorylcholine) lipid molecules, half on each side, was used to embed the
opsin molecule.

The positions of the lipids were constructed by the following procedure. First, 35 van der
Waals spheres of radius 9 Å, mimicking the size of the lipid headgroup, were placed on each
of the two x-y planes located at z = +17 Å and −17 Å, roughly the interfacial region between
the bilayer and bulk water. The size of the planes was initially set to have three times of the
target area. Then, 100 steps of energy minimization were performed, followed by 1 ps of
molecular dynamics simulation at 300K, with the protein and water atoms held fixed. The
van der Waals spheres were restrained to move only in the x-y plane. At the end of the
molecular dynamics simulation, the sizes of the x-y plane for the van der Waals spheres
were reduced by 1 Å in each direction, and this process was repeated until the final size of
the x-y plane reached the target value. The resulting positions of the van der Waals spheres
were used to anchor the lipid head groups by placing a randomly selected lipid molecular
from a library of lipids configurations generated from molecular simulations.83 Each lipid
orientation was further optimized through rigid body rotation and translation to minimize
close contacts. Finally, the system was solvated by overlaying two pre-equilibrated water
boxes over the two planes of the bilayer head groups and water molecules that are within 2.6
Å of any protein or crystal water atoms were removed. The final dimension of the completed
membrane-protein complex is X = 53 Å, Y = 63 Å, and Z = 93 Å, and the system contains
348 amino acid residues, 70 DMPC lipid molecules, 5979 Water molecules, and 3 Na+ ions
to neutralize the total charge of the system, giving rise to a total of 31763 atoms.

B. Simulation—All simulations were carried out using the CHARMM76 program (c28a1)
and the CHARMM22 force field.84–86 The empirical parameters developed by Schulten and
coworkers were used to describe the chromophore retinal,87,88 and the three-point charge
TIP3P model was used to represent water.89 The isothermal-isobaric (NPT) ensemble at 330
K and 1 atm was used along with periodic boundary conditions. The Nose-Hoover
thermostat was used to maintain the temperature and the pressure was controlled by the
Anderson method and the Verlet algorithm90 with an integration time step of 2 fs was used.
All bonds and angles involving hydrogen atoms were constrained using SHAKE.91

Structures were saved every 50 integration steps along the molecular trajectory. Long-range
electrostatic interactions were included by using the particle mesh Ewald (PME) method,
with the parameters of κ = 0.32 Å, order = 6, fftx = 64, ffty =64, and fftz =128.92 After
construction of the system, it was equilibrated for 1 ns, which was followed by additional 2
ns for analysis. A snap shot of the rhodopsin-membrane structure during the molecular
dynamics simulation is shown in Figure 1. All calculations were performed on a cluster of
IBM-SP computers at the Minnesota Supercomputing Institute (MSI) using 16 processors.

C. Spectral Analysis—The computed electronic excitation energy is dependent on the
instantaneous structure of protonated Schiff base generated during the molecular dynamics
simulation, which is further influenced by the dynamic fluctuations of the protein
conformation. At any dynamics step, the PSB structure deviates from its optimal geometry
in the gas phase. Consequently, the use of either the gas-phase geometry embedded in the
protein environment or a structure minimized in the presence of a fixed protein
configuration does not provide a full picture of the observed spectra. The spectral shifts can
be obtained by ensemble averaging over the molecular dynamics trajectory.
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We used 50 configurations that were saved during the last 500 ps of the molecular dynamics
simulation at a 10-ps interval to analyze the spectral properties using QM-CIS/MM
calculations. This was performed following the following procedure. For each configuration
generated by the dynamics simulations using the classical force field, we further carried out
combined QM/MM simulations, in which the PSB chromophore was treated by the
semiempirical AM1 method.93 In these simulations, we propagated 200 steps of molecular
dynamics integration starting with the initial velocities and forces from the classical
simulation. The primary purpose of these short QM/MM simulations is to obtain a more
reliable instantaneous molecular geometry for the PSB than that generated using the force
field. The semiempirical AM1 model can yield good results in molecular geometry for
hydrocarbon compounds93 such as the retinal polyene system. The resulting structures are
then used in the electronic spectral calculation employing an ab initio QM/MM potential.

The structures for the mutant rhodopsins were generated by replacing the side chain atoms
of the corresponding amino acid in the wild-type protein by the mutant residue with the
maximum overlap for those atoms present in both residues. The side chain of the mutated
residue is then subjected to 50 steps of minimization to optimize the bond lengths and bond
angles. This is followed by a short 100-step dynamics simulation for the neighboring
residues within 5 Å radius of the mutated residue, primarily to relax the environment around
the point of mutation. In this case, the chromophore coordinates were held fixed throughout
the mutation protocol. The ensemble of structures thus generated was used for the
calculation of electronic excitation energies and the study of mutation effects on the
absorption characteristics of the chromophore.

D. Absorption Energy Shift—We consider the thermodynamic cycle shown in Scheme
1, which relates the experimental opsin shift, Δν(OS), to the changes in the excitation energy
due to retinal conformational change Δν(conf) in the gas phase, solvation Δν(sol), and PSB-
protein interactions Δν(rhod). Thus,

(1)

The first term in eq 1 relates to the intrinsic conformational change in the chromophore
when transferred from solution (6-s-cis) to the protein (6-s-cis/11-s-cis) environment. To
estimate the Δν(conf) term, configuration interaction calculations with single excitations
(CIS) using the 3-21/G and 6-31G(d) basis sets along with an active space of 60 occupied
and 50 unoccupied orbitals were performed.73 Although higher level of theory can be used
here to obtain more accurate results in the absolute transition energy,28–42 the present study
focuses on the shift in the excitation energy and the CIS method can yield reasonable results.
22,68–70 Since the QM-CIS/MM approach is used in the solution and protein systems, we
choose to use the same procedure for the gas-phase process. We also found that the results
obtained using the two basis sets are very similar and we have decided to use the 3-21G
basis set in all calculations on the protein and solution systems.

The second and third terms in eq 1 relate to effects of solvation on the protonated Schiff
base by the protein-aqueous environment and in methanol solution. This requires the
construction of an integrated protein-lipid bilayer system and averaging the computed
spectral shifts over a molecular dynamics trajectory that includes configuration sampling.
The effects of methanol solvation on PSB have been investigated previously in combined
QM-CIS/MM simulations.22
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The excitation energies of the PSB for the ensembles of structures were obtained using the
program GAMESS,94 which has been modified to include the effect of the electric fields of
the protein-lipid and solvent environment.22,95,96 The chromophore was described using ab
initio molecular orbital theory at the CIS/3-21G level with an active space of 60 occupied
orbitals and 50 lowest virtual orbitals. As noted above, although the CIS method is poor at
predicting the vertical absolute excitation energies, it has been found to perform adequately
to account for environment-induced shifts.22 In the present calculation, the spectral shifts are
determined by subtracting excitation energy of the reference molecule in the gas phase from
the computed vertical excitation energy in rhodopsin.22

The retinal chromophore along with part of the covalently linked Lys296 is treated by the
semiempirical AM1 model, and the generalized hybrid orbital (GHO)97 method was
employed to describe the boundary between the quantum and classical regions, which is
located at the Cδ atom of Lys296. CIS calculations with the inclusion of the solvent
environment as point charges were then performed on an ensemble of AM1/CHARMM-
TIP3P-equilibrated structures.22,43,68–70,98 Inclusion of the effects of the instantaneous
polarization of the environment by using a polarizable force field tends to stabilize the
excited state for electronic transitions that lead to charge delocalization, but this effect is
typically small for systems that have been examined with contributions about 10 to 100
cm−1.69,70,98,99 For rhodopsins, Wanko et al. found that the instantaneous polarization of
the protein environment in response to the electronic excitation of the PSB reduces the
vertical excitation energy by about 30 cm−1 (0.05 eV).26,27

The third term in eq 1 require statistical sampling of the retinal PSB in solution, for which
we performed QM-CIS/MM Monte Carlo simulations of the 6-s-cis methylretinyledene
protonated Schiff base without and with a chloride counterion at distances from 4 to 10 Å in
a box (ca. 26.5 × 26.5 × 40 Å3) of 385 methanol molecules modeled by the OPLS potential.
100

Results and Discussion
We first present the results on the opsin shift of bovine rhodopsin. Then, we focus on the
effects of individual amino acid mutations on the absorption energy of the chromophore.

A. The Opsin Shift—A three-step computational approach was utilized to estimate the
opsin shift of the PSB in going from methanol to the rhodopsin-membrane environment
(Scheme 1).22 The first step involves the calculation of the change of absorption energy due
to solvent effects by transferring 6-s-cis methylretinyledene protonated Schiff base from the
gas phase into a methanol solution.101–103 The second step yields the difference in
exicitation energy arising from conformational change from the 6-s-cis/all-trans former
preferred in solution to the 6-s-cis/11-cis structure corresponding to that in rhodopsin. The
final step accounts for the effects of the rhodopsin-membrane-water environment on
absorption energy of the 11-cis PSB.

The solvatochromic shift arising from the transfer of 6-s-cis methylretinylidene from the gas
phase into methanol solution was computed by combined QM-CIS/MM Monte Carlo
simulations.22 The calculation included PSB chromophore along with a Cl− counter ion in a
box (~ 26.5 × 26.5 × 40 Å3) of 385 methanol molecules. The PSB was described by the
semempirical AM1 method93 while the solvent was treated using Jorgensen’s OPLS
potential for methanol.89,100 CIS excitation energies were averaged over 5000
configurations following every 50,000 Monte Carlo moves for a total of 2×106

configurations. The calculations were also performed without the chloride counterion, which
did not change the quantitative results significantly, which is consistent with experiments
showing little counterion effects on the UV-vis absorption spectra. To verify the
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semiempirical results, CIS calculations on 20 structures saved during the simulation were
repeated using the CIS/HF/3-21G method with an active space of 60 occupied and 50
unoccupied orbitals. A solvatochromic blue shift of 3250 ± 70 cm−1 at the semiempirical
level and 3100 ± 50 cm−1 at the ab initio level were obtained in methanol solution with a
chloride counterion. For comparison, the computed spectral shifts are 3030 ± 70 and 2900 ±
50 cm−1, respectively, without the counter ion. Interestingly, although solvent effects are
similar in acetonitrile solution, the presence of a counter ion in the aprotic solvent has
greater impact on the absorption energy (Table 1). Surprisingly, there is smaller
solvatochromic shifts in aqueous solution, which we attribute to hydrophobic effects.
Concomitantly, counter ion contribution further diminishes in water due to favorable
solvation of the small ion.

The energy difference arising from the 6-s-cis/all-trans to the 6-s-cis/11-cis conformation of
the PSB in the gas phase was obtained by CIS/6-31G(d) and CIS/3-21G calculations with an
active space of 60 occupied and 50 unoccupied oribitals. A red shift of about −204 cm−1

was obtained for the Δν(conf) term.

To evaluate the effects from the dynamical fluctuations of the protein environment
embedded in the lipid membrane, we have carried out molecular dynamics simulations of
protein-lipid-water system employing a molecular mechanics force field.84–89 The average
shift in absorption energy was determined by ab initio CIS-QM/MM single-point energy
calculations based on structures that were saved along the dynamics trajectory. For each
configuration, we first perform a short dynamics simulation using the combined AM1/
CHARMM potential to further equilibrate the chromophore structure. The protein
environment stabilizes the ground state of the PSB, resulting in an average blue shift of 2120
cm−1 relative to the gas phase value for the 6-s-cis/11-cis conformation. Combining the
above three contributions, a net red shift of −’1180 ( ≈ − 3100 − 204 + 2120) cm−1 was
estimated without the inclusion of dispersion contributions, which is may be compared with
experiment (−2730 cm−1).61,101,102

Our model is essentially a point charge model, in which the dispersion contribution due to
interactions between the ground and excited states of the PSB with the MM environment is
excluded.68 However, this is different than the original point-charge model proposed by
Honig and Nakanish and coworkers,17,18,46–48 in that a specific counterion or counerions
are involved. The present results represent the overall effects of electrostatic interactions in
solution and in rhodopsin. A complete treatment of the problem must include dispersion
effects, which would require the computation of the correlation energies between singly
excited states for both the chromophore and all solvent molecules104,105 and are
computationally intractable.68 Birge and co-workers, in their study of the spectral tuning in
sensory Rhodopsin II, estimated the dispersion effects arising from the environment by
including residues within 5 Å of the chromophore (charged residues within 12 Å).20,21

Other approaches for the inclusion of dispersion effects have been reported in the literature.
104,105 Houjou et al.,19,106 in their study to delineate the origin of the opsin shift in bR,
employed a linear regression analysis of the experimental and theoretical solvatochromic
shifts to derive a linear relationship that correlates the spectral shifts to the solvent’s
dielectric constant and refractive index. Based on the estimate of the refractive index for the
PSB binding pocket in bR, a red-shift of 1000 cm−1 was estimated.19 Adopting the estimate
for dispersion contributions by Houjou et al,19 we obtain at a best estimate of the opsin shift
at about −’2100 cm−1 (red-shift) for rhodopsin, in reasonable agreement with experiments
(−’2730 cm−1).61,101

The present study and our previous study on the opsin shift of bR have shown that the
solvent and protein environment provide greater stabilization for the ground state than the π*
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excited state (greater charge delocalization). Both specific hydrogen bonding and non-
specific electrostatic interactions contribute to the solvatochromic blue shift of the PSB in
methanol solution. The relative effect due to the electrostatic interactions in the protein-
membrane environment is smaller that that in methanol by 980 cm−1. The contributions
arising from the change in retinal conformation is relatively small (ca. 200 cm−1), while
dispersion interactions make large contributions due to the presence of aromatic residues
along the polyene chain.19

To provide further insights into the effect of dynamic structural fluctuations of the PSB on
the computed spectral shifts, we have also computed the absorption energy of the PSB in the
gas phase, but using ten instantaneous structures of the PSB in the rhodopsin-membrane-
water configurations from the combined QM/MM simulations. This also yields the
electrostatic effects of protein-membrane environment due to “vertical” solvation of the
twisted, instantaneous chromophore. Table 2 lists the results of the energy decomposition
analysis, which shows that the change of the chromophore structure due to dynamic
fluctuations increases the energy gap between the ground state and the excited state, mainly
due to the change of single-double bond distance alternation. The change in bond length
alternation has been shown to have direct correlation with calculated vertical excitation
energies in rhodopsin environment.24,25 However, the structural changes due to dynamic
fluctuations are broader and greater than that obtained from geometry optimizations on
selected structures,22,43 and this emphasis the importance of dynamics simulations to
incorporate these instantaneous structural variations.

B. Ionone Ring Conformation—Due to its role in activation of the protein, the
orientation of the β-ionone ring with respect to the rest of the chromophore has been the
focus in a number of studies.106–109 Studies including the use of structurally locked retinal
derivatives,110 solid state NMR,108,111 and geometry optimization using density functional
theory (DFT) demonstrate that the rhodopsin chromophore has a preferred 6-s-cis
orientation in the dark-adapted protein.109 Spooner et al.111 estimated a torsional angle of
−28° ± 7° for C5-C6-C7-C8 on the basis of solid state NMR data derived from 13C labeled
11-Z-retinal substrate. Sugihara et al. used the self-consistent-charge density functional
based tight-binding (SCC-DFTB) method to map the preferred conformation of the
chromophore in the active site.109 In this work, residues within 4.5 Å of the PSB (27 amino
acids) were used to mimic the retinal-binding environment and geometry optimization and
constrained molecular dynamics simulations resulted in a preferred conformation of 6-s-cis
configuration with a dihedral twist of −35°.

Figure 2 shows the distribution of the instantaneous dihedral angle (C5-C6-C7-C8) for the
50 structures generated from MM and combined QM/MM simulations, in which the PSB
and part of Lys296 were treated at the AM1 level. There are two sets of conformers,
corresponding to dihedral angles of −68° ± 55° and +68° ± 25° for the 6-s-cis configuration.
In the gas phase, the energies of the two conformers are identical; however, a large fraction
(86%) of the structures have a negative dihedral indicating the enzyme environment induces
a preference for one of the two 6-s-cis conformations at the β-ionone ring. A statistical
weighted average of −49° is predicted for the C5-C6-C7-C8 dihedral angle, which is
reasonably consistent with experiments.111,112

C. Mechanism of Spectral Tuning—The effects of mutation were modeled by
replacing a set of four residues through atom replacement and constrained minimizations (50
steps) of the side-chain of the mutated residue. This is then followed by a short molecular
dynamics run of 100 steps involving residues within a 5 Å radius of the mutated residue.
The occurrence of the four residues in relation to the retinal protonated schiff base is shown
in Figure 3, which includes two mutations that could potentially reduce or increase the
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strength of hydrogen-bonding interactions at the PSB site, and two that alter electrostatic
interactions with the polyene chain and the β-ionone ring. The first two mutations are
expected to have greater effects on the electronic ground state since they are in the PSB
binding site as a counterion or forming a hydrogen bond, whereas the other two mutations
would have stronger impact on the excited state due to charge propagation up on
photoexcitation. All 50 structures from the ensemble for the wild-type protein were used in
the calculations of the mutants. Figure 4 shows the distribution of the computed spectral
shifts relative to the excitation energy of the wild-type reference structure.

C.1. Glu113Asp: The residue Glu113 has been proposed to be the primary candidate as the
counterion of the protonated Schiff base,49–51 which has been confirmed by the X-ray
structure.52,75 Sakmar and coworkers carried out site-directed mutagenesis experiments at
this position,113 and found that the Glu113Asp (E113D) mutation resulted in a red shift of
10 nm (−390 cm−1 in energy) in the maximum absorption wavelength compared to the wild-
type rhodopsin. In our computation, we obtained a computed red-shift of −580 ± 250 cm−1

(Figure 4), which is in good accord with experiment. The spectral shift is attributed to
electronic ground state destabilization due to the E113D mutation. As a counterion, Glu113
is positioned through evolution to interact with the PSB cation. The mutation to an Asp
residue moves the counterion further away from the PSB because of the shorter side-chain
length. Consequently, this reduces its ability to stabilize the protonated Schiff base, but the
effect is smaller in the excited state because the cationic charge is more delocalized than that
in the ground state, resulting in a net ground-state destabilization effect. Although dynamics
fluctuations of the protein and chromophore would undoubtedly reduce this effect, the
E113D mutant is no longer interacting with the PSB in an ideal orientation.

C.2. Ala292Ser: In a study designed to understand the mechanism in the green-to-blue
opsin shift, Lin et al. identified twelve residues that may have important contributions based
on sequence comparison between the bovine rhodopsin and mammalian blue cone pigment.
61 They found that 80% of the observed opsin shift (or 2830 cm−1) between bovine
rhodopsin and the blue-cone pigment can be accounted for by simultaneously substituting
nine of the twelve residues in bovine rhodopsin by those in the blue pigment.61 It was found
that the introduction of hydroxyl groups at positions Gly90 (400 cm−1), Ala292 (490 cm−1)
and Ala295 (200 cm−1) yields a total of about 1000 cm−1 of blue shift. Ala292 is
particularly interesting because of its proximity to the Schiff base. In the present study, we
found that the Ala292Ser (A292S) mutation yields a small blue shift of 70 ± 240 cm−1

(Figure 4), which is smaller than the experimental value of 490 cm−1. Altun et al. also
obtained small blue shifts in the A292S mutation by energy minimizations on selected
sidechain conformations.24 Two factors may contribute to the difference in quantitative
agreement with experiment. First, the computed spectral shifts have large fluctuations,
suggesting that more structures may be needed in the ensemble average. Second, the mutant
system was equilibrated with the chromophore held rigid, which may have prevented the
serine mutant to interact with the protonated Schiff base more favorably. The results may be
improved by running explicit QM/MM simulations of the mutant protein that average over a
broader range of configurations to computed the spectral shifts. Nevertheless, the present
study does yield a small blue shift and shows that the serine mutant forms a weak hydrogen
bond with the PSB, affecting the chromophore’s absorption energy.114–119 The possible
involvement of hydrogen-bonding interactions between the A292S mutant and the PSB has
been discounted based on Raman data.61 However, the absorption spectral data are a more
direct probe of the specific interactions between the chromophore and its surrounding
neighbors. The A292S mutation has the opposite effects in comparison with that of E113D
in that the ground state of the PSB is more stabilized than the excited state due to the
introduction of a hydrogen bond, which increases the energy gap between the ground and
the excited state.
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C.3. Thr118Ala: The crystal structure of bovine rhodopsin shows that Thr118 is positioned
near the center of the polyene chain of the retinal chromophore in the vicinity of the C9-
methyl group.52,72 In a study to engineer a maximally blue-shifted rhodopsin mutant, Janz
and Farrens identified Thr118 as a residue that can be mutated to produce a “blue-mutant”,
120 and, in fact, the Thr118Ala (T118A) mutation leads to16 nm blue-shift in the absorption
maxima, corresponding to an increase in the energy gap between the ground and excited
state by 660 cm−1. Computationally, we obtained a blue-shift of 160 ± 150 cm−1 by
mutating Thr118 into an Ala (Figure 4). Although the quantitative agreement with
experiment is not perfect, the qualitative trend is consistent with experiment and the
mechanism of the spectral shift due to the T118A mutation is interesting. The computed
spectral shift can be rationalized by excited-state electrostatic destabilization. Following
electronic excitation, the charge distribution of the PSB becomes more delocalized through
charge migration along the polyene chain in the direction toward the β-ionone ring. Thr118
in the wild-type rhodopsin provides electrostatic stabilization of the charge delocalized
configuration of the excited state by the hydroxyl group, whereas the T118A mutant has a
diminished electrostatic contribution. Consequently, the excited state is not as strongly
stabilized in the mutant as that in the wild-type protein, leading to an increase in the energy
gap and a blue shift. The effect of the T118A mutation has been attributed to other factors,
including structural perturbation of the transmembrane helix-3, which affects the position of
the counterion Glu113 in addition to local structural changes.120 Note that the effect of
Glu113 is primarily in the stabilization of the protonated Schiff base, which is a ground state
effect. Although this might be possible, the effect of diminished dipolar stabilization of the
excited state due to the T118A mutation from the computational study is consistent with
experiment.

C.4. Ala269Thr: Chan et al. addressed the mechanism of spectral tuning between green and
red pigments by mutating three residues (Ala164Ser, Phe261Tyr, Ala269Thr) common to
bovine rhodopsin and the green pigment into amino acids found at the corresponding
positions of the red visual pigment.60 Their selection of residues was based on an earlier
proposal by Neitz et al.,63 who identified these substitutions to be the origin of the roughly
−1000 cm−1 difference in absorption energy at λmax between the green and red visual
pigments. The double mutant F261Y/A269T yielded a total spectral shift of −775 cm−1,
while the single mutant A269T produces a red-shift of −545 cm−1. These results led Chan et
al. to suggest that interactions involving hydroxyl bearing amino acids with the
chromophore may be a common mechanism in the adjustment of absorption energies among
visual pigments.60 A269 is located 5 Å from the β-ionone ring and the A269T mutation
provides an interesting case, in which mutations away from the protonated Schiff base site
can also play a major role in the spectral tuning. Our computation yields an average value of
−210 ± 140 cm−1 energy shift (Figure 4), which may be compared to the experimentally
red-shift of −545 cm−1.60 The origin of the spectral shift in the A269T mutation is due
excited state stabilization, opposite to the case of T118A mutation, which is more significant
due to stronger electrostatic or dipolar interactions between the Thr hydroxyl group and the
charge delocalized excited state that develops greater cationic charge character at the ionone
ring than in the ground state. For comparison, Altun et al. also examined the A269T
mutation in their energy minimization calculations and obtained an average red shift of -14
cm−1 over four conformers.24 These authors attributed the spectral change to the ground-
state effect of decreased bond length alternation. Notice that the results in Table 2 (third
column) show that the spectral fluctuations (±1880 cm−1) are more than two orders of
magnitude greater than that from minimized structures, and the computed spectral shifts are
entirely due to electrostatic effects from the protein environment since the chromophore
geometries are the same in the wild-type rhodopsin and the four mutant systems. It would be
of interest in future studies to examine the effects of structural fluctuations due to amino
acid mutations in dynamics simulations.
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Conclusions
Molecular dynamics simulations and combined QM/MM calculations have been used to
investigate the mechanism of the opsin shift and spectral tuning in rhodopsin. The present
study provided confirmation for the understanding of the factors that contribute to the
observed opsin shifts of bovine rhodopsin relative to that of the protonated Schiff base in
methanol solution. Significant modulation in the absorption characteristics of the
chromophore due to both the solvent and protein environment is observed. A significant red
shift of −980 cm−1 was estimated due to the transfer of the chromophore from the solution
environment to the PSB binding site of the opsin. Conformational change from a 6-s-cis-all-
trans configuration in solution to a 6-s-cis-11-cis conformer contributes additional −200
cm−1 and the remaining effects arise form dispersion interactions with the aromatic residues
present in the active site. Based on the estimate of a red-shift of 1000 cm−1 due to dispersion
by Houjou et al. along with our simulation results on conformational and electrostatic
effects, we obtain an opsin (red) shift of 2100 cm−1, in reasonable accord with the
experimental value of 2730 cm−1. Structurally, we found that an average dihedral angle of
−50° for the 6-scis bond, which is a result of two major conformation populations that
restrict the β-ionone ring orientation. This may be compared with the experimental value of
−28° ± 7° from solid-state NMR and Raman data. We investigated a series of four single-
mutations, including E113D, A292S, T118A and A269T, which are located near the
protonated Schiff base, along the polyene chain of retinal and close to the ionone ring. The
computational results on absorption energy shift provide insights into the mechanism that
visual pigments use for spectral tuning, which involve all means of electronic structural
effects, including the stabilization or destabilization of either the ground or the electronically
excited state of the retinal protonated Schiff base. In the case of Glu113Asp, ground state
destabilization is the main factor that reduces the energy gap between the ground and the
excited state, leading to a computed red-shift of −580 ± 250 cm−1 (expt: −390 cm−1). On
the other hand, ground state stabilization plays a major role in the Ala292Ser mutation due
to the introduction of a hydrogen bond with the PSB, for which we obtained a computed
blue-shift of 70 ± 240 cm−1 (expt: 490 cm−1). The Thr118Ala mutation destabilizes the
excited state by weakening electrostatic interactions with the charge density developed along
the polyene chain in the excited state, giving rise to an estimated red- shift of 160 ± 150
cm−1 (expt: 660 cm−1). Finally, the increased electrostatic interaction between hydroxyl
group of the Ala269Thr mutant and the ionone ring favors excited state charge propagation,
lowering the ground and excited state energy gap and resulting in a computed red-shift of
−210 ± 140 cm−1 (expt: −545 cm−1).121
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Figure 1.
A snapshot of the computational model. Rhodopsin is shown in green ribbon, retinal in red
spheres, lipids in yellow and blue, and water in red and white spheres. Lipids and water
molecules in front of the protein have been removed for clarity.

Rajamani et al. Page 17

J Comput Chem. Author manuscript; available in PMC 2012 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Distribution of computed dihedral angles of the β-ionone ring of the retynylidene protonated
Schiff base.
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Figure 3.
Mechanism and schematic representation of the four selected residue mutations in the
binding site of the retinal protonated Schiff base.
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Figure 4.
Distribution of the computed spectral shifts in the excitation energy of the retinal
chromophore due to residue mutations in rhodopsin.
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Scheme 1.
Thermodynamic cycle used for computing the rhodopsin shift.
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Table 1

Computed average solvatochromic shifts of the protonated Schiff base 6-s-cis-methylretinylidene from the gas
phase into solution (cm−1).

Solvent

Without Cl− counterion With Cl− counterion

CIS/AM1 CIS/3-21G CIS/AM1 CIS/3-21G

CH3OH 3030 ± 70 2900 ± 50 3250 ± 70 3100 ± 50

CH3CN 3090 ± 70 3500 ± 80

H2O 2760 ± 90 2860 ± 70
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Table 2

Calculated absorption energies of the protonated Schiff base (PSB) in the rhodopsin-membrane system, and
the corresponding PSB in the gas phase along with their difference. Energies are give in wave numbers
(cm−1).

Structure # PSBProtein PSBGas (PSBProtein- PSBGas)

1 32016 31359 657

2 30743 29980 763

3 31788 29738 2050

4 31239 29176 2063

5 30529 27247 3282

6 32042 30730 1312

7 30140 29430 710

8 35700 33797 1903

9 29779 27220 2559

10 29470 28198 1272

Average 31344 ± 1690 29687 ± 1883 1657 ± 824
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