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Energy Storage in the Primary Photoproduct of Vision

Angelo Bifone] Huub J. M. de Groot,™ and Francesco Buda*®

Leiden Institute of Chemistry, Gorlaeus Laboratoria, kbrsity of Leiden, 2300 RA Leiden, The Netherlands,
and Istituto Nazionale per la Fisica della Materia, Laboratorio Forum, Scuola Normale Superiore, Piazza dei
Cavalieri 7, 1-56126 Pisa, Italy

Receied: July 31, 1996; In Final Form: Neember 18, 1998

We present a CatParrinello ab-initio molecular dynamics study of rhodopsin, the membrane protein
responsible for the first step in vision. The ground state structures of the retinylidene chromophores of
rhodopsin and of its primary photoproduct, bathorhodopsin, have been calculated with a simulated annealing
procedure. In bathorhodopsin, the energy is primarily stored in distortions of the conjugated backbone of the
chromophore, which presents a highly strainedralis configuration. The roles of steric and electrostatic
chromophore-protein interactions in the energy storage mechanism are discussed. An analysis of the HOMO
and LUMO charge distributions in rhodopsin and bathorhodopsin has been performed.

I. Introduction

The primary event in the process of vision involves the
photoconversion of a seven-helix membrane protein, rhodopsin,
to a metastable intermediate, bathorhodopginThe chro-
mophore of rhodopsin consists of an g&i&- retinylidene
prosthetic group linked to a lysine protein residue (Ly 296) via
a protonated Schiff base (PSB) (Figure 1). The absorption of
a photon induces the isomerization of the d&+etinal chro-
mophore to an altrans form in bathorhodopsin. This photo-
process is completed in about 200 fs, in the fastest photochemi-
cal reaction knowhand is characterized by a quantum yield of
65%* At physiological temperatures, the primary photoproduct,
batho_rhodop5|_n, quickly decays thro_ugh ;evergl SUbsequentFigure 1. Schematic structure of the Xis protonated Schiff base of
photointermediates and eventually dissociates intdrafis- retinal, showing the conventional numbering system.
retinal and opsin. This process initiates a chain of biochemical
reactions that lead to the closing of the sodium channel§ ip the protonated Schiff base (RPSB), including the relevant interac-
cell membranes. At temperatures130 K, bathorhodopsin is  tions with the protein and constraints on the structure of the
Stab|85 PhOtOCSJOI’ImetrIC StudIeS ha.Ve ShOWI’] théﬁZ kcall RPSB in rhodopsinl Wthh have been recent'y determ|ned by
mol are stored in bathorhodopsin trapped at 77’KThe energy  solid state NMRE Within the Car-Parrinello approach, the
conversion process in the primary event is remarkably efficient, ground state equilibrium structure of the RPSB can be deter-
since~60% of the energy of the absorbed photon is stored in mined with a simulated annealing procedure, which allows

lysine

the primary photoproduct. _ _overcoming local energy minima and flat regions on the Born
Several mechanisms for the energy storage in bathorhodopsinpppenheimer hypersurface.
have been proposed. Honig and co-workemsggested that We show that theis-transisomerization of the chromophore

charge separation between the positively charged PSB and it§g54s to a highly strained aitans form in bathorhodopsin,

negative counterion (Glu 113) upon photoisomerization is the \here the energy is mainly stored in torsional distorsions of
main mechanism. Distortions of the conjugated backbone may yhe conjugated backbone. This configuration is obtained from
also account for the 32 kcal/mol stored in bathorhodopgin.  he structure of the RPSB of rhodopsin with relatively small
combination of these two mechanisms has been proposed by,iomic displacements, compatible with the very short time of
Birge and co-worker$] who conclude that conformational  formation of the primary photoproduct. The structures of the

distortions of the chromophore account for 60% of the energy rnogopsin and bathorhodopsin RPSB optimized with and without
stored, while 40% can be attributed to charge separation betweery ,0del counterion have been compared to elucidate the role
the chromophore and the counterioiC magic angle spinning ¢ the electrostatic interaction. We conclude that the electro-
NMR experiments have shown no substantial difference betweengatic interaction with a counterion is crucial to the energy

the electronic charge distributions in the chromophores of girage mechanism, since it locks the positive charge borne by
rhodopsin and bathorhodopsin and exclude charge separationq chromophore in the terminal region of the molecule, in

between the chromophore and the counterion as a significantagreement with th&C NMR datall and increases the stiffness

mechanism for energy storage. of the backbone.
In this paper we present a CaParrinelloab-initio molecular

dynamic$? study of the energy storage mechanism in a retinal II. Computational Methods

:Sg{&gfggy”gifnge%uéﬂm (E-mail: buda@forum.sns.it). The ab-initio molecular dynamics approach describes the
*Scuola Normale Superiore. Newtonian dynamics of a system by using an interatomic
€ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. potential obtained at each time step from the instantaneous

S1089-5647(96)02339-5 CCC: $14.00 © 1997 American Chemical Society
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electronic ground stat@. The electronic structure is obtained (5

within the density functional theory (DFT) in the local density A

approximation (LDA}* using the Perdew and Zundeparam- _ : B |

etrization of numerical quantum Monte Carlo restfttsVe have X~

included gradient corrections (GC) to the exchangerrelation \,Z(

functional in the form proposed by Bedkeand Perdew?® ((
\\’

M
Density functional theory in local density approximation (DFT- "'{ ' f(" ~
LDA) studies of infinite conjugate chains have shown severe p 4 r
limits in the description of the dimerizatidi. However, we " -
have recently shown that the CdParrinello method provides f - 3: f
an excellent framework to study retin®lgnd rhodopsi! In ' ‘f:.
fact, in such short conjugated chains, the bond alternation is
determined by the asymmetry of the molecule and is stabilized

y
\'-\. __/'

by the s-ionone ring, the side methyl groups, and the highly 4 E = _ "')TJ

electrophylic taiP® Soft first-principles pseudopotentigdiave )‘if\ e )

been used to describe the interactions of the valence electrons : ‘}Y f »

with the inner cores. The KohtSham single-particle wave \‘r‘ Ny r‘{

functions are expanded on a plane wave basis set with an energy r \

cutoff of 20 Ry. We have tested the convergence of the !

calculation relative to the energy cutoff on aHg and a HCN Figure 2. Equilibrium structure of the chromophore of rhodopsin
molecule up to 30 Ry. At 20 Ry the-&C and C-N bond including the experimental structural constraints. Parts a (top) and b

lengths are already close to the fully converged values within (bottom) show the chromophore from two different points of view.
~1.0%. The G-C and the G-N stretch frequencies are accurate The steric interactions with the binding pocket induce an out-of-plane
within ~1.0% and~2.0%, respectively. The expansion in terms deformation of the molecule, as evident in b. The nitrogen atom is
of plane waves implies the use of periodic boundary conditions. indicated by the dark ball. The isolated ball is the €bunterion.

We have used a simulation box of 36 22 x 22 au, large
enough to avoid interaction with the images. The time step for
the molecular dynamics simulations is 0.15 fs.

and yields a charge density distribution that is consistent with
experimen®’ For comparison, we have performed structure

minimization without the counterion, in order to characterize

the effects of the electrostatic interaction on the chromophore
geometry and electronic structure.

The interactions with the protein determine to a large extent ~ Ultrafast optical spectroscopyas shown that the primary
the remarkable properties of the retinylidene chromophore of Photoproduct is formed in 200 fs. No dramatic rearrangement
rhodopsin. Steric and electrostatic interactions with protein of the protein or of the chromophore structures can occur in
residues in the binding pocket affect the chromophore structuresuch a short time interval. The time scale to rearrange the
and its potential energy surface. At present, no high-resolution chromophore to a planar structure, which is the energy minimum
three-dimensional structure exists for rhodopsin and its chro- configuration for an alkrans RPSB when no constraints are
mophore_ However, Raman Spectroscopy BaINMR have imposed, is much Ionger than the time of formation of
provided evidence for specific proteitthromophore interac- bathorhodopsiﬁ. Thus, the retinylidene chromophore of bathor-
tions and constraints to the structure of the RPSB in the protein- hodopsin is not in a fully relaxed alfansform. The structural
binding pocket.:? changes from rhodopsin to bathorhodopsin have to be compat-

Recently, solid state magic angle spinning NMR has been ible with the short time scale of formation of the primary
applied to high-precision distance measurements in rhodopsinPhotoproduct. _
and one of its photointermediat&sproviding evidence for Solid state NMR data have shown that the side methyl groups
distortions of the retinal chromophore induced by the protein. Pound to C9 and C13 experience steric interaction with protein
In rhodopsin, the steric interaction of the methyl group bound 'esidues, thus supporting the idea of a tight binding potket.
to C13 with protein residues induces a twist of the €C13 In our simulations, we have fixed in space the Pposition of th_e
bond and an out-of-plane distortion of the backbone. We have carbon atoms of these methyl groups, to mimic the steric
modeled the rhodopsin chromophore starting with initial €20 h|ndr_ance of the protein residues. Also the counterion and the
C11 and C26-C10 distances of 3.0 and 3.05 A, respectively, teérminal—CH,—CHjs group have been blocked, as no changes
as determined by the experiméft. The RPSB has been N the.proteln structure are expected in the short time of
terminated with a-CH,—CHz group to mimic the linkage of ~ formation of bathorhodopsin.
the chromophore to the protein lysine group.

The chromophore bears a net positive charge, as a result ofIV' Ground State Structure
the protonation of the retinalysine Schiff base. Two-photon The ground state equilibrium structures of the RPSB of
absorption studies have shown that the binding site is neutral,rhodopsin (Figure 2) and bathorhodopsin (Figure 3) have been
which implies that a negative counterion is located in the vicinity calculated with a simulated annealing procedure. Starting from
of the chromophoré® Mutagenesis experiments show that the the initial geometry of the 1tis RPSB, we let the system evolve
primary counterion is the glutamate protein residue GILA13, freely for about 120 fs until an equilibrium temperature of about
Resonance Raman spectroscopy and NMR support the picture/O K is reached. The temperature has been then gradually
of a specific chromophorecounterion interaction in the region  lowered b 5 K for a total simulation time of about 100 fs.
C12-C132528 We have modeled the counterion with a Noticeably, a first attempt of structural optimization with a
chlorine ion (CI) placed at~4.0 A from C12. This counterion  steepest descent algorithm has shown an extremely low rate of
is much simpler than the carboxylate group in the glutamate total energy decrease, thus revealing a fairly flat potential energy
residue. However, semiempirical calculations have shown that surface in the vicinity of the energy minimum. A simulated
this counterion captures the essential electrostatic interactionannealing procedure is very efficient when local gradients in

Ill. A Model for the Chromophore of Rhodopsin
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Figure 3. Structure of the chromophore of bathorhodopsin after
simulated annealing from two different points of view. The chro-
mophore presents an dtlns configuration (a, top). The structure is
highly distorted (b, bottom). The strain is distributed in in-plane and
torsional deformations along the entire backbone.

the Born—Oppenheimer surface are small and is crucial to
determine the equilibrium structure of the RPSB. The €20
C11 and C26-C10 distances in rhodopsin after the optimization
procedure are 3.05 and 3.08 A, respectively, and do not
substantially differ from the initial values. The carbecarbon
bond lengths along the backbone chain are reported in Table 1
The rhodopsin RPSB presents clear bond alternation, excep
for the terminal region close to the nitrogen atom. For
comparison, we have also reported the carbrarbon distances

for a neutral Schiff base, which presents bond alternation along
the entire backbone. Thus, the protonation of the Schiff base

introduces an extra positive charge in the chromophore, which
induces a conjugation defe€t. This defect is localized adjacent
to the electronegative nitrogen. Optimization of the structure
of the rhodopsin RPSB without a counterion yields qualitatively
similar results, but the conjugation defect is more delocalized

Bifone et al.

equilibrium structure reported in Figure 3. Noticeably, the
bowlike structure of Figure 3 is obtained with relatively small
atomic displacements from the Tis configuration. This
accounts for the very short time of formation of bathorhodopsin
uponcis—trans isomerization.

The conjugation defect, which is associated with the excess
positive charge on the backbone, is much broader in bathor-
hodopsin and is centered on C9 when the optimization is
performed without the counterion (Table 1). This is apparent
from the inversion of bond alternation in the tail of the molecule.
In fact, the displacement of the conjugation defect results in a
bond order inversion, in the fashion of a charged soliton
displacement in a conjugated chain.Thus, the bare reti-
nylidene chromophore shows a bistable structure. This is
incompatible with the NMR dat,which show that no dramatic
charge rearrangement occurs when the primary photoproduct
is formed. The total energy in the bathorhodopsin model RPSB
without the counterion is about 18 kcal/mol higher than in the
rhodopsin RPSB.

When the counterion is included in the model, the optimized
structure of the bathorhodopsin RPSB presents the charged
defect in the terminal region of the tail, in the same position as
in rhodopsin (see Table 1). The electrostatic interaction with
the counterion locks the conjugation defect in the terminal region
of the conjugated system and prevents charge displacement
toward the ring, in agreement with experiméht.

The computed energy stored in this model bathorhodopsin
RPSB including the counterion 1822 kcal/mol. The additional
energy stored in the system is not related to the charge separation
between chromophore and counterion, but rather to greater
molecular stiffness. In fact, the interaction with the counterion
increases the dimerization of the conjugated chain and prevents

charge rearrangement along the backbone, which would decrease
'Ltpen character of the double bonds and release part of the strain.

hus, the counterion is crucial to the energy storage in our model
bathorhodopsin, since it affects the structural properties of the
chromophore.

In Table 2 we report the torsional angles forrC—C—C
groups and for HC—C—H groups on the backbone. The steric
hindrance of the methyl group bound to C13 induces an out-
of-plane deformation of the chromophore of rhodopsin. In our
model of the rhodopsin RPSB, the deformation is distributed
along the backbone, rather than being localized on the torsion

along the conjugated backbone. The dynamics of this charged®f @ specific bond (Table 2). The torsional angles in the region

defect or soliton has been studied in ref 21.

C9-C14 of rhodopsin present significant deviations from

The structure of the bathorhodopsin RPSB has been obtainedPlanarity. The total out-of-plane deformation is approximately

starting from the optimized rhodopsin RPSB structure where
the hydrogen bound to C12 was flipped intdrans position

with respect to the hydrogen bound to C11. This initial
configuration is highly strained. Indeed, when the system is
allowed to evolve in a microcanonical molecular dynamics

40°, but the individual bond twists are small (see also Figure

The deviations of the torsional angles in the bathorhodopsin
RPSB indicate a severe strain in the backbone, which presents
the deformed altransstructure of Figure 3b. Noticeably, while

simulation, the backbone readjusts to release the strain. Thethe deviations from planarity calculated for the-C—C—C

system reaches a temperature~a800 K in about 35 fs of
simulation. During the dynamics, the angle between the two

groups are large, the deviations for the-8—C—H groups are
much smaller. In fact, the distortion includes twists around the

planes formed, for instance, by (C7,C8,C9) and (C13,C14,C15)bonds as well as bends of the backbone, as apparent from the

changes from an initial value of about 4@ 11C in ap-
proximately 145 fs. The hinge of this motion is the bond €10
Cl1l. C4, C5, and C6 are also involved in the readjustment,
while the other atoms of the ring do not move significantly.
The short time scale for the chain readjustment is compatible
with the time of formation of the primary photoproduct. After
250 fs of free dynamics, in which the system reaches an
equilibrium temperature of 270 K, we have cooled the system

bowlike structure of Figure 3b. The out-of-plane displacements
of the hydrogen atoms are distributed over the chain and are
relatively small. This is consistent with the experimental
observation that the hydrogen out-of-plane vibrational modes
are similar in rhodopsin and bathorhodop%in.

The energy stored in our model of bathorhodopsin is lower
than the experimental value. This may be due to an incomplete
dimerization in the computed structure of the RPSB. In retinals,

according to the annealing schedule: 100, 50, and 10 K for a similar calculations yield a slightly underestimated dimerization

total simulation time of 200 fs. This procedure yields the

amplitude?® Moreover, the energy stored in the chromophore
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TABLE 1: Computed Carbon—Carbon Bond Lengths (in A) for the Optimized Structures of Rhodopsin, Bathorhodopsin,
Rhodopsin Including the CI- Counterion, Bathorhodopsin Including the CI~ Counterion, and Unprotonated Schiff Base (SB)

bond rhodopsin bathorhodopsin rhodopsi~ bathorhodopsiitrCl~ unprotonated SB
C5=C6 1.380 1.386 1.370 1.376 1.370
C6—C7 1.439 1.434 1.460 1.445 1.460
C7=C8 1.375 1.387 1.367 1.380 1.367
C8—-C9 1.430 1.421 1.442 1.425 1.442
C9=C10 1.399 1.419 1.388 1.402 1.388
C10-C11 1.405 1.390 1.422 1.402 1.422
C11=C12 1.400 1.413 1.389 1.400 1.389
C12-C13 1.413 1.400 1.423 1.407 1.445
C13=C14 1.410 1.424 1.406 1.420 1.378
C14-C15 1.387 1.380 1.391 1.383 1.453
C15=N 1.343 1.357 1.342 1.359 1.294

TABLE 2: Computed Torsional Angles (in deg) along the Q
Backbone for the Optimized Structures of Rhodopsin
Including the CI— Counterion or Bathorhodopsin Including
the CI~ Counterion; The Sign Follows the Standard
Anticlockwise Convention

torsional angle rhodopsiftr CI~  bathorhodopsia- Cl-

C6—C7—-C8-C9 +180 +159

C7-C8-C9-C10 —174 —148

C8-C9-C10-C11 —179 +133

C9-C10-C11-C12 —169 —160 ,
C10-C11-C12-C13 +17 +143
C11-C12-C13-C14 —166 +173 3
C12-C13-C14-C15 +180 —176

C13-C14-C15-N —178 +179

H-C7—-C8-H —172 +180

H-C8-C9—Me —179 —172

Me-C9-C10-H —178 +164

H-C10-C11—H —165 +166

H-C11-C12-H +8 +163

H-C12-C13—Me —154 +161

Me-C13-C14-H +175 —-173

H-C14-C15-H +180 —176

H-C15-N-H —176 —167

of bathorhodopsin is likely to depend on the starting RPSB ™
structure and on the counterion structure and distance from the fl\
chromophore. In addition, water molecules in the binding

pocket and interactions with other protein residues may also Figure 4. HOMO (a, top) and LUMO (b, bottom) electron charge
play a role. Unfortunately, these details have not been _den5|ty distribution in the model chromop_hore of rhodopsin. The
experimentally characterized yet. Nevertheless, the mechanism4SCsurfaces correspond to an electron density of 0.003.e/au

described above d d on the fund tal physical ti
Ofefﬁg s?/stz(:n?\;endea?rznge%r;raﬁyL;r;)p?iTaetTlg prysical proper IeScharge of the HOMO is mainly localized on the ring and on

the double bonds of the conjugated backbone chain. In the
V. HOMO and LUMO Analysis LUMO, the charge is displaced toward the tail. Thus, the

. . photoexcitation corresponds to a sudden polarization inversion
Although DFT-LDA calculations underestimate energy gaps, py 4 net transfer of the excess positive charge borne by the
variations of the gaps induced by structural changes are properly

29,30 h chromophore toward the ring. The dynamics of the charge and
accounted for> Indee_d, while the computed values _Of the of the related conjugation defect have been studied in ref 21,
energy gap f(_)r rhodopsin (1'_42 eV) and bathorhodopsin (1.22 where the implications of a soliton-like coherent excitation for
eV) underestimate the experimental values of 2.489 and 2.283the isomerization are discussed
eV, respectively, the calculated energy gap difference between . .
rhodopsin and bathorhodopsin (0.2 eV) correlates well with the 1€ HOMOs of both the rhodopsin and bathorhodopsin RPSB
experimental value of 0.206 €V. reveal a §trong character on the G5C6 bond,' Whlch gradually
Moreover, we have computed dipole matrix elements, which turns p-like for carbons closer to_th_e terml_nal nitrogen. The
are directly related to the transition probability between occupied "€Verse occurs for the LUMOs. Itis interesting to compare the
and unoccupied molecular orbitals and, thus, to the absorptionHOMO and LUMO of rhodopsin with the corresponding

coefficient2230 We find that the HOMG-LUMO dipolar matrix molecular orbitals of the 1tis -retinal?® While retinal is a
element is the dominant transition, being 1 order of magnitude neutral system, the chromophore of rhodopsin has a net positive
larger than the other transitions in the visible range. charge introduced by the protonation of the Schiff base. This

The HOMO and the LUMO are well separated in energy from €xtra charge is associated with the conjugation defect discussed
the other electronic states, and therefore an analysis of thein the preceding section. The RPSB and the retinal HOMO
corresponding electronic densities can be performed. In Figurecharge distributions on the ring side are very similar. On the
4 and Figure 5 we report the HOMO and the LUMO electronic other hand, large differences occur at the tail end, where the
charge densities for the rhodopsin and bathorhodopsin RPSB.conjugation defect is localized in the RPSB. For instance, the
A similar analysis for 11cis and allirans retinals is reported HOMO charge distribution on the C3£15 bond in the RPSB
in ref 20. In both rhodopsin and bathorhodopsin, the electronic hassz character, while it is a pure single bond in the case of the
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[ cally, it increases the dimerization of the conjugated backbone,
increasing the stiffness of the molecule, and prevents the
displacement of the conjugation defect. The energy is primarily

stored in torsional deformations of the backbone of the

bathorhodopsin RPSB. The torsional distortion is distributed

over the entire backbone. An analysis of the HOMO and

LUMO states in the rhodopsin and bathorhodopsin RPSB has
been performed.
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