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We present a Car-Parrinellab 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

The cascade of biochemical reactions that is responsibkhown that the Car-Parrinello method provides an excel-
for light detection and signal transduction in the visual sysdent framework to study such short conjugated chains [9].
tem is initiated by the photoinduced conformational change The ab initio molecular dynamics approach describes
of a 7-helix protein, rhodopsin, in the membranes of the rodhe Newtonian dynamics of a system by using an inter-
cells [1]. This conformational change is triggered by theatomic potential obtained at each time step from the in-
photoisomerization of a protonated Schiff base of retinaktantaneous electronic ground state computed within the
(RPSB) (Fig. 1), the chromophore of this and other imporDFT [4]. Gradient corrections to the exchange-correlation
tant biological photoreceptors, e.g., bacteriorhodopsin, th&unctional have been included in the form proposed by
proton-pumping protein of thelalobacterium salinarium Becke [10] and Perdew [11]. We explicitly treat only
[2]. The 1llcisto alltransisomerization of the retinyli- the valence electrons and describe the interaction with the
dene chromophore of rhodopsin upon absorption of a phdnner core by using soft first-principles pseudopotentials
ton is completed within a very short time scale (200 fs)[12]. The Kohn-Sham single particle wave functions are
and is one of the fastest photochemical reactions [3]. Thiexpanded on a plane wave basis set with an energy cutoff
process is characterized by a high quantum yield of 65%f 20 Ry. The convergence of the calculation relative to
and by high efficiency in energy conversion,a60% of  the energy cutoff has been tested onAlgand a HCN
the energy of the photon is stored in the primary photomolecule up to 30 Ry. At 20 Ry the C-C and C-N bond
product, bathorhodopsin, a highly strainedtedins form  lengths are already close to the fully converged values
of the retinylidene chromophore [1]. within =1.0%. The C-C and the C-N stretch frequen-

In this Letter, we study the dynamics of a RPSB,cies are accurate withisr1.0% and=2.0%, respectively.
including the most relevant interactions with the hostThe expansion in terms of plane waves implies the use
protein, within anab initio Car-Parrinello molecular dy- of periodic boundary conditions. The simulation box has
namics framework [4]. This approach allows us to studybeen chosen large enough to avoid interaction with the
the electron charge density rearrangement coupled tonages, specificallp6 X 22 X 22 au. The time step for
chain deformations and vibrational motion of the con-the molecular dynamics simulations is 0.15 fs.
jugated backbone. We show that the RPSB supports a The geometric and electronic structures of the retinal
propagating conjugation defect, which may drive thechromophore in rhodopsin are sensitive to the interac-
photoisomerization and determine the remarkable perfottions with the protein, which ultimately determines the
mance of this molecular device [5,6]. The propagating
conjugation defect carries the charge along the conjugated
backbone. This solitonlike coherent charge propagation
is strongly coupled to the vibrational degrees of freedom,
due to the nonplanarity of the chromophore.

Previous density functional theory (DFT) in local den-
sity approximation [7] studies in infinite polyacetylene
chains have suffered from the poor description of the
dimerization [8], which precluded aab initio approach to
soliton dynamics. In retinals, however, the bond alterna-
tion is determined by the asymmetry of the molecule, and

is stabilized by theg-ionone ring, the side methyl groups, FiG. 1. Schematic representation of the cidetinal proto-
and the highly electrophylic tail. Recently, we have nated Schiff base.

lysine
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function of the RPSB. The steric hindrance of the methyldo not bear any net charge. As apparent from Table I,
group bound to C13 with the protein residues induces &hese systems present a bond alternation along the entire
twist of the C12-C13 bond, and a consequent out-of-planbackbone. Thus, we conclude that the excess positive
distortion of the chromophore, which affects the mechacharge borne by the chromophore induces a dimerization
nism and the quantum efficiency of the isomerizationdefect, which is located in proximity of the nitrogen atom
process [13]. We have modeled the chromophore startin@lrable 1). In Fig. 2 we show the difference between the
with initial C20-C11 and C20-C10 distances of 3.0 andelectron charge distribution of the RPSB and the unproto-
3.05 A respectively, as determined by recent solid stateated retinal Schiff base. The charge difference has the
NMR experiments [13]. The chromophore has been terepposite sign on adjacent C-C bonds, and decays in going
minated with a CH-CH; group to mimic the linkage to the from the N towards the ring. These charge oscillations
protein lysine. The protonation of the retinal-lysine Schiff are typical of a charged defect in a conjugated chain and
base adds a net positive charge to the chromophore. Twtave been revealed in rhodopsin, diphenylpolyenyl anions,
photon absorption studies indicate a neutral binding sitend doped polyacetylene fragments'bg NMR [17-19].
[14], which implies a negatively charged counterion in theThe charge oscillations of Fig. 2 correlate with the dif-
close vicinity of the chromophore. Mutagenesis experiferences in the backbone C-C bond lengths between the
ments in bacteriorhodopsin have demonstrated that the inpositively charged and the neutral retinal Schiff base (see
teraction with charged protein residues determines the highable 1). The conjugation defect is delocalized over seve-
photoisomerization rate of the chromophore [15]. In ourral bonds, with a half-width of approximately two bonds, to
simulation, the counterion has been modeled by includindpe compared with five bonds in the Su-Schrieffer-Heeger
a chlorine ion (CT) placed at=4 A from C12. Although solution for a charged soliton in an infinite chain of poly-
much simpler than the actual counterion identified with aacetylene [20]. Optimization of the structure without the
glutamate protein residue [16], this counterion captures thaegative chlorine ion yields a more delocalized positive
essential electrostatic interaction, as shown in Ref. [17]. charge on the retinal backbone.

The ground state equilibrium structure of the RPSB has Starting from the structure of rhodopsin, the hydro-
been determined by a simulated annealing procedure [4§en atom bound to C12 has been flipped intdrans
During the molecular dynamics, the terminal £8H;  position with respect to the hydrogen of C11. This in-
group and the counterion have been fixed, as no majafuces a severe strain of the backbone. When the sys-
changes in the protein conformation have to be expectegtm in such a highly distorted aifans configuration
on the time scale of the photoisomerization. We have als@ allowed to evolve in a microcanonical molecular dy-
fixed the carbon atoms of the methyl groups bound to C®amics simulation, the backbone readjusts to release the
and C13. In fact, experimental evidence of steric interacstrain. The potential energy stored in the retinal is trans-
tions of these methyl groups with protein residues supportterred into kinetic energy of the atoms and a coherent
the model of a tight binding pocket, where methyl grouppropagation of the positively charged conjugation defect
oscillations are hindered [13]. The optimized C20-Cllalong the backbone is observed. This propagation in-
and C20-C10 distances do not substantially differ from theluces an inversion of the single-double bond alternation,
initial values and are 3.05 and 3.08 A, respectively. Then the fashion of a positively charged soliton. This anal-
backbone of the RPSB presents clear bond alternation exgy makes it natural to compare the conjugation defect
cept for the terminal region C12-C13-C14 (Table I). Forin RPSB to a soliton, although the concept of soliton is
comparison we have also optimized the structures of theigorously defined only for an infinite conjugated chain.
11-cis retinal and of the unprotonated Schiff base, whichFigure 3 shows the time dependence of the dimerization

TABLE I. Computed carbon-carbon bond lengths (in A) for the optimized structures
of RPSB, including the Cl counterion (rhodopsin); bathorhodopsin, including the CI
counterion; 1lcis isomer of retinal [9]; unprotonated s Schiff base of retinal (RSB).

Bond Rhodopsin Bathorhodopsin tis Retinal RSB
C5=C6 1.370 1.376 1.371 1.370
C6—C7 1.460 1.445 1.452 1.460
C7=Cs8 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

Cl10—C11 1.422 1.402 1.425 1.422
Cl1=C12 1.389 1.400 1.376 1.389
Cl12—C13 1.423 1.407 1.448 1.445
C13=C14 1.406 1.420 1.375 1.378
Cl14—C15 1.391 1.383 1.443 1.453
C15=N 1.342 1.359 1.294
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", velocity for the propagation of the charged defect of 1.4
(+0.4) X 10° cm/sec.

i

== m\ An analysis of the dihedral H-C-C-H and C-C-C-C
e Y angles in the region C9-C10-C11-C12 shows that the
defect propagation is strongly coupled to out-of-plane

W A oscillations of the molecule. This causes a transfer of
o A energy into vibrational modes, with a consequent damping

and loss of coherence of the defect propagation. The
strong oscillations of the hydrogen atoms bound to C11
and C12 upon the passage of the defect corroborates
the idea that a propagating coherent excitation drives the

FIG. 2(color). Difference between the electron charge distri_isomerization of the chromophore [5,6].

bution of the protonated and unprotonated retinal Schiff base., Begause of the low _symmetry of .the molecgle, the
The red and blue isosurfaces correspond to electron densit‘{:‘b!'at'on"_JII spectra of retinals are dominated by highly lo-
differences of+0.005 and —0.005 ¢/al’, respectively. The calized vibrational modes [9,21]. In the RPSB, however,

color alternation reflects the charge density oscillations alongan analysis of the atomic trajectories during the simulation
the conjugated backbone induced by the positively charged dgo] reveals a low frequency collective vibrational feature
fect. The green ball represents the @bn. at =270 cm~!, which can be related to the soliton propa-
gation. Thus, the charge oscillation is associated with a
amplitudes (defined as the difference between adjacollective slow mode, which arises from the coupling of
cent C-C bond lengths) at various positions along théhe soliton propagation along the backbone to torsional
backbone. An inversion of the bond order in thismodes of the chain. These results are consistent with
representation corresponds to a change of sign in theesonance Raman spectroscopy data [22], which show
dimerization amplitudes. An inversion in the bond intense low-frequency Raman lines2d9 and262 cm!.
alternation for the C12-C13 and C13-C14 bonds occuré\fter 250 fs of simulation within a microcanonical
after about 20 fs, followed by an inversion for C10-C11dynamics, we have cooled down the system with a
and C11-C12, and for C8-C9 and C9-C10, after 35 angimulated annealing procedure. In the equilibrium
40 fs, respectively. Figure 4 shows two snapshots ostructure of the final distorted altans configuration
the electronic charge density of the highest occupied
molecular orbital (HOMO) at the beginning of the (a) )
molecular dynamics simulation and after 65 fs, when the
inversion of bond order is complete. The displacemen
of the positive charge towards the ring is apparent. Thus
charge propagation is intimately associated with propa
gation of the conjugation defect. The defect is reflectec
by the ionon ring and, similarly, at the Schiff base end,
thus being confined in the region C6-C15. By timing
the inversion of bond alternation pattern, we estimate
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0 20 40 60 80 100 120 140
time (fs) FIG. 4. Electron charge distribution of the HOMO (a) im-
FIG. 3. Dimerization amplitudes (defined as the differencemediately after flipping the hydrogen atom to tans
between adjacent C-C bond lengths) as a function of timgosition and (b) after 65 fs of molecular dynamics (same
during the molecular dynamics simulationD; ;; = d;; — visualization criteria as Fig. 2). Remarkably, the charge
d;x, whered, ; denotes the length of the bond between C atomdlistribution in (b) is similar to the charge distribution of the
i andj. The C6-C7 and C7-C8 bonds are also affected durindowest unoccupied molecular orbital in the &is-RPSB and
the dynamics, but an inversion of bond order is never observednimics the polarization of the RPSB upon excitation [23].
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(bathorhodopsin), the positive charge and the associatégomerization processes; thus, a rapid damping of the soli-
conjugation defect are still located in proximity of the ton is crucial to ensure high quantum yield.
nitrogen atom, although more delocalized than in the We thank J. Shelley for the graphic package\e)

11-cisRPSB (see Table ). used to visualize the results of the simulations. We
The effective masa/, of a charged soliton is normally are grateful to J. Lugtenburg for his constant support
computed from the equation and encouragement and J. Zaanen, F.L.J. Vos, D.P.

Aalberts, W. van Saarloos, and A. Curioni for interesting
discussions. The numerical calculations were performed
in the Computer Center of the Scuola Normale Superiore
in Pisa, Italy. Research partially supported by the EC
where v, is the velocity of propagation an#y;, is the Biotechnology program, Contract No. CT930467.
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