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Charge Localization and Dynamics in Rhodopsin
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We present a Car-Parrinelloab initio molecular dynamics study of the retinylidene chromophore
of rhodopsin, the membrane protein involved in the primary event in vision. We observe a coherent
propagation of a conjugation defect associated with charge transport along the chromophore conjugated
backbone. This solitonlike charge propagation is strongly coupled to the vibrational degrees of
freedom due to the nonplanarity of the molecule. The implications for the chromophore isomerization
mechanism are discussed. [S0031-9007(96)01703-6]

PACS numbers: 87.15.He, 71.15.Pd, 82.30.Qt
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The cascade of biochemical reactions that is respons
for light detection and signal transduction in the visual sy
tem is initiated by the photoinduced conformational chan
of a 7-helix protein, rhodopsin, in the membranes of the r
cells [1]. This conformational change is triggered by t
photoisomerization of a protonated Schiff base of retin
(RPSB) (Fig. 1), the chromophore of this and other imp
tant biological photoreceptors, e.g., bacteriorhodopsin,
proton-pumping protein of theHalobacterium salinarium
[2]. The 11-cis to all-trans isomerization of the retinyli-
dene chromophore of rhodopsin upon absorption of a p
ton is completed within a very short time scale (200
and is one of the fastest photochemical reactions [3]. T
process is characterized by a high quantum yield of 6
and by high efficiency in energy conversion, asø60% of
the energy of the photon is stored in the primary pho
product, bathorhodopsin, a highly strained all-trans form
of the retinylidene chromophore [1].

In this Letter, we study the dynamics of a RPS
including the most relevant interactions with the ho
protein, within anab initio Car-Parrinello molecular dy-
namics framework [4]. This approach allows us to stu
the electron charge density rearrangement coupled
chain deformations and vibrational motion of the co
jugated backbone. We show that the RPSB suppor
propagating conjugation defect, which may drive t
photoisomerization and determine the remarkable per
mance of this molecular device [5,6]. The propagati
conjugation defect carries the charge along the conjuga
backbone. This solitonlike coherent charge propagat
is strongly coupled to the vibrational degrees of freedo
due to the nonplanarity of the chromophore.

Previous density functional theory (DFT) in local de
sity approximation [7] studies in infinite polyacetylen
chains have suffered from the poor description of t
dimerization [8], which precluded anab initio approach to
soliton dynamics. In retinals, however, the bond altern
tion is determined by the asymmetry of the molecule, a
is stabilized by theb-ionone ring, the side methyl groups
and the highly electrophylic tail. Recently, we hav
4 0031-9007y96y77(21)y4474(4)$10.00
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shown that the Car-Parrinello method provides an exc
lent framework to study such short conjugated chains [9

The ab initio molecular dynamics approach describe
the Newtonian dynamics of a system by using an inte
atomic potential obtained at each time step from the i
stantaneous electronic ground state computed within
DFT [4]. Gradient corrections to the exchange-correlatio
functional have been included in the form proposed b
Becke [10] and Perdew [11]. We explicitly treat only
the valence electrons and describe the interaction with
inner core by using soft first-principles pseudopotentia
[12]. The Kohn-Sham single particle wave functions a
expanded on a plane wave basis set with an energy cu
of 20 Ry. The convergence of the calculation relative
the energy cutoff has been tested on a C2H6 and a HCN
molecule up to 30 Ry. At 20 Ry the C-C and C-N bon
lengths are already close to the fully converged valu
within ø1.0%. The C-C and the C-N stretch frequen
cies are accurate withinø1.0% andø2.0%, respectively.
The expansion in terms of plane waves implies the u
of periodic boundary conditions. The simulation box ha
been chosen large enough to avoid interaction with t
images, specifically36 3 22 3 22 au. The time step for
the molecular dynamics simulations is 0.15 fs.

The geometric and electronic structures of the retin
chromophore in rhodopsin are sensitive to the intera
tions with the protein, which ultimately determines th

FIG. 1. Schematic representation of the 11-cis retinal proto-
nated Schiff base.
© 1996 The American Physical Society
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function of the RPSB. The steric hindrance of the meth
group bound to C13 with the protein residues induces
twist of the C12-C13 bond, and a consequent out-of-pla
distortion of the chromophore, which affects the mech
nism and the quantum efficiency of the isomerizatio
process [13]. We have modeled the chromophore start
with initial C20-C11 and C20-C10 distances of 3.0 an
3.05 Å,respectively, as determined by recent solid st
NMR experiments [13]. The chromophore has been t
minated with a CH2-CH3 group to mimic the linkage to the
protein lysine. The protonation of the retinal-lysine Schi
base adds a net positive charge to the chromophore. T
photon absorption studies indicate a neutral binding s
[14], which implies a negatively charged counterion in th
close vicinity of the chromophore. Mutagenesis expe
ments in bacteriorhodopsin have demonstrated that the
teraction with charged protein residues determines the h
photoisomerization rate of the chromophore [15]. In o
simulation, the counterion has been modeled by includi
a chlorine ion (Cl2) placed atø4 Å from C12. Although
much simpler than the actual counterion identified with
glutamate protein residue [16], this counterion captures
essential electrostatic interaction, as shown in Ref. [17]

The ground state equilibrium structure of the RPSB h
been determined by a simulated annealing procedure
During the molecular dynamics, the terminal CH2-CH3
group and the counterion have been fixed, as no ma
changes in the protein conformation have to be expec
on the time scale of the photoisomerization. We have a
fixed the carbon atoms of the methyl groups bound to
and C13. In fact, experimental evidence of steric intera
tions of these methyl groups with protein residues suppo
the model of a tight binding pocket, where methyl grou
oscillations are hindered [13]. The optimized C20-C1
and C20-C10 distances do not substantially differ from t
initial values and are 3.05 and 3.08 Å, respectively. T
backbone of the RPSB presents clear bond alternation
cept for the terminal region C12-C13-C14 (Table I). Fo
comparison we have also optimized the structures of
11-cis retinal and of the unprotonated Schiff base, whic
l
a
e
-

g

te
r-

o-
e

-
n-
h

r
g

e

s
].

or
d
o
9
-
ts

e
e
x-

e

do not bear any net charge. As apparent from Tab
these systems present a bond alternation along the e
backbone. Thus, we conclude that the excess pos
charge borne by the chromophore induces a dimeriza
defect, which is located in proximity of the nitrogen ato
(Table I). In Fig. 2 we show the difference between
electron charge distribution of the RPSB and the unpro
nated retinal Schiff base. The charge difference has
opposite sign on adjacent C-C bonds, and decays in g
from the N towards the ring. These charge oscillatio
are typical of a charged defect in a conjugated chain
have been revealed in rhodopsin, diphenylpolyenyl anio
and doped polyacetylene fragments by13C NMR [17–19].
The charge oscillations of Fig. 2 correlate with the d
ferences in the backbone C-C bond lengths between
positively charged and the neutral retinal Schiff base (
Table I). The conjugation defect is delocalized over se
ral bonds, with a half-width of approximately two bonds,
be compared with five bonds in the Su-Schrieffer-Hee
solution for a charged soliton in an infinite chain of po
acetylene [20]. Optimization of the structure without t
negative chlorine ion yields a more delocalized posit
charge on the retinal backbone.

Starting from the structure of rhodopsin, the hyd
gen atom bound to C12 has been flipped into atrans
position with respect to the hydrogen of C11. This
duces a severe strain of the backbone. When the
tem in such a highly distorted all-trans configuration
is allowed to evolve in a microcanonical molecular d
namics simulation, the backbone readjusts to release
strain. The potential energy stored in the retinal is tra
ferred into kinetic energy of the atoms and a coher
propagation of the positively charged conjugation def
along the backbone is observed. This propagation
duces an inversion of the single-double bond alternat
in the fashion of a positively charged soliton. This an
ogy makes it natural to compare the conjugation de
in RPSB to a soliton, although the concept of soliton
rigorously defined only for an infinite conjugated cha
Figure 3 shows the time dependence of the dimeriza
res
l

TABLE I. Computed carbon-carbon bond lengths (in Å) for the optimized structu
of RPSB, including the Cl2 counterion (rhodopsin); bathorhodopsin, including the C2

counterion; 11-cis isomer of retinal [9]; unprotonated 11-cis Schiff base of retinal (RSB).

Bond Rhodopsin Bathorhodopsin 11-cis Retinal RSB

C5——C6 1.370 1.376 1.371 1.370
C6—C7 1.460 1.445 1.452 1.460
C7——C8 1.367 1.380 1.366 1.367
C8—C9 1.442 1.425 1.442 1.442
C9——C10 1.388 1.402 1.380 1.388

C10—C11 1.422 1.402 1.425 1.422
C11——C12 1.389 1.400 1.376 1.389
C12—C13 1.423 1.407 1.448 1.445
C13——C14 1.406 1.420 1.375 1.378
C14—C15 1.391 1.383 1.443 1.453
C15——N 1.342 1.359 1.294
4475
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FIG. 2(color). Difference between the electron charge dis
bution of the protonated and unprotonated retinal Schiff b
The red and blue isosurfaces correspond to electron de
differences of10.005 and 20.005 eyau3, respectively. The
color alternation reflects the charge density oscillations al
the conjugated backbone induced by the positively charged
fect. The green ball represents the Cl2 ion.

amplitudes (defined as the difference between a
cent C-C bond lengths) at various positions along
backbone. An inversion of the bond order in th
representation corresponds to a change of sign in
dimerization amplitudes. An inversion in the bon
alternation for the C12-C13 and C13-C14 bonds occ
after about 20 fs, followed by an inversion for C10-C
and C11-C12, and for C8-C9 and C9-C10, after 35
40 fs, respectively. Figure 4 shows two snapshots
the electronic charge density of the highest occup
molecular orbital (HOMO) at the beginning of th
molecular dynamics simulation and after 65 fs, when
inversion of bond order is complete. The displacem
of the positive charge towards the ring is apparent. Th
charge propagation is intimately associated with pro
gation of the conjugation defect. The defect is reflec
by the ionon ring and, similarly, at the Schiff base en
thus being confined in the region C6-C15. By timi
the inversion of bond alternation pattern, we estimat

FIG. 3. Dimerization amplitudes (defined as the differen
between adjacent C-C bond lengths) as a function of t
during the molecular dynamics simulation.Di,j,k  di,j 2
dj,k , wheredi,j denotes the length of the bond between C ato
i andj. The C6-C7 and C7-C8 bonds are also affected du
the dynamics, but an inversion of bond order is never obser
4476
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velocity for the propagation of the charged defect of 1.
s60.4d 3 106 cmysec.

An analysis of the dihedral H-C-C-H and C-C-C-C
angles in the region C9-C10-C11-C12 shows that th
defect propagation is strongly coupled to out-of-plan
oscillations of the molecule. This causes a transfer
energy into vibrational modes, with a consequent dampin
and loss of coherence of the defect propagation. T
strong oscillations of the hydrogen atoms bound to C1
and C12 upon the passage of the defect corrobora
the idea that a propagating coherent excitation drives t
isomerization of the chromophore [5,6].

Because of the low symmetry of the molecule, th
vibrational spectra of retinals are dominated by highly lo
calized vibrational modes [9,21]. In the RPSB, howeve
an analysis of the atomic trajectories during the simulatio
[9] reveals a low frequency collective vibrational featur
at ø270 cm21, which can be related to the soliton propa
gation. Thus, the charge oscillation is associated with
collective slow mode, which arises from the coupling o
the soliton propagation along the backbone to torsion
modes of the chain. These results are consistent w
resonance Raman spectroscopy data [22], which sh
intense low-frequency Raman lines at249 and262 cm21.
After 250 fs of simulation within a microcanonical
dynamics, we have cooled down the system with
simulated annealing procedure. In the equilibrium
structure of the final distorted all-trans configuration

FIG. 4. Electron charge distribution of the HOMO (a) im-
mediately after flipping the hydrogen atom to atrans
position and (b) after 65 fs of molecular dynamics (sam
visualization criteria as Fig. 2). Remarkably, the charg
distribution in (b) is similar to the charge distribution of the
lowest unoccupied molecular orbital in the 11-cis-RPSB and
mimics the polarization of the RPSB upon excitation [23].
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(bathorhodopsin), the positive charge and the associa
conjugation defect are still located in proximity of the
nitrogen atom, although more delocalized than in th
11-cis RPSB (see Table I).

The effective massMs of a charged soliton is normally
computed from the equation

Ekin 
1
2

Msy2
s , (1)

where ys is the velocity of propagation andEkin is the
sum of the kinetic energies of the atoms involved in th
soliton domain. For an infinite polyene chain, the Su
Schrieffer-Heeger model [20] yields a massMs of ø6
electron masses, much lighter than the mass of a car
atom. In our three-dimensional model, the computatio
of the soliton mass is less straightforward, as the def
propagation excites vibrational modes. The incohere
exchange of energy with the vibrations prevents an ana
sis in terms of the kinetic energies of the carbon grou
in the soliton domain, as they also include contribution
from the thermally excited vibrational modes. Moreove
the charge oscillation along the backbone is associa
with a collective torsional mode, which is coherent wit
the soliton propagation. An alternative way to assign
mass to this “dressed soliton” is considering the ener
of the slow mode associated with the soliton propagati
as kinetic energy in Eq. (1). This procedure yields
soliton massMs of the order of 100 electron masses. W
expect the mass of the soliton to depend on the molec
conformation and on the length of the chain, and not to
a universal characteristic for this sort of systems.

The dynamics of the positively charged defect
independent of the constraints that are imposed to
molecule. A molecular dynamics simulation where th
side methyl groups are not fixed yields qualitativel
analogous results. In fact, the time scales of the moti
of the methyl groups and of the rearrangement of t
backbone in a linear all-trans form are much longer than
the propagation of the soliton.

In conclusion, we have studied for the first time th
dynamics of a positively charged defect along the bac
bone chain of a RPSB within a Car-Parrinelloab initio
molecular dynamics approach. The soliton dynamics
this system is strongly coupled to out-of-plane hydroge
oscillations, and may be relevant for the photoisomeriz
tion of the chromophore of rhodopsin [5,6]. The nonpla
narity of the molecule, determined by the interaction
the side methyl groups with the binding pocket, induces
strong coupling of the charge oscillations along the co
jugated backbone to the vibrational degrees of freedo
This coupling causes incoherent energy transfer to vib
tions when the soliton passes through the twisted reg
of the molecule. This observation supports the idea th
the steric interaction with the protein is crucial to the func
tion of the chromophore [13]. In fact, multiple passage
of the excitation in the region of the twist may cause bac
ted
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isomerization processes; thus, a rapid damping of the s
ton is crucial to ensure high quantum yield.
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