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Abstract: The 1H and 13C nuclear magnetic resonance (NMR) spectra of the retinyl chromophore

in rhodopsin are investigated by using quantum mechanics/molecular mechanics (QM/MM) hybrid

methods at the density functional theory (DFT) B3LYP/6-31G*:Amber level of theory, in

conjunction with the gauge independent atomic orbital (GIAO) method for the ab initio self-

consistent-field (SCF) calculation of NMR chemical shifts. The study provides a first-principle

interpretation of solid-state NMR experiments based on recently developed QM/MM computa-

tional models of rhodopsin and bathorhodopsin [Gascón, J. A.; Batista, V. S. Biophys. J. 2004,

87, 2931-2941]. The reported results are particularly relevant to the development and validation

of atomistic models of prototypical G-protein-coupled receptors which regulate signal transduction

across plasma membranes.

1. Introduction
G-protein-coupled membrane receptors (GPCRs) are mac-
romolecules of great biological interest,1-5 since they regulate
signal transduction from the extracellular environment to the
interior of every cell. The membrane glycoprotein rhodopsin
is a prototypical GPCR present in rod cells of the retina.4,6

Rhodopsin is particularly important in studies of GPCRs
since it is the only member of the GPCR family whose crystal
structure has been resolved at high-resolution. This paper
investigates the1H NMR and13C NMR spectra of rhodopsin
by using quantum mechanical/ molecular mechanics hybrid
methods,7-13 in conjunction with the gauge independent
atomic orbital (GIAO) approach.14,15 The study builds upon
structural models recently developed in an effort to advance
our understanding of the ligand binding site in a prototypical
GPCR.16

Rhodopsin consists of 348-aa residues forming a bundle
of seven transmembraneR-helices surrounding the 11-cis
retinyl prosthetic group, a chromophore that is bound to Lys-
296 via a protonated Schiff base (pSB) linkage,17 stabilized
by electrostatic interactions with the negatively charged
Glu-113 counterion. Rhodopsin is responsible for triggering
a signal transduction mechanism, through 11-cis/all-trans-

isomerization of the retinyl ligand (see Figure 1), upon light
absorption during the primary photochemical event.17-20 The
reaction produces bathorhodopsin in the ground electronic
state,21,22 with a high quantum yield within 200 fs, making
it one of the fastest and most efficient photoreactions in
nature.1-3 The formation of the product bathorhodopsin is
endothermic and stores approximately 50% of the photon
energy.20,23-25 The energy storage is required to promote
thermal reactions in the protein bleaching sequence and in
the subsequent transducin cycle. The underlying molec-
ular rearrangements responsible for energy storage have
been recently analyzed in terms of rigorous DFT QM/MM
(molecular orbitals: molecular mechanics) (QM/MM-
(MO:MM)) hybrid methods as applied to the refinement of
high-resolution X-ray structures of bovine rhodopsin.16

There are currently four high-resolution structures of
rhodopsin in the literature. The original 2.8 Å structure (PDB
identifier 1F88)26 is the first high-resolution structure of a
GPCR revealing all the major features of the protein
previously obtained from a variety of experimental data,
including cryomicroscopy.27 A refined model (PDB identifier
1HZX)28 adds some amino acid residues not identified from
the original work. A more recent structure (PDB identifier
1L9h) improves the resolution to 2.6 Å and resolves essential
structural components of the chromophore binding site,* Corresponding author e-mail: victor.batista@yale.edu.
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including two bound-water molecules next to the retinyl
chromophore.29 Finally, the most recent structure (PDB
identifier 1U19) completely resolves the polypeptide chain
at 2.2 Å resolution and provides further conformational
details of the retinyl chromophore.30 However, even with
these breakthroughs in X-ray spectroscopy, the crystal-
lographic resolution obtained so far remains insufficient to
unequivocally define the parts functionally important to the
chromophore binding site.30 The reason for this seems to be
that the refinement software for X-ray structures does not
include parameters for chemically unusual structures such
as the twisted extendedπ-system of the retinyl chromophore
or the carboxylate group of Glu-113 interacting with the
delocalized charge in the chromophore.

In the absence of an unequivocal X-ray definition of the
chromophore-binding site, the elucidation of the orientation
and conformation of the pSB retinyl chromophore in rhodop-
sin continues to be the subject of much spectroscopic analy-
sis, including rather heroic efforts in NMR spectros-
copy21,31-44 as well as FTIR45-47 and resonance Raman spec-
troscopic studies.48-51 While the experimental data reported
in these studies have been reproduced and are considered
unambiguous, the theoretical interpretation of the data does
not yet lead to a fully consistent molecular picture in terms
of the spatial, electronic, and vibrational structure of the
system.52

The problem to be solved involves a challenging chro-
mophore with a polarizableπ-system embedded in a classical
protein environment, an ideal system for applications of
quantum mechanical/molecular mechanics (QM/MM) hybrid
methods. QM/MM hybrid methods,7-12 originally due to
Warshel,53 presently offer the most rigorous available
methodologies to develop atomistic models from high-
resolution X-ray structures and to investigate the electronic,
vibrational, and nuclear magnetic resonance (NMR) proper-
ties of challenging chromophore prosthetic groups embedded
in biological molecules.54 This paper is focused on the
application of DFT QM/MM hybrid methods, in an effort
to provide rigorous interpretations of NMR experiments and
fundamental insight on how the structure of the ligand-
binding pocket determines the spectroscopic properties and
functionality of the chromophore.

Many theoretical studies on rhodopsin were performed
long before the high-resolution crystallographic X-ray
structures were available.25,55-72 The early studies by Warshel
and co-workers56-58 were focused on the analysis of the
photoisomerization process in terms of the semiempirical
QCFF/PI method for the description of the chromophore and
a description of the protein environment based on a surface
of closed-packed spheres with adjustable parameters. The

QCFF/PI surfaces have been recalibrated71 on the basis of
ab initio studies of the isolated chromophore66,67and applied
to studies of bacteriorhodopsin.71 Further, the MNDO/AM1
and INDO-PSDCI procedures have been implemented by
Birge and co-workers59,61,64to describe the photoisomeriza-
tion dynamics in terms of a one-dimensional potential model
with an arbitrary rate constant for the dissipation of internal
energy. However, rigorous molecular models and simulations
of NMR spectroscopy were not possible since the protein
structure was not known.

The availability of high-resolution X-ray structures, com-
bined with advances in the development of QM/MM hybrid
methods,7-12 offers a great opportunity to develop rigorous
atomistic models. High-resolution X-ray structures have
already motivated theoretical work focused on the analysis
of the geometry and electronic excitation of the retinyl
chromophore. The reported studies include calculations based
on classical molecular dynamics simulations,73-75 ab initio
restricted Hartree-Fock (RHF) calculations of reduced-
model systems,76,52 and QM/MM computations.16,30,77-80

The 1H and 13C NMR spectra reported in this paper are
based on the atomistic computational models of rhodopsin
and bathorhodopsin developed in previous work,16 in an
effort to provide an explicit and rigorous description of the
influence of the opsin environment on the1H and13C NMR
chemical shifts of the retinyl chromophore. The models are
able to predict the energy storage and electronic excitation
energies for the dark and product states in very good
agreement with experimental data.16 However, there is the
nontrivial question as to whether simulations of NMR
spectroscopy, based on these computational models, are able
to reproduce experimental data. This paper shows the
affirmative, that such models predict NMR chemical shifts
in very good agreement with solid-state NMR spectra of the
retinyl chromophore in rhodopsin and bathorhodopsin. In
addition to the obvious advance associated with validating
prototypical GPCR models, these calculations show that
QM/MM geometry optimization of high-resolution structural
data provides a rigorous technique to overcome the limita-
tions of traditional refinement methods and a general
approach for simulating the spectroscopy of prosthetic groups
embedded in biological molecules.

The paper is organized according to the following sections.
Section 2 outlines the preparation of computational models
of the 11-cis-retinyl chromophore in rhodopsin and in
chloroform solution. Section 3 outlines the computational
approach, including a description of the implementation of
the ONIOM electronic-embedding hybrid method for com-
putations of1H and13C NMR chemical shifts according to
the GIAO acpproach. Section 4 presents the computational
results organized in five subsections: Section 4.1 reports the
computed1H NMR chemical shifts of rhodopsin and the
comparison to solid-state NMR data. Section 4.1 also reports
the computed1H NMR chemical shifts of the pSB 11-cis-
retinyl chromophore in chloroform solution and the com-
parison to the corresponding experimental data. Section 4.2
discusses the conformation of the retinyl chromophore, with
emphasis on the 6s-cis and 6s-trans configurations about the
C6-C7 single bond. Section 4.3 reports13C NMR chemical

Figure 1. Photoisomerization of the retinyl chromophore in
rhodopsin.
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shifts of the 11-cis-retinyl chromophore in rhodopsin and in
chloroform solution as well as the corresponding comparisons
to experimental data. Section 4.4 compares the computed
13C NMR chemical shifts of theall-trans-retinyl chro-
mophore in bathorhodopsin with available solid-state NMR
data. Finally, section 4.5 compares the rhodopsin computa-
tional model investigated in this paper to other structures of
bovine visual rhodopsin available in the literature. Section
5 summarizes the computational findings and concludes.

2. Computational Models
Rhodopsin. A detailed description of the computational
models and methods implemented in the present QM/MM
study can be found in our recent work.16 Here, we briefly
summarize the underlying methodology as follows. The
rhodopsin models are based on the refinement of the crystal
structure of bovine rhodopsin (Protein Data Bank (PDB)
accession code 1F88, monomer A), solved at 2.8 Å resolu-
tion.26 Starting from the 1F88 PDB crystal structures,
hydrogen atoms are added by using the molecular modeling
program TINKER.81 The protonation of all titratable
groups is standard. The rhodopsin cavity is set neutral,
consistently with FTIR experiments.45 The pSB linkage
between Lys-296 and the chromophore bears a net positive
charge NH(+) that forms a salt-bridge with the Glu-113
negative counterion.82,83 Amino acid residues Glu-122,
Asp-83, and Glu-181, all within the protein core, are assumed
to be neutral, as indicated by FTIR experiments45 and
UV-vis spectroscopic measurements of site-directed mu-
tants.84 Finally, the regular ends of the protein and the arti-
ficial ends due to the missing or incomplete amino acids
from the X-ray structures in the third cytoplasmic loop
(236-239) and in the C-terminal tail (328-348) are capped
with NH3

+ and CO2
-. The complete model system in the

present calculations contains 5170 atoms with a total charge
of +4e.

Model systems based on the crystal structure with PDB
accession code 1L9H, monomer A, solved at 2.6 Å resolu-
tion29 have also been prepared. A crucial difference between
the 1F88 and 1L9H crystal structures is the presence of two
water molecules next to the retinyl chromophore in the 1L9H
structure not observed at the lower resolution. These two
water molecules are included in the computational model
investigated in this paper, since they are important to the
stabilization of the chromophore inside the protein cavity.
Specifically, according to the computational models im-
plemented in this paper, these two water molecules par-
ticipate in an extended hydrogen-bonding network (see
Figure 2), that involves both water molecules and polar
residues Glu-181, Cys-187, Ser-186, and Glu-113.16 This
structural feature associated with the extracellular loop II
(EII), folded next to the chromophore, is consistent with a
recently proposed counterion switch mechanism associated
with a subsequent step in the rhodopsin photobleaching
sequence.85,86

The geometry of the resulting protein model is relaxed at
the ONIOM-EE (B3LYP/6-31G*:Amber) level of theory by
using Gaussian G03,87 including the retinyl chromophore,
bound water molecules, and all residues within a 20 Å radius

from the chromophore. The remaining environment is subject
to harmonic constraints in order to preserve the overall shape
of the protein.

The construction of the activated state is based on the
assumption that the isomerization dynamics of the retinyl
chromophore is much faster than protein relaxation. This
assumption is consistent with the experimental 200 fs reaction
time21,22as well as with the observation that the isomerization
coordinate is mainly coupled to the vibrational modes of the
retinyl chromophore.50 It is also assumed that the molecular
structure of theall-trans-retinyl chromophore in the ground-
electronic state, produced by the underlying curve-crossing
dynamics after photoexcitation of the system,relaxes to the
same minimumenergy configuration as when the chro-
mophore is isomerized along the ground-state minimum
energy path (MEP) subject to the constraint of fixed protein
environment.16 These assumptions are consistent with the
recent observation of thermal activation of visual pigments,88

indicating that activation by light and by heat may in fact
follow the same molecular route.

The reactant and product minimum energy configurations
are subsequently used for generating an ensemble of
thermally accessible configurations according to importance
sampling Monte Carlo, with umbrella sampling functions
defined in terms of the DFT QM/MM minimum energy
configurations. An ensemble of 1000 thermal configurations
are generated at 300 K from a Markov chain of 900 000
configurations generated by importance sampling Monte
Carlo, using Boltzmann sampling functions defined by the
classical energy (e.g., the standard Amber-MM force field
with additional soft-harmonic constraints relative to the
QM/MM equilibrium geometries). The statistical factors
(weights) of the subset of 1000 importance sampled con-
figurations are subsequently reweighted by performing single
point calculations at the ONIOM-EE(B3LYP/6-31G*:
Amber) level and computing the corresponding Boltzmann
factors defined by the difference of ONIOM-EE (B3LYP/
6-31G*:Amber) and classical energies. The equilibrium
geometry as well as the thermal fluctuations for the 11-cis
conformation at 300 K compare very favorably to recently
reported results of Molecular Dynamics (MD) simulations
at the QM/MM(SCC-DFTB:CHARMM) level of theory,

Figure 2. QM/MM optimized structure of the rhodopsin
binding site, including the retinyl chromophore, the residues
referenced in the text and the hydrogen bond network
extending from E181 to E113.
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where in agreement with our work, all simulated annealing
minimizations converged to the same minimum energy
structure.30 Considering the usual symmetry of magnetic
shielding matrix elements, relative to fluctuations around
equilibrium configurations, it is therefore natural to expect
that such a minimum energy configuration provides the
dominant contribution to thermal ensemble averages.

pSB Model. To compare changes in the NMR spectros-
copy of the retinyl chromophore inside the protein, relative
to the corresponding spectrum of the chromophore in
solution,31 computational models of the 11-cis-retinyl pro-
pylinium-chloride complex in chloroform solution are
constructed by geometry optimization at the DFT B3LYP/
6-31G* level of theory of the complex embedded in a
polarizable continuum model (PCM) solvent (εsol ) 4.9).
Figure 3 shows the optimized configuration of the complex,
where the chloride ion is located in the CdNH+plane at
2.09 Å from the proton of the Schiff-base linkage.

3. Methods
The QM/MM(MO:MM) calculations reported in this paper
are based on the ONIOM two-layer hydrogen link-atom
scheme.7-13 The full system of 5170 atoms is partitioned
into two layers by imposing a frontier, between the QM and
MM layers, at the Cδ-Cε bond of the Lys-296 side chain
(i.e., two bonds beyond the C-NH(+) linkage). The quantum
mechanical (QM) layer includes 48 atoms of the retinyl
chromophore, five atoms of Lys-296 (NH+, CH2), and a link
hydrogen atom that saturates the extra valence of the terminal
-C-H2 at the boundary. While a QM layer that includes
only the retinyl chromophore is sufficient to describe the
optimum geometry of the system as well as conformational
changes due to 11-cis/all-trans isomerization, the analysis
of numerical convergence with respect to the size of the QM
layer indicates that precise calculations of1H and13C NMR
chemical shifts require a more extended QM layer. Thus
single point calculations of chemical shifts explicitly consider
extended QM layers including amino acid residues with
significant steric interactions with the chromophore as well
as nearby residues with aromatic functional groups, including
Trp-265, Tyr-268, Ser-186, Cys-187, and Gly-188. Inclusion
of these extra residues results in a QM layer with 80
additional atoms, including the six link-hydrogen atoms
placed at the C-N bonds connecting these five residues with
their neighbors. The remainder of the protein defines the MM
layer.

The total energy of the systemE is obtained according to
the ONIOM electronic-embedding(ONIOM-EE) approach

whereEMM,full is the energy of the full system computed at
the MM level of theory,EQM,red is the energy of the reduced
system computed at the QM level of theory, andEMM,red is
the energy of the reduced system computed at the MM level
of theory. Electrostatic interactions between the two layers
are included in the calculation of bothEQM,red andEMM,red at
the QM and MM levels, respectively. Therefore, the elec-
trostatic interactions included at the MM level in both terms
EMM,red and EMM,full cancel. The resulting QM description
includes polarization of the reduced system as induced by
the surrounding protein environment.

All calculations reported in this paper involve a description
of the MM layer modeled by the standard Amber force
field.89 Shielding constants (i.e., chemical shifts) are obtained
according to the GIAO method at the DFT ONIOM-EE
(B3LYP/6-31G*:Amber) level of theory. The ability of the
B3LYP hybrid density functional to reproduce experimental
NMR shielding constants with similar basis sets is well
documented.90 Details concerning the calculation of shielding
constants are not discussed in this paper since they have
already been extensively reviewed in the literature.91 How-
ever, it is important to mention that in order to facilitate the
comparison between theoretical and experimental values of
shielding constants, often reported relative to various dif-
ferent internal or external references, ab initio chemical
shifts are reported relative to the reference value that
minimizes the overall root-mean-squared deviation between
the ab initio and experimental NMR spectra. All chemical
shifts are expressed as usual in parts per million (ppm).
Therefore, a chemical shift atδ ppm indicates that the
nucleus responsible for the signal is magnetically unshielded
relative to the reference and requires a magnetic fieldδ
millionths less than the field needed by the reference to
produce resonance.

4. Results and Discussion
4.1. Rhodopsin1H NMR. Figure 4 and Table 1 (columns 2
and 3) compare the calculated1H NMR chemical shifts of
the 11-cis-retinyl chromophore in rhodopsin and the chem-
ical shifts of the 11-cis- retinyl propylinium-chloride
complex in chloroform solution to the corresponding val-
ues of experimental data. The agreement between ab initio
and experimental values indicates that the computational
models are able to reproduce the1H NMR spectroscopy of
the chromophore in both the rhodopsin and solution en-
vironments, including the significant differences in chem-
ical shifts between the more unshielded H atoms attached
to sp2 carbon atoms in the C7-C15 segment (σP ) 6-7
ppm range) and the more protected sp3 carbon atoms (σC )
0.3-2 ppm range) in the methyl substituent groups and the
â-ionone ring.

Figure 5 and Table 1 (column 4) present the theoretical
and experimental values ofchangesin the chromophore1H
NMR chemical shifts,∆σH ) σH

rhod - σH
sol, due to the

influence of the rhodopsin environment (i.e., the opsin effects

Figure 3. Optimized structure of the 11-cis-retinyl propylinium
chloride complex embedded in a PCM solvent with ε ) 4.9
(chloroform).

E ) EMM,full + EQM,red - EMM,red (1)
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on 1H NMR chemical shifts). In semiquantitative agreement
with the experimental data, the ab initio calculations pre-
dict that the most significant influence of the protein
environment is to unshield H atoms in the C11-C14
segment, while nearby residues partially shield protons in
the â-ionone ring, including H-4 and H-18. The theoretical
predictions, however, underestimate changes in chemical
shifts of H-15 and H-20 probably due to the oversimplified
description provided by the reaction field of the PCM
dielectric solvent, as indicated by the numerical deviations
in Table 1 (column 3).

4.2. C6-C7 Bond Conformation. The configuration
about the C6-C7 single bond of the 11-cis retinyl chro-
mophore defines the orientation of theâ-ionone ring rela-
tive to the polyene chain and has been the subject of debate
in the literature.32,40,42,72,92In particular, NMR studies by
Watts and co-workers40 as well as theoretical work by
Birge and co-workers72 concluded that the chromophore
geometry is 6s-trans at the C6-C7 bond, in contrast to the
6s-cis conformation assumed by earlier NMR and optical
studies.32,42,93-96 It is therefore of interest to analyze this

controversial aspect by simulating the1H NMR spectra for
the retinyl chromophore in rhodopsin for both the 6s-cis and
6s-trans conformations and comparing these theoretical
predictions to the1H NMR experimental spectrum.

To perform these calculations, a computational model of
the 6s-trans isomer was constructed by geometry relaxation
of the system after rotation of theâ-ionone ring around the
C6-C7 bond. The resulting 6s-trans structure, obtained at
the ONIOM electronic-embedding (B3LYP/6-31G*:Amber)
level of theory, was found to be as stable as the 6s-cis isomer
for most thermally accessible configurations and about 8 kcal/
mol less stable than the 6s-cis structure when comparing
minimum energy geometries. In addition, the1H NMR
spectrum of the 6s-trans isomer compares much less favor-

Figure 4. Comparison of 1H NMR chemical shifts (in ppm)
of the 11-cis-retinyl chromophore in rhodopsin σH

rhod (upper
panel) and 11-cis-retinyl propylinium chloride complex in
chloroform σH

sol (lower panel). H atoms are labeled as
indicated in Figure 3.

Table 1: Comparison of 1H NMR Chemical Shifts (in
ppm) of the 11-cis-Retinyl Chromophore in Rhodopsin
σH

rhod, the 11-cis-Retinyl Propylinium-Chloride Complex in
Chloroform Solution σH

sol, and Opsin Effects on 1H NMR
Chemical Shifts as Defined by ∆σH ) σH

rhod - σH
sol

a

position σH
rhod σH

sol ∆σH

H-2 1.18 (1.0)b 1.61 (1.49)c -0.43 (-0.49)
H-3 1.00 (1.6)b 1.64 (1.63)c -0.64 (-0.03)
H-4 0.97 (1.0)b 2.20 (2.06)c -1.23 (-1.06)
H-7 6.81 (6.4)b 6.86 (6.55)d -0.05 (-0.15)
H-8 6.11 (6.2)b 6.09 (6.36)d 0.02 (-0.16)
H-10 6.19 (6.4)b 6.44 (6.98)d -0.25 (-0.58)
H-11 7.62 (7.2)b 6.99 (7.12)d 0.63 (0.08)
H-12 7.26 (7.2)b 6.13 (6.31)d 0.13 (0.89)
H-14 6.85 (7.0)b 6.54 (6.71)d 0.31 (0.29)
H-15 7.35 (8.1)b 7.55 (9.19)d -0.20 (-1.09)
H-16 0.89 (0.8)b 1.18 (1.05)d -0.29 (-0.25)
H-17 0.84 (0.6)b 1.05 (1.05)d -0.21 (-0.45)
H-18 0.28 (0.5)b 1.76 (1.73)d -1.48 (-1.23)
H-19 2.05 (2.2)b 1.94 (2.14)d 0.11 (0.06)
H-20 1.98 (1.7)b 2.14 (2.57)d -0.16 (-0.87)

a Experimental values are reported between parentheses. H atoms
are labeled as indicated in Figure 3. b Data from ref 42. c Data from
ref 99. d Data from ref 31.

Figure 5. Comparison of theoretical and experimental values
of changes in the 1H NMR chemical shifts of the 11-cis-retinyl
chromophore (in ppm), ∆σH ) σH

rhod - σH
sol, due to the

influence of the rhodopsin environment (i.e., the opsin effects
on 1H NMR chemical shifts as described in the text).
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ably to experiments than the spectrum of the 6s-cis isomer,
as shown in Figures 6 and 5. Figure 6 compares the opsin
effects on the1H NMR chemical shifts of the 6s-trans
chromophore (∆σH ) σH

rhod - σH
sol) to experimental data,

indicating that the 6s-trans isomer compares less favorably
to experiments than the 6s-cis isomer analyzed in Figure 5.

The comparison of theoretical and experimental1H NMR
chemical shifts presented in Figures 6 and 5, in conjunction
with the analysis of relative stabilities, indicates that the
orientation of theâ-ionone ring relative to the polyene chain
is consistent with the 6s-cis configuration of the retinyl
chromophore at the C6-C7 single bond. The QM/MM
computational models reported in this paper thus support the
6s-cis form, with substantial negative (-44°) twist of the
C6-C7 bond in the minimum energy configuration.16 These
computational results are partially consistent with recent
NMR studies42,92 and with the analysis of the recently
resolved X-ray structure at 2.2 Å resolution.30

4.3. Rhodopsin13C NMR. Figure 7 and Table 2 (columns
2 and 3) compare theoretical and experimental values of13C
NMR chemical shifts of the 11-cis-retinyl chromophore in
rhodopsin as well as the corresponding chemical shifts of
the 11-cis-retinyl propylinium-chloride complex in chloro-
form solution. The agreement, shown in Figure 7, indicates
that the computational models are able to reproduce the13C
NMR spectroscopy of the chromophore in both rhodopsin
and solution environments, including the description of
significant differences in chemical shifts between the un-
shielded carbon atoms with sp2 hybridization in the
C7-C15 segment (σC ) 115-160 ppm range) and the more
protected sp3 carbon atoms (σC ) 20-40 ppm range).

A common feature of the13C NMR spectra of the pSB in
rhodopsin (Figure 7, upper panel) and in solution (Figure 7,
lower panel) is the zigzag alternation of chemical shifts in
the C9-C15 segment of the polyene chain, where the
displacement maxima at C15, C13, C11, and C9 are
alternated with the minima at C14, C12, and C10. Such an
alternation pattern is partially correlated with a corresponding

alternation of the atomic charges of carbon atoms with sp2

hybridization along the polyene chain (see solid circles in
Figure 7).

Figure 8 and Table 2 (column 4) compare theoretical and
experimental values ofchangesin the chromophore13C
NMR chemical shifts,∆σC ) σC

rhod - σC
sol, due to the

influence of the rhodopsin environment (i.e., the opsin effects
on 13C NMR chemical shifts). Considering that the reported
experimental errors of13C NMR chemical shifts can be as
large as(1 ppm,32,42 and larger when comparing different
studies, the overall semiquantitative agreement with experi-
mental data is quite satisfactory. The theoretical predictions,
however, seem to underestimate changes in chemical shifts
of C17 and C20. This is due to an overestimation of the
chemical shifts of the corresponding methyl substituent
groups in rhodopsin, as indicated by the numerical deviations
in Table 2 (column 2). In agreement with experimental data,
these results predict that the protein environment unshields
all C atoms but C5 in the retinyl chromophore polyene chain.

The upfield ofσC at C5 has been assigned to the interaction
between C5 and the carboxylic group of Glu-122.42 The
calculations reported in this paper, however, indicate that
the electrostatic influence of Glu-122 is negligible when such

Figure 6. Changes in the 1H NMR chemical shifts of the
6s-trans-retinyl chromophore, ∆σH ) σH

rhod - σH
sol, due to the

influence of the rhodopsin environment. Theoretical values
are compared to experimental data.

Figure 7. Comparison of 13C NMR chemical shifts (in ppm)
of the 11-cis-retinyl chromophore in rhodopsin σC

rhod (upper
panel) and the 11-cis-retinyl propylinium-chloride complex
in chloroform σC

sol (lower panel). ESP atomic charges of
carbon atoms with sp2 hybridization are reported in solid
circles.
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a residue is protonated as suggested by FTIR experiments.45

Instead, Table 3 shows that the most important upfield effect
on C5 is due to Trp-265, with an upfield of-2.0 ppm. This
effect, however, is almost completely canceled by the 1.8
ppm downfield due to Asp-190. It is, therefore, concluded
that the net upfield ofσC at C5 is not determined by the
nearby residue with the largest upfield contribution but rather
by the overall polarization of theπ-system, predominantly
modulated by the counterion Glu-113. Further, it is predicted

that mutations of either Trp-265 or Asp-190 are expected to
produce a significant effect on the13C NMR spectrum at
the C5 position.

For completeness, Table 3 presents the quantitative
analysis of the electrostatic influence of nearby amino acid
residues on the13C NMR chemical shifts of the retinyl
chromophore. Individual contributions are estimated as the
difference in chemical shifts after and before zeroing the
atomic charges of specific residues. For clarity, only the
residues with the largest upfield and downfield effects are
listed. Table 3 thus identifies the specific residues responsible
for producing the most significant influence, indicating that
nearby residues can cause∆σC values as large as(3 ppm
for carbon atoms in the conjugateπ-system (i.e., carbon
atoms with sp2 hybridization). In contrast, chemical shifts
of carbon atoms with sp3 hybridization (e.g., carbon atoms
in methyl substituent groups) are found to be significantly
less sensitive to the electrostatic influence of nearby polar
residues (e.g.,|∆σC| < 1 ppm).

4.4. Bathorhodopsin13C NMR. Figure 9 (upper panel)
and Table 4 (second column) compare the calculated13C
NMR chemical shifts of theall-trans-retinyl chromophore
in bathorhodopsin to readily available experimental data,
including13C NMR chemical shifts for C8, C10, C11, C12,
C13, C14, and C15.33 In addition, Table 4 (third column)
and Figure 9 (lower panel) present theoretical and experi-
mental values ofchangesin the chromophore13C NMR
chemical shifts,∆σC ) σC

batho - σC
rhod, due to the 11-cis/

all-trans isomerization. The comparison presented in Figure
9 shows good qualitative agreement between theoretical and
existing experimental data, supporting the underlying mo-
lecular rearrangements due to the primary photochemical
event reported in previous work.16

Table 2: Comparison of 13C NMR Chemical Shifts (in
ppm) of the 11-cis-Retinyl Chromophore in Rhodopsin
σC

rhod, the 11-cis-Retinyl Propylinium-Chloride Complex in
Chloroform Solution σC

sol, and Opsin Effects on 13C NMR
Chemical Shifts as Defined by ∆σC ) σC

rhod - σC
sol

a

position σC
rhod σC

sol ∆σC

C1 39.06 (34.0)b 37.97 (34.1)b 1.09 (-0.1)
C2 40.08 (40.3)b 39.03 (38.9)b 1.05 (1.4)
C3 23.45 (20.3)b 21.23 (18.8)b 2.22 (1.5)
C4 35.52 (34.0)b 35.13 (33.0)b 0.39 (1.0)
C5 133.43 (130.3)c 136.66 (131.7)d -3.23 (-1.4)
C6 138.77 (137.7)c 135.69 (137.2)d 3.08 (0.5)
C7 134.21 (132.3)c 132.89 (132.3)d 1.32 (0.0)
C8 133.78 (139.2)c 133.27 (137.2)d 0.51 (2.0)
C9 149.09 (148.5)c 146.20 (146.6)d 2.89 (1.9)
C10 126.11 (127.8)c 122.94 (126.4)d 3.17 (1.4)
C11 138.55 (141.6)c 134.61 (137.5)d 3.94 (4.1)
C12 124.89 (132.1)c 123.70 (129.0)d 1.19 (3.1)
C13 162.18 (168.9)c 158.28 (162.7)d 3.90 (6.2)
C14 115.60 (121.2)c 115.04 (121.3)d 0.56 (-0.1)
C15 153.49 (165.4)c 150.31 (163.9)d 3.18 (1.5)
C16 30.60 (30.6)b 29.47 (28.9)b 1.13 (1.7)
C17 29.96 (26.1)b 29.91 (28.9)b 0.05 (-2.8)
C18 23.28 (21.7)b 23.54 (22.1)b -0.26 (-0.4)
C19 14.73 (14.4)b 12.81 (12.6)b 1.92 (1.8)
C20 18.42 (16.3)b 17.88 (18.8)b 0.54 (-2.5)
a Experimental values are reported between parentheses. b Data

from ref 42. c Data from ref 32. d Data from ref 31.

Figure 8. Comparison of theoretical and experimental values
of changes in the 13C NMR chemical shifts of the 11-cis-retinyl
chromophore (in ppm), ∆σH ) σC

rhod - σC
sol, due to the

influence of the rhodopsin environment (i.e., the opsin effects
on 13C NMR chemical shifts).

Table 3: List of Residues with Significant Contribution on
the Opsin Shift, ∆σCa

upfield downfield

position residue ∆σC (ppm) residue ∆σC (ppm)

C1 Glu-122 -0.2 His-211 0.1
C2 Asp-190 -0.1 Phe-212 0.6
C3 Tyr-268 -0.2 Glu-122 0.2
C4 Leu-125 -0.2 Glu-122 0.3
C5 Trp-265 -2.0 Asp-190 1.8
C6 Glu-201 -1.0 Trp-265 0.9
C7 Tyr-191 -1.6 Cys-187 1.7
C8 Asp-190 -0.3 Trp-265 0.5
C9 Thr-118 -2.3 Cys-187 2.2
C10 Tyr-268 -1.2 Tyr-191 1.2
C11 Thr-118 -1.8 Gly-188 2.2
C12 Cys-187 -2.2 Ala-117 1.7
C13 Wat2a -2.7 Tyr-191 0.6
C14 Cys-187 -3.0 Wat2a 3.0
C15 Ala-292 -1.6 Glu-181 0.5
C16 His-211 -0.1 Met-207 0.5
C17 Tyr-268 -0.4 Tyr-191 0.3
C18 Thr-118 -0.2 Gly-121 1.3
C19 Thr-118 -0.9 Glu-122 0.1
C20 Wat2a -0.5 Tyr-268 0.3
a This table quantifies the effect on the 13C NMR chemical shifts

as described in the text.
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The favorable comparison of theoretical and experimental
values of changes in13C NMR chemical shifts, due to the
cis/trans isomerization, is consistent with the agreement
between theoretical and experimental values of other ob-
servables determined by the molecular rearrangements,
including the endothermicity of the cis/trans isomeriza-
tion as compared to calorimetry measurements and theS0

f S1 electronic excitation energies for the dark and product
states as compared to readily available spectroscopic data.
It is therefore concluded that theφ(C11-C12) dihedral
angle changes from-11° in the 11-cis isomer to-161° in
the all-trans product during the primary event, as pre-
dicted in previous work,16 where the preferential sense of
rotation along negative angles is determined by steric
interactions between Ala-117 and the polyene chain at the
C13 position. The isomerization also induces torsion of the
polyene chain due to other steric constraints in the binding
pocket and stretching of the salt-bridge between the pro-
tonated Schiff-base and the Glu-113 counterion. The salt-
bridge stretching is stabilized by the formation of a hydrogen
bond between the protonated Schiff-base and Wat2b,16

involving reorientation of the polarized NH+ and CH bonds

localizing part of the net positive charge at the Schiff-base
linkage.

4.5. Comparative Structural Analysis. After the com-
putational studies reported in the previous sections were
completed, the latest refinement of the rhodopsin crystal
structure was published at 2.2 Å resolution,30 together with
a QM/MM structural analysis based on the self-consistent
charge density functional tight binding (SCC-DFTB) method97

and the CHARMM force field.98 Therefore, it is of interest
to compare the structural properties of the rhodopsin
computational model analyzed in this paper to the more
recently published molecular structures.

Figure 10 and Table 5 compare the chromophore bond
lengths in readily available X-ray structures and QM/MM

Figure 9. Comparison of 13C NMR chemical shifts (in ppm)
of the all-trans-retinyl chromophore in bathorhodopsin σC

rhod

(upper panel) and the difference between 13C NMR chemical
shifts in bathorhodopsin and rhodopsin (lower panel).

Table 4: Comparison of 13C NMR Chemical Shifts (in
ppm) of the all-trans-Retinyl Chromophore in
Bathorhodopsin σC

batho and Changes in the Chromophore
13C NMR Chemical Shifts, ∆σC ) σC

batho - σC
rhod, Due to

the 11-Cis/All-Trans Isomerizationa

position σC
batho ∆σC

C1 39.05 -0.01
C2 39.69 -0.39
C3 22.98 -0.46
C4 36.10 0.58
C5 134.58 1.15
C6 136.73 -2.04
C7 131.05 -3.17
C8 134.25 (136.6)b 0.47 (-2.5)c

C9 150.76 1.67
C10 130.82 (132.0)b 4.71 (4.1)c

C11 137.90 (140.0)b -0.65 (-1.4)c

C12 126.14 (137.7)b 1.25 (5.5)c

C13 158.74 (168.5)b -3.44 (0.2)c

C14 111.83 (120.0)b -3.77 (-2.3)c

C15 153.92 (163.4)b 0.43 (-2.4)c

C16 30.32 -0.28
C17 29.56 -0.40
C18 25.69 2.41
C19 14.63 -0.10
C20 15.68 -2.74

a Experimental values are reported between parentheses. b Data
from ref 33. c Data from ref 32.

Figure 10. Bond length alternation along the polyene chain
of the 11-cis-retinyl chromophore in rhodopsin.
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computational models, including the 1F88, 1HZX, 1L9H,
and 1U19 X-ray structures, the QM/MM-MD (SCC-DFTB:
CHARMM) structure,30 and the QM/MM ONIOM-EE
(B3LYP:Amber) rhodopsin model16 considered in this paper.
The comparison includes bond lengths along the polyene
chain and the salt-bridge between the protonated Schiff-base
and the negative counterion Glu-113. All distances but those
in the last two columns are averaged over both monomers.
The comparison shows that the rhodopsin computational
model investigated in this work is consistent with the
QM/MM-MD (SCC-DFTB:CHARMM) structure.30 How-
ever, when QM/MM models are compared to X-ray struc-
tures, both computational models show a weaker alternation
of CC bond lengths along the polyene chain (see zigzag of
red triangles in Figure 10), although in partial agreement
with the chromophore bond lengths predicted by a recent
double-quantum solid-state NMR study (see last column of
Table 5 and open circles in Figure 10).43 Furthermore,
both QM/MM models predict a shorter N(Lys-296)-
O(Glu-113) distance between the Schiff-base linkage and the
counterion Glu-113.

The structural differences between X-ray and QM/MM
structures seem to result from difficulties faced by the X-ray
refinement software when dealing with chemically unusual
structures, including the twisted and extendedπ-system and
the carboxylate group interacting with the delocalized charge
of the extended chromophore. Further, the X-ray structures
show significant dispersion in the reported values of bond
lengths and C11-C12 dihedral angles. The latter ranges from
-36° in the 1U19 crystal structure,30 to -1° in 1F88, 8° in
1HZX, and 0° in 1L9H. In contrast, the ONIOM-EE and
SCC-DFTB QM/MM models have a smaller dispersion and
predict the C11-C12 dihedral angle to be-11°16 and-18°
( 9,30 respectively, in reasonable agreement with the value
-13° suggested by molecular dynamics simulations.74

An important difference between the QM/MM-MD
(SCC-DFTB:CHARMM) structure30 and the QM/MM

ONIOM-EE (B3LYP:Amber) rhodopsin model analyzed in
this paper16 concerns the assignment of interactions respon-
sible for twisting the extendedπ-system. Okada et. al.
suggested, from simple inspection of neighboring residues,
that the C11-C12 negative twist is due to interactions with
the Trp-265 residue.30 In contrast, the QM/MM ONIOM-
EE model predicts that the torque responsible for the
C11-C12 dihedral twist is mainly due to steric interactions
between the methyl group of Ala-117 and the polyene chain
at the C13 position.16 These results are obtained from an
analysis of the decomposition of forces acting on the chromo-
phore at its equilibrium configuration in the binding site.

5. Concluding Remarks
We have shown how to investigate the1H NMR and 13C
NMR spectra of the retinyl chromophore in rhodopsin by
using recently developed QM/MM computational models,
in conjunction with the GIAO method for ab initio SCF
calculations of NMR chemical shifts at the DFT (B3LYP/
6-31G*:Amber) level of theory. The reported results indicate
that the QM/MM models describe the NMR spectroscopy
of the retinyl chromophore in rhodopsin in very good
agreement with solid-state NMR experiments, including
opsin effects on NMR chemical shifts andchangesin the
chromophore chemical shifts due to 11-cis/all-trans isomer-
ization in rhodopsin. These findings are particularly relevant
to the development and validation of fully atomistic models
of prototypical G-protein-coupled receptors.

We have demonstrated that the 6s-cis/6s-trans configura-
tional change, about the C6-C7 single bond of the 11-cis
retinyl chromophore, significantly affects the1H NMR
chemical shifts of the chromophore. The comparison of
theoretical and experimental1H NMR spectra indicates that
the 6s-cis isomer is the most likely structure in the dark state
of rhodopsin. This conclusion is consistent with the analysis
of relative stabilities, indicating that the 6s-cis configuration
is 8 kcal/mol more stable than the 6s-trans configuration
when comparing minimum energy structures.

We have shown that the QM/MM computational models
reveal significant bond length alternation in the C5-C9
segment of the polyene chain. Such a bond length alternation
pattern becomes weaker along theπ-system near the Schiff-
base linkage, in partial agreement with the chromophore bond
lengths predicted by double-quantum solid-state NMR
experiments.43

We found that1H NMR chemical shifts are considerably
more sensitive than13C NMR chemical shifts to changes in
the chromophore environment (e.g., from solution to the pro-
tein environment). In particular, the1H NMR spectra is found
to be significantly influenced by nearby polar residues and
residues with aromatic functional groups (e.g., Trp-265 and
Tyr-268). Reliable QM/MM simulations of NMR chemical
shifts thus require including these crucial residues in the QM
layer, predicting specific phenotypes that affect the magnetic
environment of the retinyl chromophore in rhodopsin.

Finally, we conclude that the QM/MM refinement of high-
resolution structural data provides a rigorous technique to
overcome limitations of traditional X-ray refinement methods

Table 5: Comparison of the Retinyl Chromophore Bond
Lengths in Readily Available X-ray Structures and QM/MM
Computational Models, Including the Crystal Structures
with PDB Access Code 1F88,26 1HZX,28 1L9H,29 and
1U19,30 the QM/MM-MD (SCC-DFTB:CHARMM)
Structure,30 and the QM/MM ONIOM-EE (B3LYP:Amber)
Structure Analyzed in This Paper and in Previous Work16

1F88 1HZX 1L9H 1U19
QM/
MMa

QM/
MMb NMRc

C5-C6 1.36 1.36 1.41 1.43 1.37 1.36

C6-C7 1.48 1.51 1.50 1.51 1.46 1.47

C7-C8 1.36 1.38 1.37 1.36 1.37 1.36

C8-C9 1.48 1.49 1.47 1.47 1.44 1.45

C9-C10 1.36 1.36 1.35 1.37 1.39 1.38

C10-C11 1.48 1.48 1.49 1.46 1.42 1.43 1.44

C11-C12 1.36 1.37 1.37 1.39 1.38 1.37 1.36

C12-C13 1.49 1.50 1.48 1.49 1.43 1.44 1.41

C13-C14 1.34 1.36 1.36 1.36 1.40 1.39 1.37

C14-C15 1.48 1.50 1.51 1.44 1.42 1.41 1.43

C15-N(Lys-296) 1.46 1.36 1.36 1.33 1.32 1.31

N(Lys-296)-
O(Glu-113)

3.28 3.58 3.08 3.36 2.60 2.74

a Reference 30. b This work and ref 16. c Reference 43.
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and a general approach to simulate the NMR spectroscopy
of challenging prosthetic groups embedded in biological
molecules.
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