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Abstract: Using a recently developed scheme for performing, within density functional theory, molecular
dynamics and geometry optimization for fairly large systems in the first excited singlet state, we have studied
the structure and energy changes that the rhodopsin chromophore undergoes during the photoisomerization
from 11-cis to all-trans. We discuss the effects of relevant parts of the protein environment close to the
chromophore on the isomerization barrier and on the chromophore structure.

The primary event of vision is believed to involve the
photoisomerization of the chromophore of rhodopsin, the
photosensitive protein of the retina consisting of sevenR helices,
from its 11-cis to its all-trans isomer.1-4 This is an extremely
fast and efficient process, essentially barrierless, which is
completed within 200 fs with a quantum yield of 0.67; it is
then followed by a series of chemical reactions that culminate
in the stimulation of the optical nerve.5,6 A sketch of the
rhodopsin chromophore, i.e. retinal covalently bound to the
apoprotein opsinVia a protonated Schiff base, is shown in Figure
1. The chromophore of rhodopsin is very similar to that of
bacteriorhodopsin, a protein found in the purple membrane of
the archaeonhalobacterium salinarium, which isomerizes from
all-trans to 13-cisand which acts as a light-driven proton pump.
Rhodopsin5-11 and bacteriorhodopsin12-21 have been investi-

gated thoroughly. Both compounds are trans-membrane proteins,
difficult to crystallize. Because of the low quality of the crystals,
the resolution of the available X-ray structures is very low; this
is especially true for rhodopsin. Computed protein models
consistent with the experimental data can be taken, with obvious
caution, as approximate reference structures.22 Calculations
include force-field,23-27 semiempirical,29-43 and ab initio
methods,27,28,43-62 and also combined classical/quantum me-
chanical simulations,28,31 applied to more or less complex
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models. The bibliography is huge and not exhausted by the
references cited here. Still, the understanding of the dynamics
of these photoreactions remains an open problem in photo-
chemistry and biology (see, e.g. refs 19 and 20). In particular,
first principles calculations could greatly contribute to create
an accurate picture of the rhodopsin photoreaction. Unfortu-
nately, applying sophisticated methods to the excited state of
such a complex system is very difficult. Hence,ab initio
methods have been mainly applied to the ground state. Theab
initio calculations for the excited states usually use simplified
models;28,43-51 in the few excited-state calculations for the whole
chromophore, geometries were not optimized.53-55

To gain insight into the microscopic details of rhodopsin
photoisomerization, we have applied a recently developed
computational method that allows us to perform from first
principles, within a variational density functional theory scheme,
both structural relaxations and molecular dynamics simulations
in the first excited singlet state.63 With this relatively simple
approach, inspired by the Ziegler-Rauk-Baerends sum method64

and by the restricted open shell Hartree-Fock method,65 the
excited state geometries and energies of fairly large systems
(up to hundred atoms) can be investigated, with an efficiency
comparable to the well-established density functional theory
treatment of the ground state.66 The electronic excitation is
modeled by transferring a single electron to an unoccupied

orbital: this means that a HOMO-LUMO single excitation is
pre-assumed. Electron correlation effects are includedVia the
exchange and correlation potential rather then by using many
determinants. The method has been tested on a series of small
unsaturated compounds, by calculating energies and geometries
for both vertical and adiabatic excitations. The results show a
reasonable accuracy compared to experiments and more so-
phisticated multireference calculations. As with time-dependent
density functional theory calculations, the excitation energies
are underestimated. However, since an essentially constant
energy shift is found for both vertical and adiabatic excitation
energies, the shape of the potential energy surfaces should not
be much affected and the resulting molecular dynamics should
be reasonably accurate: this has been confirmed by a molecular
dynamics simulation of thecis-trans isomerization process of
formaldimine.63 The formalism has been developed for a
nondegenerateS1 state, but it can be extended to other
symmetries. This method has proved to work reasonably well
in cases where the transition to the lowest excited state is known
to be quite a pure HOMO-LUMO transition.63 In rhodopsin
the situation may be much more complex, and our technique
too simplified to give an appropriate description. However, we
hope that the additional information, provided by our method,
on structural relaxations in the excited state can offer some
valuable insights into the photoisomerization process. In refs
67-69 an analogous scheme and some applications are pre-
sented; problems associated with the use of approximate density
functionals and perspectives are also discussed, providing further
elements for evaluating the method. Improvements of the
method might be possible, but while they would lead to more
accurate results, in general they would also increase the
computational workload, hindering the relaxation of excited state
geometries for systems of relatively large size, which is our
present goal.

In this paper, we present a series of calculations for the
energetic and structural changes that the rhodopsin chromophore
undergoes as it isomerizes fromcis to trans. Various chro-
mophore models of increasing complexity, including, in turn,
the protonated Schiff base linkage and some relevant parts of
the protein environment, were considered (see Figure 2). In all
cases, the chromophore was modeled in an orthorombic cell of
size 21.17× 11.64 × 11.64 Å3. No periodic images of the
system were involved in the calculations.70 We used the
gradient-corrected functional proposed by Becke, Lee, Yang,
and Parr (BLYP)71,72 and Troullier-Martins norm-conserving
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Figure 1. Sketch of the 11-cis isomer of the rhodopsin protein with
the conventional numbering of the carbon atoms. The linkageVia the
protonated Schiff base to the protein through the lysine amino acid is
shown.
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pseudopotentials.73 The electronic wave functions were ex-
panded in a plane wave basis set, with a kinetic energy cutoff
of 70 Ry. To monitor the chromophore during the isomerization,
we took the C10-C11-C12-C13 torsional angle (τ) to be the
reaction coordinate; this angle was, in turn, constrained at values
between-180° and 180°: τ ∼ 0° corresponds to the idealcis
isomer, andτ ∼ 180° to thetransone. Rotation and translation
of the molecule in the simulation cell were frozen out by a set
of constraints; all other structural degrees of freedom were fully
relaxed.

The potential energy curves along the reaction path for the
ground (S0) and first excited singlet state (S1) of the protonated
Schiff base of retinal (Figure 2, central panel) are shown in
Figure 3. These calculations were performed for the positively
charged system without including any counterion. The isomer-
ization process fromcis to trans shows a large energy barrier,
not only in the ground state (17 kcal/mol forτ ∼ -90° and 21
kcal/mol forτ ∼ 90°), as expected, but also in the excited state
(14 kcal/mol forτ ∼ -90° and 16 kcal/mol forτ ∼ 90°). The
S1 energy barrier is clearly in disagreement with experiments,5

which report a very fast and efficient photoisomerization. The
slight asymmetry of the energy profile for positive and negative
torsional angles is due to the nonplanarity of theâ-ionone ring,
which lowers the symmetry of the molecule. The calculations
were performed using spin-unpolarized density functional
theory; we have verified, by using the spin-polarized local spin
density74 approximation, that in theS0 transition state no spin-
unpairing takes place and that the energy barrier remains
unchanged. We find that the energy of thetrans isomer is lower
than thecisenergy, as usual for systems with unstrained double

bonds. This is in contrast to experiments for the protein which
show that thecis isomer is more stable by as much as 35 kcal/
mol.75 However, it must be observed that ours are gas-phase
calculations that do not include any effect of the environment;
in reality the final chromophore state is expected to be strained
since it sits in a pocket designed for thecis isomer.30

A characteristic feature of systems with conjugated double
bonds is the bond alternation between single and double bonds;
the bond lengths can be directly related to the bond stabilities
and rotational barriers: the shorter the bond, the higher is the
barrier for the rotation about this bond. In Figure 4 we monitor
the C-C bond lengths of the conjugatedπ-system for a set of
structures of the protonated Schiff base of retinal along the
reaction path (filled symbols). For comparison, we also show
in the top panel of Figure 4 the C-C bond lengths for the
unprotonated Schiff base of retinal (empty symbols): it is clear
that the protonation of the Schiff base has a marked effect on
the bond alternation. In the ground state, the alternation of single
and double bonds typical ofπ-conjugated systems is recogniz-
able for bothcis andtransstructures; the alternation is clearly
reduced due to the protonation of the Schiff base linkage.41

When the isomerization is forced by constraining the torsional
angle about the C11-C12 bond, the C11-C12 bond increases in
length, completely losing its original double bond character,
which is finally regained in thetrans form. For the structures
with maximal energies the C-C bond pattern is distorted,
especially in proximity to the C11-C12 bond. The main structural
effect of the excitation consists of shortening the long bonds
and lengthening the short bonds; these variations become smaller
close to the protonated Schiff base linkage. We notice that the
C11-C12 bond does not show any peculiarity with respect to
the others: there seems to be no reason why, in the isolated
chromophore, photoexcitation should lead to a predominant
torsion about this particular bond. All the torsional angles in
the chain of the conjugated double bonds, with the exception
of course of the constrained C10-C11-C12-C13 one, have values
very close to 180°, with the largest deviation shown by the C11-
C12-C13-C14 angle in the maximum energy ground state
structure. Because of theS1 energy barrier, a molecular dynamics
simulation of the protonated Schiff base of retinal would not
result in anycis-trans isomerization on a time scale of some
hundred femtoseconds. To check the stability of the investigated
model with respect to any other possible reaction coordinate,(73) Troullier, N.; Martins, J. L.Phys. ReV. B 1991, 43, 1993-2006.

(74) Gunnarsson, O.; Lundqvist, B. I.Phys. ReV. B 1976, 13, 4274-
4298. (75) Cooper, A.Nature1979, 282, 531-533.

Figure 2. Models of the rhodopsin chromophore of increasing
complexity used for the calculations: retinal (top panel); the protonated
Schiff base of retinal (central panel); the protonated Schiff base of retinal
with a counterionic group and a water molecule (bottom panel).

Figure 3. S0 (squares) andS1 (circles) energies, with respect to the
ground state energy of thecis structure, as a function of the C10-C11-
C12-C13 torsional angle for the protonated Schiff base of retinal in
vacuum.
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we have performed a molecular dynamics simulation of the
protonated Schiff base of retinal at room temperature for about
480 fs in the ground state and for a further 270 fs in the excited
state. No isomerization was observed; however, we found the
system to be rather floppy: the variations of the torsional angle
τ ranged from-42° to 16° in the ground state and from-43°
to 11° in the excited state, with average values of-10° and
-8°, respectively. The variations of the C11-C12 bond length
were in the range of 1.34-1.47 Å in the ground state and of
1.35-1.46 Å in the excited state, with average values of 1.40
and 1.41 Å, respectively.

The energy barriers for both the C13-C14 isomerization and
the C11-C12 isomerization of the very similar protonated
chromophore of bacteriorhodopsin have been recently calculated

within the sa-CASSCF scheme.54,55 Among the many calcula-
tions in the literature, these are the ones more directly
comparable, for size of the systems and first principles character
of the method, to our results. The sa-CASSCF results are
qualitatively different from ours, and somehow more compatible
with the experimental evidence: a small barrier is found for
the isomerization in the excited state, and theS1 potential energy
curve shows a minimum at 90°. Of course, the difference with
respect to our calculations can be due to the shortcomings of
our method. However, the fact that in the sa-CASSCF calcula-
tions only part of theπ electrons could be included into the
active space and that the structures were not relaxed in the
excited state might have considerable influence on the results.
In fact, due to the use of a fixed geometry, the authors could
present only part of the potential surface for the C11-C12

isomerization.
To analyze the influence of the protonation on the properties

of the system, we have also investigated theS0 andS1 energy
curves of the free retinal chromophore, i.e. without the proto-
nated Schiff base linkage (Figure 2, top panel). We found
ground-state barriers for thecis to trans isomerization of 24 (τ
∼ -90°) and 29 kcal/mol (τ ∼ 90°), comparable to those of
the protonated Schiff base. However, in the excited state the
barriers are much lower: 5 kcal/mol for bothτ ∼ -90° andτ
∼ 90° (see Figure 5). In Figure 6, the C-C bond lengths for
the ground and excited states of retinal are shown. In the ground
state thecisandtrans isomers show a clear alternation of single
and double bonds (Figure 6, top and bottom panels), not affected
by the presence of a charge at the end of the chain as in the
case of the protonated Schiff base. This alternation is maintained
to a good degree even in the structure corresponding to the
maximum energies (Figure 6, central panel). Again the effect
of the excitation is to lengthen the short bonds and shorten the
long ones. In this case, for thecis and trans isomers, the
alternation of the bond length in the central part of the C-C
chain is basically reversed, thus lowering the barrier for the
excited state double bond isomerization. The energy barriers
for the C11-C12 isomerization of retinal have been studied using
multiconfigurational second-order perturbation theory through
the CASPT2 formalism;53 although these calculations are not
quantitatively comparable to ours since their excited state
structures were not relaxed, they show very similar trends, with
a lower energy for thetrans isomer than for thecis isomer, and
barriers in both the ground and the first excited singlet state.

There are several possible explanations for the inconsistencies
between our results for the excited state barrier of the protonated

Figure 4. C-C bond lengths for the protonated Schiff base of retinal
in the ground (filled squares) and excited (filled circles) states: C10-
C11-C12-C13 ∼0° (top panel),∼90° (central panel), and∼180° (bottom
panel). The two vertical lines mark the C11-C12 bond involved in the
photoisomerization. The C-C bond lengths for the unprotonated Schiff
base of retinal in thecis configuration in the ground (empty squares)
and excited (empty circles) states are also shown (top panel).

Figure 5. S0 (squares) andS1 (circles) energies, with respect to the
ground state energy of thecis structure, as a function of the C10-C11-
C12-C13 torsional angle for retinal in vacuum.
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Schiff base of retinal and the experimental evidence for the
photoisomerization of rhodopsin. Our method has some limita-
tions: it is restricted to a HOMO-LUMO excitation and we
use an exchange-correlation energy functional which has been
developed for the ground and not for the excited state and that
in any case is approximate. We did not try to investigate, using,
e.g., a surface hopping algorithm,76 the effect of nonadiabaticity
which should be involved at some stage of the reaction (see,
e.g., refs 28, 39, 44, and 77): the inclusion of nonadiabatic
effects would make our scheme computationally more expensive
and at present we are mainly interested in keeping the method
as simple as possible to be able to treat relatively complex
systems. Furthermore, our method does not deal with double
excitations that might become important during the isomerization
process, as suggested by semiempirical calculations,32,34,35and

induce a reordering of the excited states.78 If this is the case,
our calculations would not describe the state that is relevant to
the isomerization but rather a higher one. Yet, the importance
of explicitly including double excitations within a density
functional theory based method is unclear; in fact for other
systems it has been found that double excitation effects are to
some extent accounted for by the density functional treatment,
at variance from conventional Hartree-Fock based configuration
interaction schemes.79,80 For the case of rhodopsin no unique
answer can be obtained from the literature. In principle
multiconfiguration SCF methods can help us to understand how
important double excitations are for the protonated Schiff base
isomerization. In the recent sa-CASSCF study of the C11-C12

isomerization55 there is no indication for a significant double
excitation character of theS1 state. However, the possibility of
a relevant influence of double excitations on the shape of the
S1 potential energy surface cannot be excluded on the basis of
the data provided in ref 55.

In the present study we concentrate on another possible reason
for deviations from experiment: we are in fact considering the
chromophore in isolation, without taking into account any
interaction with the protein. The protein environment should
strongly influence the details of the photoreaction, the isomer-
ization pathway, and the quantum yield: this is evident from
the different behaviors of rhodopsin and bacteriorhodopsin, of
the chromophore in solution81-83 and in the protein, and by the
results of mutagenesis experiments.87 The chromophore pho-
toisomerization is catalyzed by the protein environment; in
solution it is much slower and it has been concluded that there
is an energy barrier in the excited state.82 The importance of
the environment has also been shown previously by theoretical
investigations, see e.g. refs 27, 28, and 31-33, by including
charges or residues close to the chromophore or even model-
ing the whole protein. Here we try to assess the influence of
the protein environment on the photoisomerization barriers and
on the chromophore structure within our computational scheme.

Some clues of the importance of the environment effects can
be found in Figure 7, where the dipole moments, calculated
with respect to the center of the ion core charges, of the isolated
Schiff base of retinal for the ground and excited state structures
are shown. While in thecis andtransconformations the dipole
moments for both states are similar, they show an opposite trend
in the transition state structures, decreasing in the ground state
and increasing in the excited state. This behavior suggests that,
along the reaction path, the chromophore would interact with
the protein differently in the ground than in the excited state:
thus theS0 andS1 isomerization barriers are likely to change in
opposite directions. The dipole moments of retinal (also in
Figure 7) and of the unprotonated Schiff base show a different
behavior: upon excitation they increase with respect to the initial
ground-state value, then decrease at 90° and increase again at
180°; in the ground state a maximum at 90° was found: the
dipole moment variations are much smaller than in the proto-
nated Schiff base. The available experimental data42,84-86 are
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Figure 6. C-C bond lengths for retinal in the ground (filled squares)
and excited (filled circles) states: C10-C11-C12-C13 ∼0° (top panel),
∼90° (central panel), and∼180° (bottom panel). The two vertical lines
mark the C11-C12 bond involved in the photoisomerization.
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for retinal, the unprotonated Schiff base, and a Cl- salt of the
protonated Schiff base inall-trans and variouscis configura-
tions, in solution or in plastic films. They measured a remarkable
increment of the dipole moment upon excitation. Examples of
values of ∆µ found for all-trans retinal include ∼12.2,42

∼15.6,84 and∼13.2 D;85 extrapolated values, which should be
considered with caution, indicate that in the gas phase the
increment should be smaller than in the condensed phase (∆µ
∼ 1.7 D in ref 85). In fact forall-trans retinal we found a ground
state dipole moment of 8.3 D that increases to 9.3 D upon
adiabatic excitation (9.8 D upon vertical excitation). In the case
of the unprotonated Schiff base the calculated ground state
dipole moment was 3.4 D, lower than in retinal and in the
protonated Schiff base, increasing to 4.0 D upon adiabatic
excitation.

Even with state-of-the-art codes and computers, we cannot
model the whole protein from first principles. Nevertheless, as
a first approximation, we can include some relevant parts of
the protein close to the chromophore. Since the chromophore
is charged, the most important interaction should be that with
a counterionic group, which has been identified as glutamate
and localized with respect to the chromophore.88-93 It has been
suggested that such an interaction is bridged by a water molecule
that forms hydrogen bonds with both the glutamate and the
protonated Schiff base.92-94 We have therefore included the side
chain of the glutamate amino acid as a counterion plus a water
molecule to mediate the interaction (see Figure 2, bottom panel),
located as suggested in the model of ref 22 for the initialcis
isomer. We prepared a set of structures with different values of
τ, but fixed relative orientations of the glutamate, the water
molecule, and the N-H group of the Schiff base; each structure
was then allowed to relax under the condition of constantτ.

Such an arrangement was found to be stable for all values of
the torsional angleτ. TheS0 andS1 potential energy curves for
positive values of the torsion angleτ are shown in Figure 8.
While in the ground state the barrier is slightly larger than in
the absence of the counterion (22 kcal/mol vs 21 kcal/mol), in
the excited state it is markedly lower (6 kcal/mol vs 16 kcal/
mol). The photoisomerization in this model system is still not
barrierless, but these results clearly show the importance of the
interactions with the environment. The presence of the coun-
terion somehow neutralizes the effect of the Schiff base proton,
restoring a behavior similar to that found in the neutral system,
with the alternation of the single and double bonds reversed
upon excitation. The effects of the counterion become evident
upon analyzing the variation in the C-C bond length upon
excitation (Figure 9). In particular the C11-C12 double bond
undergoes a remarkable change, to become a favorite candidate
for the isomerization.

In summary, by performing, within a density functional theory
based scheme, total energy calculations of theS0 andS1 potential
energy curves for the protonated Schiff base of retinal we have
observed a high energy barrier for the photoisomerization from
11-cis to all-trans. This barrier is substantially reduced by the
interaction with a counterionic group, which was modeled by
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Figure 7. Dipole moments for the protonated Schiff base of retinal
(filled symbols) and for retinal (empty symbols) in theS0 (squares)
andS1 (circles) states as a function of the C10-C11-C12-C13 torsional
angle.

Figure 8. S0 (squares) andS1 (circles) energies, with respect to the
ground state energy of thecis structure, as a function of the C10-C11-
C12-C13 torsional angle for the protonated Schiff base of retinal with
(filled symbols) and without (empty symbols) the counterion group
and the water molecule.

Figure 9. The difference in the C-C and C-N bond lengths between
the S1 and S0 cis structures for the protonated Schiff base of retinal
with (filled symbols) and without (empty symbols) the counterion group
and the water molecule.
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the side chain of a glutamate amino acid and by a water
molecule. Our results confirm that the protein environment has
a strong influence on the photoisomerization.

We are aware that with our approach we have not provided
a convincing picture of the rhodopsin photoisomerization. This
could be due to the limitations of our method as discussed above,
and/ or to the oversimplified model of the protein environment.
However, we have demonstrated that it is indeed possible, by
performingab initio geometry optimizations, to monitor the
structural changes that occur upon excitation for relatively
complex systems such as the rhodopsin chromophore. These
structural changes, which at present are not accessible to more
sophisticated techniques, play an essential role in the photoi-
somerization process, as demonstrated by the correlation

between the C11-C12 bond length and the corresponding
torsional energy barrier. An improved but still simpleab initio
scheme, providing both energies and relaxed geometries in the
excited states, possibly in combination with a classical treatment
of the protein environment, is therefore necessary to provide a
better microscopic characterization of the rhodopsin photore-
action.
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