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Abstract
We have investigated geometries and excitation energies of bovine rhodopsin and some of its mutants
by hybrid quantum mechanical/molecular mechanical (QM/MM) calculations in ONIOM scheme,
employing B3LYP and BLYP density functionals as well as DFTB method for the QM part and
AMBER force field for the MM part. QM/MM geometries of the protonated Schiff-base 11-cis-
retinal with B3LYP and DFTB are very similar to each other. TD-B3LYP/MM excitation energy
calculations reproduce the experimental absorption maximum of 500 nm in the presence of native
rhodopsin environment and predict spectral shifts due to mutations within 10 nm, whereas TD-BLYP/
MM excitation energies have red-shift error of at least 50 nm. In the wild-type rhodopsin, Glu113
shifts the first excitation energy to blue and accounts for most of the shift found. Other amino acids
individually contribute to the first excitation energy but their net effect is small. The electronic
polarization effect is essential for reproducing experimental bond length alternation along the polyene
chain in protonated Schiff-base retinal, which correlates with the computed first excitation energy.
It also corrects the excitation energies and spectral shifts in mutants, more effectively for
deprotonated Schiff-base retinal than for the protonated form. The protonation state and conformation
of mutated residues affect electronic spectrum significantly. The present QM/MM calculations
estimate not only the experimental excitation energies but also the source of spectral shifts in mutants.

I. Introduction
The visual pigment rhodopsin (Rh) is a G-protein-coupled receptor that is responsible for light/
dark vision in vertebrate eye.1–3 It contains an 11-cis-retinal chromophore attached covalently
to a lysine residue (Lys296) via a protonated Schiff-base (PSB) linkage. It is biologically
activated by the light-induced 11-cis to all-trans isomerization of PSB retinal (PSBR) that
triggers a sequence of events resulting in the excitation of the visual nerve and perception of
light in the brain. The chromophore in the protein environment of bovine Rh absorbs at 500
nm,1–3 while the absorption occurs at about 450 nm in organic solvents4 and 610 nm in vacuo.
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For understanding how protein environment regulates absorption maxima (spectral tuning) of
the retinal chromophore, many experimental and theoretical studies have been performed. The
mutagenesis experiments highlight the importance of some amino acids, but the molecular
basis of spectral tuning in various retinal proteins is not clear. Hybrid quantum mechanical/
molecular mechanical (QM/MM) calculations can take the entire protein into account and thus
are viable in understanding the visual event. In practice, however, computation of the wave
length of absorption maxima for retinal proteins is a challenging problem.6–28

For all-trans retinal (Schiff-base terminal = −NH2/−NHCH3) in the gas phase, CASPT2 (at
CASSCF geometry = 534/545 nm)22 and TD-B3LYP (this study at B3LYP geometry =
501/509 nm) excitation energies with the 6−31G* basis set agree within 35 nm but differ
significantly from an another CASPT2 result with an ANO basis set (at DFTB and MP2
geometries = 606 nm).21,23 The later reproduce the experimental result of 610 nm.5 In a
CASPT2/AMBER study on bovine Rh, the improvement of the 6−31G* basis set to ANO-S
corrects the first excitation energy by 30 nm.24 Hence, the difference of 60 nm between two
CASPT2 results can be attributed partly to the differences in the basis set (6−31G* vs ANO)
and partly to geometry (CASSCF vs DFTB or MP2). The errors in the computed gas-phase
excitation energy of all-trans retinal (experiment = 610 nm) are quite variable by using basis
sets at similar sizes: −100 nm (TD-B3LYP/6−31G* at B3LYP geometry),6−65 nm (CASPT2/6
−31G* at CASSCF geometry),22 −36 nm (OM2-MRCI at DFTB geometry),8 57 nm (SORCI/
SV(P) at DFTB geometry),8 and more than 200 nm (SACCI/D95(d) at B3LYP geometry).25

Gas-phase calculations7,9 on an 11-cis-retinal model (without β-ionone ring) optimized in the
protein matrix of bovine Rh show that (a) incorporation of dynamical correlation in the
calculations corrects the excitation energies significantly; (b) CASPT2/6−31G* (at CASSCF
geometry), SORCI/SV(P) (at DFTB geometry), and OM2-MRCI (at DFTB geometry)
calculations yield comparable excitation energies to each other; and (c) the excitation energies
calculated at these three levels deviate from the experimental result (500 nm) by 55−80 nm in
the absence of β-ionone ring and protein environment.

The computed gas-phase excitation energy of the full 11-cis-retinal that is optimized in the
protein matrix of bovine Rh is also quite variable, analogous to all-trans retinal in the gas phase
(see above): 643 nm (CASPT2/ANO at DFTB geometry),21 545 nm (CASPT2/6−31G* at
CASSCF geometry),24 616 nm (aug-MCQDPT2/cc-pVDZ at PBE0 geometry),26 912 nm
(SACCI/D95(d) at B3LYP geometry),25,27 and 490 nm (TD-B3LYP/D95(d) at B3LYP
geometry).27 When Glu113 is included in the gas-phase model, the excitation energy is blue-
shifted by ca. 150 and 210 nm at CASPT2/(ANO or 6−31G*)21,24 and aug-MCQDPT2 (cc-
pVDZ)26 levels, respectively. The remaining protein environment of bovine Rh shifts the first
excitation energy by ca. 15/20/−7 nm at CASPT2/ANO level using NPA/Mulliken/CHARMM
charges for the protein environment21 and 110 nm at aug-MCQDPT2 level using effective
fragment potential (EFP) method.26 In contrast to these variable contributions, the resulting
CASPT2/MM (502/507/495 nm21) and aug-MCQDPT2/EFP (515 nm)26 excitation energies
are very close to the experimental value (500 nm) and the results of other QM/MM studies
including only retinal in the QM region: 479/489 nm at CASPT2/AMBER (6−31G*/ANO-S)
10,24 and 481 nm at TD-B3LYP/AMBER (6−31G*)12 levels. Similarly, TD-B3LYP/AMBER
and SACCI/AMBER excitation energies with D95(d) basis set are 508 (492) nm and 601 (506)
nm in the absence (presence) of Glu113 in the QM region.27 Hence, although several QM/
MM excitation energy calculations reproduce the experimental absorption maximum for
bovine Rh, gas-phase results and QM/MM interaction energies are strongly dependent on the
chosen QM method and the environmental fixed protein charges. This suggests that protein
environment fixes some amount of error in the gas phase or most QM/MM excitation energy
calculations favor from lucky error cancelations.
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Absorption maximum (569 nm) of all-trans retinal in bacteriorhodopsin (bR) is underestimated
by ca. 200 nm at TD-HF/AMBER level.6 Dynamical correlation corrects the QM/MM
excitation energy significantly. However, it is still underestimated by ca. 40 nm at SORCI/
CHARMM8 and 80 nm at TD-B3LYP/AMBER,6,27 OM2-MRCI/CHARMM,8 and OM2-
CIS/CHARMM8 levels. Although the experimental result is overestimated by 100 nm in a
SACCI/AMBER study that includes only the retinal in the QM region, it is reproduced within
15 nm (556 nm) when the QM region is extended to Asp85 and the neighboring water molecule
W402, indicating electron transfer from Asp85 to retinal.27 Asp85 blue-shifts the first
excitation energy by ca. 100 nm also at SORCI/CHARMM and OM2-MRCI/CHARMM levels
but without its inclusion in the QM region.8 Almost all QM/MM studies incorporate
polarization of the QM part by environmental residues but ignore polarization of the protein
environment by QM charges. At a semiempirical level, environmental polarization red-shifts
the first excitation energy of bR by ca. 80 nm.28 If this semiempirical estimation is applied to
TD-B3LYP/AMBER and OM2/CHARMM results, the experimental excitation energy is
reproduced. However, the amount of environmental polarization contribution to the first
excitation energy may be quite different at these levels. All computational trends summarized
here for the QM/MM studies of bR are the same as those of sensory rhodopsin II.8,25,27

Correlated ab initio calculations that require large QM regions and active spaces for retinal
proteins are very expensive. The full 11-cis-retinal is already very large for single-reference
coupled cluster calculations. Density functional theory (DFT) calculations with B3LYP
functional give comparable QM/MM excitation energies with CASPT210,24 and seem the
cost-effective reliable method of choice to explore molecular basis of spectral tuning of retinal
proteins. We here present a systematic hybrid density functional QM/MM study in the ONIOM
scheme for geometries and excitation energies of Rh to enhance our understanding on the
spectral tuning mechanism.

II. Computational Details
A. Setup of the System

We started from the best-resolved X-ray structure available for bovine Rh (pdb code: 1U19,
resolution = 2.2 Å), which has no missing amino acid.29 We included only the protein chain
A and the corresponding water chain of the crystallographic dimer. Nonamino acid residues
at the protein surface (membrane lipids) as well as Hg and Zn ions were omitted. A water
molecule was put in the place of surface ion Zn963 for matching its interaction with His278.
Met1 was acetylated as in the X-ray structure and C terminal was used for Ala348.

The results of PROPKA30 and PROCHECK31 programs were used, in combination with
visual inspection, to assign the protonation states of all titratable residues. Asp83, Glu122,
Glu181, and Glu249 were protonated (neutralized). FTIR and UV–vis spectral studies of site-
directed mutants of the first three residues indicate that they are in fact neutral.32,33 We
assigned His152 and His211 to be protonated at the ε nitrogen only and His195 and His278 to
be protonated at the δ nitrogen only. The other histidines (65 and 100) were fully protonated
at both nitrogen atoms. Sulfur atoms in Cys110 and Cys187 were not protonated as they formed
a disulfide bond. Standard protonation states were used for all other amino acids. The overall
charge of the system after adding missing hydrogen atoms (total of 5632 atoms) is +1 due to
protonated Schiff-base (PSB) linkage between the 11-cis-retinal and Lys296, compensated by
the negatively charged Glu113 counterion.33–35

Although β-ionone ring orientation is 6-s-cis at the C6–C7 bond of the polyene chain of the
chromophore in all X-ray studies,29,36–38 NMR studies give conflicting results: 6-s-trans in
refs 39 and 40; 6-s-cis in refs 41–43; 6-s-cis (6-s-trans) with a 74% (26%) component in ref
44. Low-level semiempirical MNDO-CI45 and DFTB46 calculations estimate 6-s-trans
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geometry more stable. Later B3LYP/MM studies12 show that the protein pocket tolerates both
conformations, with energetic preference to 6-s-cis conformation. NMR parameters calculated
at B3LYP/MM level are also more consistent with experiment for the 6-s-cis conformation.
12 These results suggest that 6-strans conformation will appear only very rarely during protein
dynamics. Hence, we have considered only 6-s-cis conformation in this study.

B. Force Field Calculations
All MM calculations [pure MM or hybrid ONIOM(QM:MM)] were performed with AMBER
all-atom force field and TIP3P water model.47 All available force field parameters, charges
and types of each atom in each amino acid were taken from AMBER library.47 As AMBER
force field is derived with RESP charges calculated at HF/6−31G* level, we also used RESP
charges calculated at the same level for protonated and deprotonated SB retinals that are not
defined in AMBER library. As there is no AMBER charge derived for side chain bound Lys
in AMBER library and only part of it is included in the model part (see below), the charges of
its Cδ and Cε atoms along with those of attached hydrogens were modified slightly. The
nonstandard AMBER charges and parameters used in this study are as given in Supporting
Information.

The entire Rh system was first optimized at pure AMBER force field level to remove close
contacts. For mutants, after mutating residues on this AMBER geometry of Rh, the systems
were again optimized at AMBER level. The resulting geometries were used as the initial
geometry of ONIOM optimizations. During pure AMBER (as well as ONIOM) geometry
optimizations, no restraints were applied. The positions of backbone atoms in the seven
transmembrane α-helices of Rh as well as the environment of ions ignored were well conserved
with AMBER optimization (see Figure 1). However, in the absence of crystal packing effects
and solvent layer, surface residues that connect the helices showed large variations compared
with experiment. As those surface residues are significantly away than the chromophore, they
are not expected to affect the computed electronic spectra. During ONIOM geometry
optimizations, no significant conformational change was observed compared with AMBER
geometry.

There are two water molecules near the chromophore,29,36 one of which bridges backbone
and carboxylic side chain oxygens of Glu113, and the other bridges backbone oxygen of
Cys187 and carboxylic side chain oxygen of Glu181. These water molecules were not resolved
at lower resolution X-ray structures.37,38 They were shown previously to be crucial for the
stabilization of the 11-cis-retinal and for a recently proposed proton-transfer mechanism in
photobleaching reaction.13,48 The positions of these water molecules were well conserved
during both AMBER and ONIOM geometry optimizations.

C. ONIOM Hybrid Calculations
QM/MM calculations were performed with the use of two-layer ONIOM(QM:MM) scheme,
49–51 in which the interface between QM and MM region is treated by hydrogen link
atoms52 and the total energy of the system (EONIOM) is obtained from three independent
calculations:

where EMM,real is the MM energy of the entire system, called real system in ONIOM
terminology; EQM,model is the QM energy of a part of real system that has main chemical
interest, called model part; and EMM,model is the MM energy of the model part.

In this study, electrostatic interactions between two layers were calculated using both
mechanical and electronic embedding schemes.50 In the mechanical embedding (ME) scheme,
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49–52 they were calculated at the MM level. In the electronic embedding (EE) scheme, 52 the
electrostatic interactions between the two layers are present in all three energy terms (see
above).49 Thus, the electrostatic interactions terms included at the MM energies (EMM,real and
EMM,model) cancel out, leaving only the interaction energy term that also includes polarization
of the model part wave function by the surrounding charges included in EQM,model.

When performing ONIOM-EE geometry optimization, the interaction term of QM model part
and the surrounding were calculated using ESP charges of the model part obtained at each step
of the optimization. Our test calculations on Rh show that geometries and excitation energies
are almost the same when Mulliken charges are used for the calculation of QM/MM interaction
term instead of ESP charges. The changes in the charge distribution of the model part upon
electronic excitation are automatically taken into account in ONIOM-EE excitation energies,
as QM/MM interaction term is present in the QM Hamiltonian. In standard ONIOM-ME
calculations, the electrostatic interaction energy is calculated by fixed MM charges, which do
not reflect electrostatic energy change upon electronic excitation as the same fixed charges are
used for ground and excited states artificially. Instead, we have performed separate calculations
for the ground (S0) and excited (S1 and S2) states to include electrostatic energy change upon
electronic excitations in the ONIOM-ME electronic excitation energies by using Mulliken
charges of the respective state of the model part.

The model part comprises the full 11-cis-retinal chromophore along with covalently bound N
(NH) moiety of Lys296 for deprotonated (protonated) SB linkage, resulting in total of 50 (51)
atoms including the link atom (see Figure 2). When the model part is extended to include the
Cε atom of Lys296 and the attached hydrogens, the first excitation energy red-shifts only 10
nm. Further extension of QM/MM boundary to the complete Lys296 does not affect the first
excitation energy.

The ONIOM calculations were performed for the QM part with BLYP53,54 and B3LYP54,
55 density functionals to be representative of the class of generalized gradient and hybrid
functionals, respectively. Geometry optimizations with the “self-consistent charge density-
functional tight-binding” (abbreviated as SCC-DFTB or DFTB)56 were also performed for
comparing its geometries obtained with BLYP and B3LYP functionals as well as excitation
energies computed on top of them.

In this study, we performed ONIOM-ME and ONIOM-EE ground-state singlet geometry
optimizations (QM= BLYP, B3LYP and DFTB) starting from the pure AMBER-optimized
geometries and then calculated the vertical excitation energies with time-dependent (TD)-DFT
employing BLYP and B3LYP functionals on top of the ONIOM-optimized geometries. The
level of an ONIOM(QM:MM) calculation will be abbreviated in the form “QM level-
embedding scheme”, e.g., B3LYP-EE, DFTB-ME, etc., for ONIOM(B3LYP/6
−31G*:AMBER)-EE, ONIOM(DFTB:AMBER)-ME, etc., respectively. Calculations in the
gas phase (without protein environment, in order to assess the protein effects) are labeled like
B3LYP-none. Labels before // is used for the method for vertical excitation energy calculation
and labels after // refer to the method for ground-state geometry optimization. For instance,
B3LYP-EE//B3LYP-ME refers to a TD-B3LYP-EE singlet excitation energy calculation at
the B3LYP-ME optimized ground-state geometry.

All calculations were performed with 6−31G* basis set57 using development versions of
Gaussian03 program package.58 D95(d) and correlation consistent cc-pVTZ basis sets red-
shift the TD-B3LYP/6−31G* excitation energy only by 5 and 8 nm, respectively. SACCI
excitation energies are also affected less than 5 nm when the D95(d) basis set is improved to
cc-pVDZ.59 The improvement of the 6−31G* basis set to ANO-S red-shifts the first excitation
energy of bovine Rh by 30 nm in a previous CASPT2/AMBER study.24 DFT calculations
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converge much more quickly to the basis set limit than correlated ab initio treatments. Hence,
the error in the present results due to the use of the 6−31G* basis set should be smaller than
30 nm (3 kcal/mol).

D. Mutation Types
The environment of the 11-cis-retinal in bovine Rh is as shown in Figure 3. We have
investigated mutation of the highlighted residues in Figure 3 to assess the spectral tuning
mechanism. The changes in the side chains with the investigated mutations are shown in Figure
4.

III. Results
A. Geometry of the 11-cis-Retinal

At present, there are no reliable parameters that can be used in fitting the experimental
diffraction data of the 11-cis-retinal with twisted and extended π-system whose delocalized
charge interacts with a carboxylate group (Glu113) in the standard X-ray refinement softwares.
22 Hence, the MM-fitted C—C bond lengths along the polyene chain of the chromophore in
the available X-ray structures, which show a clear single/double bond alternation pattern (see
the zigzags in Figure 5a), differ from each other as large as 0.1 Å.29,36–39 The deviations in
the chromophore structures are more significant for the MM-fitted bond angles (see Figure 6a)
and dihedral angles (see Supporting Information) along the polyene chain.29,36–39 This
highlights the importance of QM/MM calculations for revealing a more reliable chromophore
structure in the protein environment.

For Rh with PSBR, ONIOM QM-ME geometries with DFTB and B3LYP are nearly identical
(see Figures 5 and 6b for bond lengths and angles). On the other hand, BLYP bond lengths
show deviations around 0.02 Å from the B3LYP ones. Gas-phase model studies for PSBR
using polyene chains with different lengths and an NH2 terminal show that B3LYP geometries
are almost the same as CASPT2 ones (less than 0.01 Å deviation in bond lengths).26 Hence,
B3LYP should perform better than BLYP for the retinal geometry. All computed bond angles
of PSBR are reasonably in agreement with each other and with an NMR structure (pdb code:
1JFP, see Figure 6b). The MM-fitted bond angles in the X-ray structures are not consistent to
each other (see Figure 6a) and with the computed ones.

ONIOM QM-ME calculations do not show any obvious bond length alternation (BLA) pattern
for C9–N moiety (see Figure 5b), analogous to previous gas-phase studies.61 The agreement
between the gas-phase model61 and ONIOM QM-ME studies in BLA pattern can be assigned
to the fact that the QM wave function, and thus the electronic structure, is not polarized in ME
calculations. BLA is recovered when electronic polarization of the chromophore by the
environmental point charges is included in the calculations (QM-EE) except C13–C15 moiety
(see below). Although QM-EE C–C bond lengths along the polyene chain agree with the MM-
fitted bond lengths in the best resolved X-ray structure (pdb code: 1U19)29 and an earlier NMR
(pdb code: 1JFP)40 structure better than the MM-fitted bond lengths in the lower resolution
X-ray structures36–38 (see Figure 5c), BLA pattern obtained in ONIOM QM-EE calculations
is significantly less pronounced compared with that in the experimental structures (see Figure
5c), in agreement with the previous same level calculations.12,27,29,46 Recent high resolution
double-quantum solid-state NMR experiments62 for C10–C15 moiety give vibrationally
corrected bond lengths which demonstrate significantly less pronounced BLA than those in
the other experimental structures (see Figures 5a and c). These new bond lengths agree with
the present ONIOM QM-EE results (see Figure 5c) within the experimental confidence level
(±0.025Å).62
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To investigate polyene chain structure for the SB 11-cis-retinal in Rh, we moved the Schiff-
base hydrogen (HPSB in Figure 2) to one of the carboxylic oxygen of Glu113 (OE2).63 In this
case, the chromophore becomes neutral and its polyene chain demonstrates a clear BLA pattern
(see Figure 7). An analogous BLA pattern was seen when both retinal and Glu113 were taken
deprotonated (see Supporting Information).

The generality of the computational trends given in this section was further confirmed (see
Supporting Information) on the E122Q and E113Q mutants with both PSBR (deprotonated
Glu113) and SBR (with both protonated and deprotonated Glu113).

B. Electronic Structure of the PSB 11-cis-Retinal
Mulliken charges computed with both ME and EE schemes show that total charge (+1) of the
PSB 11-cis-retinal is shared mainly by the C15−NH2 moiety and the carbon atoms that have
one methyl group attached (C13, C9, and C5), indicating that the bonds formed by these carbon
atoms have dominant single-bond characters. For example, Mulliken charges of the ground-
state singlet (S0) computed at our best level (B3LYP-EE) for those chromophore atoms are as
follows: NH2, 0.17; C5, 0.14; C9, 0.20; C13, 0.21; C15H, 0.33. Location of the positive charge
densities on the atoms adjacent to the methyl groups suggests that strong electron donating
capability of the methyl groups results in electron densities pushed toward the C15–N moiety,
leaving positive charges on those atoms.

The preceding analysis suggests that the ground-state wave function of the PSB 11-cis-retinal
is composed of essentially linear combination of wave functions that belong to five resonance
structures (|a>, |b>, |c>, |d>, and |e>, see Figure 8) analogous to all-trans PSBR in the gas phase.
61 In the absence of electronic polarization effect of the environmental residues of the
chromophore (gas phase and ME calculations), |c> and |e> contribute to the ground-state wave
function significantly in addition to |a> and |b>, destroying single/double bond alternation
pattern (see Figure 5b). Polarizing effect of the protein environment helps to stabilize electron
density on the methyl groups, resulting in smaller contributions from |c> and |d>. Hence, BLA
pattern becomes more obvious in the EE calculations than the ME ones. C13–C14 bond tends
to single (double) bond in ME (EE) calculations as |c> and |d> contribution is larger (smaller).

The positive Mulliken charge on the C5–C6 bond in the first excited singlet state (S1) increases
by 0.05 with a concomitant decrease of the charges along the polyene chain compared with the
ground state (S0) charges, indicating a larger contribution from |e> in the S1 state. The positive
Mulliken charge on the NH2 moiety (β-ionone ring) decreases (increases) by 0.12 going from
S0 to the second excited singlet state (S2). This indicates that C15–N bond is mainly covalent
in the S2 state with a small contribution from |a>.

C. Excitation Energies and Spectral Tuning
In the following, we mainly discuss ONIOM(TD-DFT:AMBER) vertical excitation energy
from S0 to S1 in bovine Rh and some of its mutants, which corresponds to the energy of the
absorption maximum for the longest wavelength in the electronic absorption spectrum. Unless
stated otherwise, we refer to the “S0 → S1 vertical excitation energy” when saying “excitation
energy” or “absorption maximum”. Vertical excitation energies to the next excited singlet state
(S0 → S2) are not discussed much but included in the Supporting Information. For Rh and its
mutants, we calculated oscillator strength (f) of the S0 → S1 (S0 → S2) excitation as 0.7−1.4
(0.3−0.6), suggesting that the S1 state has a larger ionic character than the S2 state64 and both
are absorbing states (see Supporting Information for the full list of f values). We always label
the bright states as S1 and S2. When QM region is extended to Glu113, some dark states appear
lower in energy than the bright states.
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1. The Effects of Geometry and HF Admixture—To assess the effects of geometry and
exact exchange on the excitation energies for Rh, ONIOM geometry optimizations and the
subsequent ONIOM TD-DFT:MM calculations were performed with B3LYP (20% HF
exchange) and BLYP (no HF exchange) density functionals along with DFTB (geometry
optimization only) method. We also performed TD-DFT calculations on the isolated QM part
of ONIOM-optimized geometries to assess the influence of protein environment on excitation
energies. Although some experiments indicate that the 11-cis-retinal has a PSB linkage to Rh,
1–3 the protons have not been resolved in the X-ray structures. Also, the structures of retinal
and Glu113 have not yet been determined with high resolutions. Hence, we have calculated
vertical excitation energies for deprotonated SBR with both protonated and deprotonated
Glu113, as well. This allows us to assess if the excitation energy range for SBR is compatible
with that for PSBR and the behavior of the computational methods with SBR. The results are
given in Table 1 for Rh with PSBR and in Table 2 for Rh with deprotonated SBR and protonated
Glu113.63 The results for deprotonated SBR and Glu113 are given in Supporting Information
and will be briefly discussed here and in the following sections.

Our preferred ONIOM calculations are the ones with EE scheme since their results include
both electrostatic and electronic polarization effects of the protein environment on the
chromophore. ONIOM-EE calculations for Rh with PSBR (see Table 1) estimate the first
excitation energy around 500 nm with TD-B3LYP (reproducing the experiments1–3) and 550
nm with TD-BLYP. This suggests that for retinal proteins with PSBR a density functional with
20% HF admixture (B3LYP) gives a more balanced description of electronic absorption
spectrum than that with no HF admixture (BLYP, red-shift error of ca. 50 nm). Although ME
and EE geometries give almost the same first excitation energy for PSBR with B3LYP, EE
correction over ME geometries with BLYP worsens the agreement between experiment (ca.
500 nm) and computations slightly (ca. 550 nm → 572 nm). The EE geometry optimization
with BLYP density affects the ONIOM-EE excitation energies also for SBR with deprotonated
Glu113 (ca. 480 nm → 455 nm, see Supporting Information), although they are not affected
much when using B3LYP. The charges (ESP or Mulliken) derived from BLYP density thus
seem less appropriate for EE geometry optimizations.

When using geometries optimized with BLYP, the error in TD-B3LYP excitation energies of
Rh with PSBR is very small (around 10 nm; see the first three rows of the first two columns
in Table 1). Excitation energies calculated on the geometries optimized with B3LYP and DFTB
(see the first and last columns of Table 1) are almost the same for Rh with PSBR since these
geometries are very close to each other (see Figure 5b). Hence, DFTB can be used in ONIOM
calculations as a cost-effective geometry optimization method for calculating TD-B3LYP-ME
or EE excitations of PSBR.

For Rh with SBR (see Table 2 and Supporting Information), excitation energies computed with
TD-BLYP are significantly red-shifted than those with TD-B3LYP (at least 60 nm), analogous
to PSBR case. Excitation energies computed on geometries optimized with BLYP and DFTB
are very similar to each other and deviate from those with B3LYP by ca. 20 nm, arising from
0.02 Å difference in the average bond lengths.

The summarized trends in the first excitation energies of Rh above for PSBR and SBR are the
same as those obtained on the E122Q and E113Q (see Supporting Information) mutants. In the
following, we will discuss the protein effect on the first excitation energy computed with
B3LYP since its results for Rh are more consistent with experiments and CASPT2 results.
10,24

2. The Effects of Protein Environment—Here we discuss the effects the protein
environment on the excitation energies and spectral shifts systematically for wild-type (WT)
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Rh and its several mutants. In order to decompose the overall effects of protein into various
contributions, we have performed a series of calculations, as shown in Table 3. At first, we use
the optimized geometry at the B3LYP-ME level. A single point calculation using B3LYP for
only the model QM part (gas phase calculation labeled as none in Table 3) gives a reference
excitation energy of the chromophore. The B3LYP-ME excitation energy at this geometry,
relative to the reference excitation energy above, gives the electrostatic contribution of protein
environment. The B3LYP-EE excitation energy includes, in addition to the electrostatic effects,
the effects of change of charge density distribution within the chromophore caused by the
protein environment, or the electronic polarization effects. The polarization effects also change
the geometries of the chromophore and the protein, resulting in the B3LYP-EE optimized
geometry. The geometrical effect is calculated as the energy difference between B3LYP-EE//
B3LYP-EE and B3LYP-EE//B3LYP-ME and is the measure of effect of geometry change due
to electronic polarization of the chromophore. The B3LYP-EE//B3LYP-EE energy is our final
target energy and includes all the effects: electrostatic, electronic polarization, and geometrical.
Thus, this series of calculations allows us to elucidate the source of spectral shifts.

(a) Wild-Type Rh with PSBR: For the wild-type (WT) Rh, vertical excitation energies of
PSBR computed at our target level [B3LYP-EE//B3LYP-EE: S0 → S1 (503 nm); S0 → S2 (381
nm)] reproduces the experimental results [S0 → S1 (500 ± 2 nm); S0 → S2 (380 ± 2 nm)]1–3
and agree with the results of other QM/MM studies within 20 nm (see Introduction).10,12,
21,24,26,27

The change in the 11-cis-retinal geometry due to protein electrostatics does not affect the first
excitation energy much (gas-phase result: at gas-phase geometry, 527 nm; at ME geometry,
535 nm). Electrostatic effect of Rh protein environment blue-shifts the excitation energy (ME,
504 nm) by ca. 30 nm (ca. 3 kcal/mol). The change in the retinal geometry, e.g., in BLA,
induced by electronic polarization effect of the protein environment red-shifts the first
excitation energy in the gas phase calculation by 25 nm (gas phase: 535 nm → 560 nm).
However, this effect is counterbalanced with the effect of the change in the H-bond distance
between N[H] atom of PSBR and one of the carboxylic oxygen atoms of Glu113 (ME = 2.81
[1.79] Å; EE = 2.73 [1.70] Å) in the WT Rh. The excitation energy of the WT Rh in protein
environment does not change by going from ME//ME (504 nm) through EE//ME (503 nm) to
EE//EE (503 nm), namely the net effect of polarization is nearly zero both in the presence and
absence of its influence on geometry in the WT Rh. The full protein effect thus happens to be
equal to the electrostatic contribution only. As mentioned above, this is due to cancelation of
the effects of changes of retinal geometry and H-bonding, and this cancelation does not occur
in all mutants, such as G90D (to be discussed below).

The decrease in the H-bond distance between PSBR and Glu113 with EE correction suggests
that negatively charged Glu113 helps localizing more positive charge on the C15–N moiety of
PSBR, which decreases the contributions of resonance structures |c> and |d> in the ground-
state wave function and, thus recovers experimental BLA pattern. Analogous decreases in this
H-bond with EE optimizations occur for all studied mutant structures with PSBR (see
Supporting Information).

Calculations at the EE//ME and EE//EE levels but turning off the charge of Glu113 forming a
H-bond with PSBR, e.g., zeroing the interaction between the chromophore and Glu113, give
the excitation energies of 535 and 569 nm, respectively, which are almost the same as that
calculated for the model part in the gas phase (none//ME = 535 nm and none//EE = 560 nm).
In addition, when Glu113 is included in the model QM part (without further geometry
relaxation), EE//ME and EE//EE excitation energies (499 and 500 nm) are almost the same as
those calculated on the gas phase model (none//ME = 500 and none//EE = 500 nm). Hence,
the effects of amino acids other than Glu113 seem to have canceled out with no or little net
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effect on the first excitation energies. The above results with Glu113 in the model QM part are
also very close to those with Glu113 in the MM part (503−505 nm, see Table 3), validating
the placement of Glu113 in the MM part in the ONIOM calculations.

The results of the analysis of the energy contributions are significantly different among the
present study and various previous QM/MM studies (see also Introduction). Blue-shifts of the
first excitation energy of the 11-cis-retinal caused by Glu113 in the gas-phase CASPT2 (basis
set: ANO and 6−31G*; ca. 150 nm)10,21,24 and aug-MCQDPT2 (basis set: cc-pVDZ; ca. 200
nm)26 calculations are more than two times larger than that of the present study (none//EE
without/with Glu113 = 560/500 nm, e.g., 60 nm shift). When Glu113 is in the QM region, the
remaining protein environment shifts the first excitation energy to red by ca. 100 nm at aug-
MCQDPT2/EFP and to blue by ca. 100 nm in SACCI/AMBER level,26,27 while its effect is
small in the previous CASPT2 (ANO basis set, ± 20 nm depending on the charge model of the
protein environment)21 and present (almost no net effect) studies. When Glu113 is in the MM
region, protein environment blue-shifts the gas-phase excitation energies by ca. 310 nm
(SACCI/AMBER),27 65 nm (CASPT2/AMBER),10,24 and 57 nm (present TD-B3LYP/
AMBER study = 503 vs 560 nm; see Table 3). The source of this diversity of the calculated
effects of Glu113 is not clear at the present time and requires further careful investigation.

When Glu113 is included in the QM part of ONIOM-EE calculations, there appears another
bright singlet transition (500 nm with f = 0.5; transition occurs mainly from p orbitals of
carboxylate oxygens of Glu 113 to a retinal orbital), which is almost degenerate to the singlet
transition mainly between retinal orbitals (499 nm with f = 0.9; the same as S1 when Glu113
is not in the QM region), in agreement with CASPT2 calculations on model systems that do
not include β-ionone ring.9,10 When Glu113 is in the QM part, the S2 state in the absence of
Glu113 in the QM region appears as the sixth root without any change in its excitation energy
and oscillator strength as a result of intervening of silent charge transfer transitions from
Glu113. The S2 state does not couple with Glu113 orbitals.

(b) Putative Wild-Type Rh with SBR: As seen in Table 3, the protein contributions to SBR
excitation energies are significantly different than those to PSBR. We at first look at SBR with
protonated Glu113. The first excitation energy is not affected much by the electrostatic effects
of protein environment (none//ME = 400 to ME//ME = 399 nm in Table 3), while the second
excitation energy is blue-shifted (see Supporting Information). The polarization effect by
protein environment red-shifts the first excitation energy (ME//ME = 399 to EE//ME = 412
nm) by 13 nm. The polarization geometrical effect shifts this to red further by 17 nm (EE//EE
= 429 nm), one-half of which arises from the BLA change and the other half is a result of the
decrease in the H-bond length (0.16 Å) between Schiff-base nitrogen (SBR-N) and protonated
Glu113. One may recall in PSBR that the effect of polarization both in presence and absence
of its influence on geometry was nearly zero as a result of counterbalancing of the changes in
the chromophore geometry and the strength of the H-bond between PSBR and deprotonated
Glu113.

When both SBR-N and Glu113 are deprotonated (see Table 3), the electrostatic interaction
blue-shifts the first (second) excitation energy by 33 (15) nm. However, electronic polarization
red-shifts the first excitation energy by 16 nm. The repulsive interaction between SBR-N and
carboxylic oxygens of Glu113 becomes more pronounced when ME geometries are refined
with EE, which increase the N–O distance by ca. 0.4 Å. This change in Glu113 side chain
conformation does not influence the EE//EE first excitation energies much since SBR-N and
carboxylate O of Glu113 are already well separated in ME geometries (3.4 Å). As Glu113 is
far away than the retinal, electronic polarization does not cause any significant change on the
retinal geometry. When a H-bonding water is placed between deprotonated SBR and Glu113,
excitation energies become the same as the SBR system with protonated Glu113. In conclusion,
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the absorption maximum is at around 430 (380) nm when nitrogen atom of SBR has a H-
bonding (repulsive) interaction with a nearby residue (see Table 3 for WT and E122Q).

(c) E122Q Mutant: When protonated Glu122 (E122) residue in Rh is replaced by Gln (Q),
the experimental absorption maximum blue-shifts from 500 to 480 nm (shift = −20 nm).33–
35 Gas-phase QM results for the isolated model systems from ME optimized geometries of
the WT Rh and of its E122Q mutant are almost the same (535 vs 533 nm), indicating that
mutational change in electrostatic energy does not affect the chromophore geometry
significantly. ONIOM electrostatic interaction blue-shifts the first excitation energy by 30 nm
(Table 3, none//ME = 533 to ME//ME = 503 nm) as in the WT Rh. Electronic polarization
blue-shifts by 6 nm (EE//ME = 497 nm), and geometry effect adds 5 nm (EE/EE = 492 nm),
resulting in a net polarization energy and geometry effect of ca. 10 nm for E122Q. Thus,
electrostatic contributions to the first excitation energy (ca. 30 nm) are the same in the WT Rh
and its E122Q mutant, and spectral shift in E122Q compared with the WT Rh is a result of
electronic polarization of the chromophore. Calculated (−11 nm) and experimental (−20 nm)
mutation shifts agree within 10 nm, which corresponds to ca. 1 kcal/mol.

The effect of BLA change with E122Q mutation (6 nm) is counterbalanced with the effect of
the change in the H-bond between PSBR and Glu113. If the charge of each atoms on the residue
122 of the WT Rh and its E122Q mutant is turned off, EE//EE excitation energies are shifted
by −3 nm (503 → 500 nm) and +7 nm (492 → 499 nm), respectively, reproducing the calculated
mutation shit of −11 nm. This indicates that the net mutation shift arises from the polarization
effects of residue 122.

In E122Q mutant, the carboxylic OH moiety of protonated E122 (AMBER charge = −0.19) is
replaced by an NH2 group (AMBER charge = −0.09). Thus, the negative charge on the mutated
part is halved. The H atoms in the NH2 moiety of Q122 are oriented toward the H atoms of
one of the methyl group attached to the C1 atom of PSBR (see Figure 2 for the atom labeling),
with separation of at least 2.4 Å. The electron withdrawing force from the methyl to the SBR-
N is decreased as the negative charge around that methyl group decreases. In this situation,
polyene chain possesses more positive charge and thus increased BLA pattern (more
stretching). The energy gradient on S1 surface at the Franck–Condon point was previously
shown to correlate with the stretching coordinate for the retinal chromophores.65 Hence, the
vertical excitation energy is blue-shifted when the structure features an increased BLA. As the
side chain terminal of deprotonated Asp (D) possesses more negative charge than Gln (Q), the
absorption maximum of E122D (475 nm)34 is more blue-shifted than that of E122Q (480 nm).

When the O=C−NH2 plane of Gln122 in E122Q is rotated by ca. 90°, it triggers a number of
changes in the side chain orientations of some of its environmental amino acids and Q122
becomes more distant to the PSBR. In this case, our best calculation (EE//EE = 514 nm, see
Table 3) predicts red-shift in the excitation energy, contrary to the experiment. This emphasizes
the importance of proper side chain alignments in mutation studies.

(d) E113Q Mutant: Experiments show that absorption spectrum of the E113Q mutant (Glu113
→ Gln) is pH dependent (496 nm at pH ) 5.5, 384 nm at pH = 8.2 in the dark state).32,34,66
Excitation energies computed for the bare chromophore taken from the ME geometries of the
E113Q mutant (both PSBR and SBR) are almost the same as those of the WT Rh and its E122Q
mutant (see Table 3), indicating that spectral shifts of PSBR and SBR in E113Q are not related
to the changes in the chromophore geometry due to protein electrostatics.

We have found three stable Q113 side chain conformations in E113Q with SBR (see Table 3).
In these structures, the excitation energy is shifted to blue by the electrostatic effect (less than
10 nm) and to red by the polarization (20−30 nm), more than half of which is the result of
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geometry relaxation effect in EE. The excitation energies for these structures at the EE//EE
level are 409−425 nm (experiment = 384 nm, see Table 3). In E113Q with PSBR, electrostatic
and electronic polarizing effect of protein environment shifts the first excitation energy to blue
by 15 and red by 9 nm, respectively, bringing it to 530 nm at the EE/EE level (experiment =
496 nm). Hence, the computed first excitation energy is red-shifted at least 25 nm for both SBR
(409 nm vs 384 nm) and PSBR (530 nm vs 496 nm) compared with the experiment.

We have examined several possibilities that may be the reason for the difference between
experimental and calculated excitation energies for E113Q. (a) As discussed above, results of
all levels of previous calculations for the contributions of Glu113 to the first excitation energy
are very much different to each other. The computed excitation energies of Glu113 mutant may
thus suffer from the same unknown difficulties in evaluating the effects of Glu133 in WT Rh.
We note however that the present EE//EE as well as the previous CASPT2/AMBER24
calculations underestimate the experimental absorption maximum of E113D67 by only 10 nm.
(b) When EE optimizations are performed with Mulliken charges rather than the ESP charges,
the EE excitation energy is affected only by 1 nm. (c) Inclusion of Q113 in the model QM part
does not affect the first excitation energy. (d) There is a water molecule that forms a H-bond
with Glu113 side chain in the WT Rh and stays nearby the NH2 moiety of Q113 in E113Q.
When this water molecule is removed from E113Q, the calculated excitation energy is not
affected. (e) A water molecule can be fitted to the space above SBR-N for the cases given
footnotes f and g of Table 3. SBR-N has a H-bond with this added water molecule for both
cases, and the calculated excitation energy (409 nm) is now the same as that for the case given
footnote e of Table 3, e.g., in the presence of a H-bond between SBR-N and Q113. (f) SBR
excitation energy in the WT Rh is shifted to blue by deprotonated Glu113 carboxylate O atoms.
To account for the effect of such a negative charge, we added a Cl− atom near the SBR-N for
cases given footnotes f and g in Table 3. However, there is no stabilizing residue of this negative
charge near SBR. Thus, it moves away SBR during geometry optimizations. A positive charge
near SBR would shift the excitation energies to the red, as seen for SBR with protonated Glu113
and in the case of (e) with a H-bonding water, which cannot be the source of the difference in
experiment and present calculations. (g) We suppose that the E113Q mutant has an analogous
active site to the WT Rh. However, acidity and thus protonation states of some residues may
change with E113Q mutation. This may trigger significant changes in the protein structure. In
the absence of crystal structure of E113Q, it is difficult to model such a structure from Rh
coordinates. Appearance of an NH2 moiety (Q113) near the SBR-N red-shifts excitation
energies and thus this group may be away from the N terminal of the 11-cis-retinal in the true
E113Q structure. From the experience on the putative WT and E122Q structures with SBR, it
seems necessary to have a deprotonated carboxylic unit near the SBR-N to have excitation
energies around 380 nm. Absorption difference spectral measurements detect many
photoproducts of E113Q, which are assigned in the experimental study by supposing that
phototransduction mechanisms are the same in the WT Rh and E113Q mutant.66 Excitation
energies calculated at our best EE//EE level for E113Q with Q113 side chain (retinal = 11-
cis), whose NH2 and O moieties are oriented respectively to Gly90 and N atom of the
chromophore (see Table 3, 409 nm for SBR and 530 nm for PSBR), agree perfectly with those
belong to one of the E113 photoproducts assigned to bathorhodopsin in the experiment [408
nm at pH = 8.2 (SBR) and 530 nm at pH = 5.5 (PSBR)].66 These computational results indicate
that retinal in the dark state of E113Q may be different than 11-cis as the cavity around 11-
cis-retinal increases with Glu113 mutation and assignations done previously66 to E113Q and
its photolysis products may need to be revised.

(e) Several Other Mutants: To further assess reliability of our methodology and how certain
amino acids affect absorption spectra, we have calculated first vertical excitation energies
(experimental values in parentheses) of G90D (483 nm),68 A292S (491 nm),69 A269T (514
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nm),70 D83N (495 nm),33 W265Y (485 nm),69 H211C (495 nm),71 and E181Q (502 nm72
or 510 nm73) mutants (see Table 3).

A292S (Ala292 → Ser) and A269T (Ala269 → Thr) mutants have several energetically close-
lying (within 2 kcal/mol) side-chain conformations for the mutated residue (Ser or Thr), and
each of them may contribute to the absorption spectra. Experimental excitation energies are
shifted to blue by 9 nm (red by 14 nm) for the A292S (A269T) mutant, relative to the WT Rh.
In agreement with experiment, we have found more conformations that shift the excitation
energies to the blue (red) for the A292S (A269T) mutant. The mechanism for the blue- and
red-shifts can be rationalized in terms of bond strength change as explained for E122Q above.
For example, side-chain-OH moiety of T269 in A269T for conformations given with m and
n footnotes in Table 3 is very close to one of the methyl groups attached to C1 atom of the
chromophore. Negative charge of –OH moiety pushes electrons from β-ionone to polyene
chain. Hence, electron densities along the polyene chain are increased, corresponding to
decreased BLA pattern. As a result, the vertical excitation energies shift to red (see above for
the relationship between BLA pattern and S1 surface).

Excitation energy of G90D (Gly90 → Asp) is blue-shifted by 17 nm experimentally (see Table
3).66 When D90 in the G90D mutant is deprotonated, the water molecule that bridges backbone
and side-chain carboxylic moieties of Glu113 in the WT Rh moves to bridge carboxyl groups
of Glu13 and Asp90 in the G90D mutant, which decreases the strength of the H-bond between
PSBR-N and Glu113. When Glu113 moves away farther than the chromophore, the –CNH-
moiety of the chromophore possesses less electron density, resulting in BLA increase. Hence,
excitation energies shift to blue in agreement with experiment.66 When D90 in the G90D
mutant is taken protonated, it forms a H-bond with Glu113, which decreases the strength of
the H-bond between PSBR-N and one of the carboxylic O atoms of Glu113 and moves the
other carboxylic O atom of Glu113 toward PSBR-N. Hence, the excitation energy with
protonated D90 is almost unshifted, excluding the possibility of protonated D90.

There are two different experimental results for the E181Q mutant of bovine Rh, one of
which63 shows almost no spectral shift and the other73 finds red-shift of 10 nm. Our results
are more consistent with the first. However, it should be noted that the difference between two
experimental results is within the computational error bar. We have found single conformation
for the D83N, W265Y, and H211C mutants and good agreement for the excitation energies
and spectral shifts at our final EE/EE level with experiment (see Table 3).

As a result, B3LYP-EE//B3LYP-EE calculations reproduces experimental excitation energies
of bovine Rh and its mutants within 10 nm with correct spectral shift sign as long as orientation
and protonation state of the side chain of the mutated residue are properly defined, except E113
mutants (see Table 3). In the absence of protein environment, neither experimental absorption
maximum nor its shift can be explainable for the mutants, which emphasizes the importance
of electrostatic and electronic polarizing effects of protein environment on the chromophore
orbitals.

3. BLA Dependence of the First Excitation Energy—Vibrational frequencies and, thus,
the changes in bond lengths along polyene chain of the chromophore are known to be a sensitive
probe for spectral tuning in visual pigments.8,74–77 Average BLA, defined as the difference
between the average single and double bond lengths along the polyene chain (C5–N), shows a
linear relationship with the excitation energy (see Figure 9, geometries and excitation energies
computed at B3LYP-EE and TD-B3LYP-EE levels, data points given in Supporting
Information), as shown previously for bacteriorhodopsin, phoborhodopsin, and its mutants.8
Data points that show significant deviation from the linear correlation belong to the WT Rh
and its E122Q mutant with SBR and deprotonated Glu113 and E113Q with PSBR, whose
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calculated excitation energies are also not consistent with experiment. Hence, the correlation
is destroyed for the putative case with SBR and deprotonated Glu113, in which the separation
between SBR and Glu113 is very large (see Supporting Information). This indicates that
presence of a H-bond interaction between Schiff-base nitrogen and Glu113 side-chain is
necessary for the linear correlation and thus important for the spectral tuning.

IV. Discussion
The calculation of accurate absorption energies for retinal proteins is a great challenge. First
of all, the initial coordinates may affect the calculated protein structure and thus the computed
excitation energies in QM/MM studies. Previously, two water molecules near the
chromophore, which are not resolved at some lower resolutions, were shown to be crucial for
the stabilization of the chromophore.13,47 The differences in the H-bond network of one of
these water molecules was also shown to affect the first excitation energy by 10 nm in a
CASPT2/AMBER study.24

The protonation state of titratable residues (Asp, Glu, and His) must be determined during the
system setup on the X-ray coordinates since side chains of these residues will adjust themselves
to the assigned protonation state during geometry optimization, resulting in conformations
differing from those in the X-ray structures in case of wrong assignment. Our calculations show
that side chain orientation of the mutated residues and their protonation states affect excitation
energies considerably (see Table 3). Our calculations reveal that the first excitation energy of
Rh and its mutants will be around 500 (400) nm for PSBR (SBR). The large difference of ca.
100 nm in the computed excitation energies with PSBR and SBR clearly excludes the
possibility of deprotonated SB 11-cis-retinal in WT Rh.

Second, an appropriate QM method for calculating geometries and excitation energies must
be used. The computed gas-phase excitation energies are quite method dependent (see
Introduction). However, the protein contributions to QM wave functions draw the excitation
energies to the experimental range in protein matrix generally. Hence, either protein
environment fixes some amount of errors in the computational methods, or QM/MM
calculations favor from lucky error cancelations. B3LYP and CASPT2 methods show the same
computational trends in the protein environment.

Third, a single conformation may not be enough as a representative structure. The inexpensive
DFTB, whose PSBR geometries are almost identical to those of B3LYP, allows for long proper
QM/MM MD simulations to sample the conformational space of PSBR. Hence, TD-B3LYP/
MM excitation energies can be calculated on the snapshots of DFTB/MM trajectory of PSBR
to obtain a realistic absorption spectrum.

B3LYP-EE//B3LYP-EE excitation energies of the mutants are consistent with experiment
within 10 nm (except E113Q) and show generally the correct shift sign as long as side chains
of the mutated residues are properly aligned and protonated. The agreement between calculated
and experimental excitation energies of the mutants may be improved by solvating the system
and sampling the conformational space using DFTB. As the error in excitation energies is
already small and MD simulations will bring no new insight to present study in that sense, we
do not attempt to perform any MD study here.

Fourth, interaction of the chromophore with the protein environment must be treated properly.
In the mechanical embedding (ME) scheme, it is calculated with classical point-charge model
(MM) and thus includes only the electrostatic effect. In the electronic embedding (EE) scheme,
it includes also the effect of electronic polarization of the chromophore as it is calculated at
the QM level. Although the calculations with the EE scheme includes both electrostatic and
electronic polarization effects of the protein environment and thus give the best results, we
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have performed the calculations with both ME and EE schemes and for the isolated model QM
part from ME geometries (the bare chromophore in Table 4), which allow us to decompose the
protein effects on the excitation energy into its components for revealing the source of spectral
shifts (see Table 4). We decompose the computed first excitation energies only for the WT Rh
and its E122Q and E113Q mutants into its contributions in Table 4. Analogous analyses can
be performed for the other mutants considered by using the data in Table 3.

Electrostatics of protein environment (the second numerical column in Table 4) blue-shift the
first excitation energy of PSBR by 30−40 nm for the WT Rh and its mutants except for E113Q
(Glu113 → Gln). ONIOM calculations with charges turned off show that electrostatic
contribution to the first excitation energy comes mainly from Glu113. Gln113 in the E113Q
mutant has a smaller red-shift electrostatic contribution of 15 nm to the first excitation energy
of PSBR. Although electronic polarization without and with its effect on the geometry (the
third and fourth numerical columns in Table 4, respectively) does not contribute much to the
first excitation energy of the WT Rh with PSBR, it contributes to the first excitation energies
in the mutants to some extent. For example, the computed spectral shift of −11 nm in the E122Q
mutant with PSBR relative to the WT Rh is totally due to the electronic polarization, half of
which comes from its geometry relaxation effect (from ONIOM-ME geometry to ONIOM-EE
geometry). Polarization effects bring also significant correction of 9 nm to the first excitation
energy of the E113Q mutant with PSBR, being comparable with the electrostatic contribution
of −15 nm (see Table 4). Electronic polarization effect of the protein environment is more
pronounced for SBR than that for PSBR. For example, it contributes to the first excitation
energy of putative SBR analogues of the WT Rh and its E122Q mutant with protonated
(deprotonated) Glu113 and of the E113Q mutant with SBR by ca. 25 (15) nm and 19 nm,
respectively, whereas electrostatic contribution is around −4(−35) and −8 nm. Hence, both
electrostatic and electronic polarization effects are important for the absolute values of
excitation energies and to some extent for spectral shifts in the mutants.

Geometry relaxation from ME geometries due to electronic polarization (the fourth numerical
column in Table 4) brings significant correction to the first excitation energies in most cases.
For SBR with protonated Glu113, the EE geometry effect does not change the chromophore
geometry much (see Figure 7), but it changes the computed excitation energies. This effect
comes from the H-bond between SBR-N and Glu113 side chain (Gln113 side chain in E113Q)
strengthened with EE optimization. In the case of SBR with deprotonated Glu113, the distance
between SBR-N and Glu113 side chain is notably different between B3LYP-ME (3.4 Å) and
B3LYP-EE (3.8 Å) geometries. The change in this distance with EE geometry optimization
does not influence the excitation energies much (see the fourth numerical column in Table 4)
as Glu113 is already significantly away than SBR-N. Electronic polarization corrects the ME
geometry of PSBR notably, contrary to that of SBR. For the WT Rh, the effect of this correction
on the first excitation energy is counterbalanced with the effect of the increase in the H-bond
strength between NH unit of PSBR and Glu113 carboxylic oxygen.

Our Mulliken charge analysis shows that total positive charge of the PSBR is mainly
distributed, in addition to C15−NH2 moiety, to carbon atoms that have a methyl substituent,
the situation similar to all-trans PSBR in the gas phase.61 The protein environment modulates
electron-donating ability of the methyl groups and thus the charge distribution within the
chromophore (electronic polarization). When more (less) electron drawing group is placed near
these methyl groups, polyene chain of PSBR possesses less (more) positive charge and, thus,
decreased (increased) BLA pattern, which corresponds to less (more) stretching. As S1 surface
gradient at the Franck–Condon point correlates with stretching coordinate of the retinal,65 the
first excitation energy is shifted to red (blue) with the decreased (increased) BLA.
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Finally, solvation of the system as well as the polarization of the protein environment by QM
charges,18,19,28,79 in addition to polarization of the chromophore by the protein environment,
may affect the computed QM/MM excitation energies. We have shown that side chain
orientation of some specific residues results in excitation energies that are not consistent with
experiment. Solvent molecules may help keeping the side chains in the preferred alignments
during protein dynamics. We have shown that the main counterion in Rh is Glu113 and its
inclusion in the model QM part does not influence computed excitation energies much. Hence,
we do not expect notable effect of environmental polarization on excitation energies.

V. Conclusions
We have investigated geometries and excitation energies of Rh and some of its mutants by
hybrid ONIOM(QM:MM) calculations. The present QM/MM calculations enhance our
understanding on spectral tuning mechanism in visual pigments and its relation with geometry.
The main conclusions drawn in this study can be summarized as follows.

(a) B3LYP-EE//B3LYP-EE calculations reproduce experimental absorption maxima for Rh
and predict spectral shifts within 10 nm for its mutants except for E113Q. The calculated
excitation energies for E113Q with the 11-cis-retinal agree with the experimental absorption
maxima assigned to E113Q with the bathorhodopsin by comparing absorption spectra of Rh
and its E113Q mutant.66 The chromophore structures may thus be different in Rh and its
E113Q mutant, and further experimental studies should be performed for determining the
chromophore structure in E113Q.

(b) The geometries of the DFTB method are almost identical to those of B3LYP for PSBR,
which makes it less expensive to obtain appropriate geometries for TD-B3LYP excitation
energy calculations. TD-B3LYP excitation energies of SBR at DFTB geometries are not as
appropriate as in PSBR. Calculations with BLYP have a red-shift error of at least 50 nm and
thus are not appropriate for electronic spectra calculations.

(c) Glu113 acts as a counterion and shifts the first excitation energy to blue significantly. The
other amino acids have no net effect on excitation energies of the WT Rh but their individual
effects emerge with mutations.

(d) Electronic polarization of the chromophore by protein environment is essential for spectral
tuning even if its effect on geometry is not considered, especially in the case of SBR. Electronic
polarization of the chromophore by protein environment affects geometry of charged (+1)
PSBR significantly. The changes in PSBR geometry due to electronic polarization are
associated with a change in the strength of a H-bond between the PSBR and Glu113, which
counterbalances their effects on excitation energies in WT Rh. Electronic polarization effect
is less pronounced on the SBR chromophore geometry. However, the changes in Glu113
coordinates with electronic polarization affect the first excitation energy of SBR with
protonated Glu113. When both retinal and Glu113 are deprotonated, they are too far away to
affect the excitation energy upon electronic embedding correction on the geometries.

(e) The average BLA along polyene chain of the chromophore correlates with the computed
first excitation energy. If a group with more negative charge is placed near the methyl groups,
more electron is drawn to polyene chain that results in decreased BLA and thus red-shift in
excitation energies, or vice versa. In conclusion, the excitation energies are very sensitive to
the environment of methyl groups on the chromophore in addition to that of its –CN(H)–
moiety. This also implies the importance of the side chain alignment of the mutated residues
around the active site.
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Figure 1.
Backbone atom positions in the X-ray structure of Rh (pdb code: 1U19, in blue) and its
AMBER-optimized geometry (in red). The 11-cis-retinal is shown with the ball and stick
model.
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Figure 2.
The model part of the ONIOM calculations with hydrogen link atom HL. HPSB is not present
for deprotonated SBR.
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Figure 3.
Environment of the 11-cis-retinal in Rh. The 11-cis-retinal and the attached Lys296 are shown
in brown.
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Figure 4.
Changes in the side chains of amino acids with mutations and experimental absorption maxima.
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Figure 5.
Bond length alternation along the polyene chain of the PSB 11-cis-retinal chromophore of Rh.
Comparison of (a) the MM-fitted values in the X-ray structures (pdb codes: 1U19,29 1L9H,
36 1F88,37 and 1HZX;38 chain A), an NMR structure with pdb code of 1JFP,39 and the high
resolution double-quantum solid-state NMR data62 for the C10–C15 moiety including
vibrational correction that have confidence level of ± 0.025 Å, (b) the results of present ONIOM
calculations, and (c) NMR experiments and DFT-EE results.
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Figure 6.
Bond angles along the polyene chain of the PSB 11-cis-retinal chromophore of Rh. Comparison
of (a) the MM-fitted values in the X-ray structures and the NMR values and (b) the NMR
experiment and the results of present ONIOM calculations.

Altun et al. Page 25

J Phys Chem B. Author manuscript; available in PMC 2008 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Bond length alternation along the polyene chain of the 11-cis-retinal chromophore of Rh after
transferring the Schiff-base hydrogen to Glu113 (deprotonated SBR and protonated Glu113).
63
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Figure 8.
The most important resonance structures of the PSB 11-cis-retinal in Rh
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Figure 9.
Correlation between the calculated average BLA (B3LYP-EE geometry) and the first excitation
energy (B3LYP-EE//B3LYP-EE) for Rh and its mutants.
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TABLE 1
Vertical S0 → S1 Excitation Energies (in nm) Calculated at Gas Phase (Labeled none) and Different ONIOM(ME or
EE) Levels at Different Ground State Optimized Geometries for the Wild-Type Bovine Rhodopsin with PSBR

ground state geometry

excitationa B3LYP-ME BLYP-ME DFTB-ME

B3LYP-noneb 535 541 533
B3LYP-ME 504 516 510
B3LYP-EE 505 (503c) 516 (515d) 509
BLYP-noneb 578 578 566
BLYP-ME 543 549 540
BLYP-EE 543 551 (572e) 541

a
Experiment:1-3 500 ± 2 nm.

b
Gas-phase TD-DFT result of the isolated model QM part.

c
B3LYP-EE//B3LYP-EE.

d
B3LYP-EE//BLYP-EE.

e
BLYP-EE//BLYP-EE.
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TABLE 2
Vertical S0 → S1 Excitation Energies (in nm) Calculated at Gas Phase (Labeled none) and Different ONIOM (ME or
EE) Levels at Different Ground State Optimized Geometries for the Wild-Type Bovine Rhodopsin with SBR and
Protonated Glu113 at the OE2 Atom63

ground state geometry

excitation B3LYP-ME BLYP-ME DFTB-ME

B3LYP-nonea 400 420 416
B3LYP-ME 399 418 415
B3LYP-EE 412 (429b) 430 (447c) 427
BLYP-nonea 464 483 472
BLYP-ME 459 475 470
BLYP-EE 481 497 (513d) 488

a
Gas-phase TD-DFT result of the isolated model QM part.

b
B3LYP-EE//B3LYP-EE.

c
B3LYP-EE//BLYP-EE.

d
BLYP-EE//BLYP-EE.
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