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Difference of H-bond strengths of water in the active center of rhodopsin
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A theoretical study on photo-responses of rhodopsin and isorhodopsin
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Rhodopsin (Rh) has 11-cis retinal as chromophore and is the photosensitive chemical found on the
outer segment of rod-like cells in the retina, the light-sensing structure of eyes. Isorhodopsin (isoRh) is
an Rh analogue that contains 9-cis retinal embedded in the same opsin environment. Despite their
similarity, the photoisomerization period and quantum yield are largely different. Rhodopsin
photoisomerization is experimentally known to be faster and more efficient

Here, we carried out Quantum Mechanics/Molecular Mechanics (QM/MM) trajectory surface
hopping (TSH) direct dynamics calculations for Rh and isoRh with 162 runs for each in order to
understand the origin of discrepancies in the rate and efficiency[1]. The transition probability is
estimated on the basis of Zhu-Nakamura (ZN) theory[2]. Comparison is made with our previous in
vacuo calculations[3,4]. The QM treatment was at the CASSCF(6,6) level with the mechanical
embedding using the 6-31G basis set. The MM part is described by AMBER.

The simulation reproduced faster and more efficient isomerization in rhodopsin than in
isorhodopsin. The reaction times in Rh and isoRh were 187 and 344 fs, and the quantum yields were
0.52 and 0.31. The corresponding experimental values are 200 and 600 fs for the reaction times and
0.65 and 022 for the yields. The opposite rotation of ¢y and ¢1; (‘wring-a-wet-towel” motion) takes
place upon photoexcitation, which also does without opsin. The wring-a-wet-towel motion is
dynamically enhanced in comparison with the one expected from locations of the MECI.

Figure 1 shows the diagram of

1.6 1.6
the active twist angle and the length of . ' (b) isoRh
- 15+ 1.5 [ g4
. . . <L - J

the active bond for five typical — < 0

- . . T g4} o 14/ i
trajectories for Rh and isoRh. Fast and _ _
straightforward dynamics in Rh is "0 30 e 9 120 150 180 20 30 60 9 120 150 180

|044] (degree) |6l (degree)

shown in Figure 1(a) whereas

complicated excited-state dynamics is Figure 1. Change in length of the active bond -C,-C,.;- against the
illustrated in the isoRh case in Figure absolute value of the dihedral angle C,.;-C,-C,+1-C,+, for typical (a)
1(b). The faster and more efficient Rh (n=11) and (b) isoRh (n=9) trajectories leading to the all-trans
photoisomerization of Rh than of form. The solid and dashed lines show that trajectories are in the
isoRh is due to a straightforward and excited and ground states and the black triangles correspond to
fast excited-state dynamics for Rh in transition from the excited state to the ground state.



contrast with a complicated dynamics in a back and forth fashion
especially in the excited state for isoRh. This difference would be
mainly due to the dihedral that needs to be twisted in the isoRh
case (-C9=C10-) is situated within the narrow gap between Thr118
and Tyr268 as shown in Figure 2(b). In Rh, the twisting area
(-C11=C12-) is off from the two sandwiching residues as shown in
Figure 2(a).

Photoexcitation of Rh gives only bathoRh (and the reactant)
whereas the isoRh excitation yields a 9,11-dicis analog in addition
to bathoRh (and the reactant). The rigorous selectivity in rhodopsin
would be another reason why rhodopsin is selected biologically.

Comparison with our previous opsin-free investigations

reveals that opsin tends to confine the twist of the active dihedral

Figure 2. Superimposed structures

to only one direction When the opsin environment was totally

. . of Frank-Condon geometr ra
ignored, the calculated quantum yield was only 0.27 and 0.13, 9 y (gray)

. . . . and geometry at the MECI (pink
respectively in sharp contrast with the values of 0.51 and 0.31 in J y (pink)

. . . . e for isorhodopsin. The twisting parts
opsin, respectively. This would be mainly due to the unidirectional P 9P

of retinal (red circle) and

sandwiching Thr118 and Tyr268

rotation in opsin environment. The twist-confinement totally
blocks simultaneous twisting of b9 and 011
(=C10-C11=C12-C13=) and enhance the quantum vyields. Also
found is the fact that the opsin funnels transitions into the vicinity

(yellow circles) are highlighted. The
twisting part is sandwiched between

. . . . . the two residues.
of minimum energy conical intersections (MECI). The opsin

would prevent inefficient, premature hops especially in the isoRh
case.

The present simulation reveals that the Weiss-Warshel model for cis-trans photoisomerization is
not applicable for rhodopsin because the branching ratio after transition is crucial. In the model, it is
assumed that a trajectory goes back and forth around the crossing point in the excited state. In their
scheme, if the transition takes place when the trajectory go forth, the product is generated and if it does
when the trajectory go back, the ground state reactant is regenerated. The analysis of trajectories,
however, reveals that the picture totally breaks down, and that branching ratio at the first transition is
crucial.

The present ZN-QM/MM-TSH is found to be a promising approach to investigate reactions in
biomolecules.

[1] W. C. Chung, S. Nanbu, and T. Ishida, Chem. Lett. 40, 1395 (2011); J. Phys. Chem. B, 116 , 8009 (2012). [3]
H. Nakamura, Nonadiabatic Transition: Concepts, Basic Theories and Applications, Second Ed., World
Scientific, Singapore, 2012. [4] T. Ishida, S. Nanbu, and H. Nakamura, J. Phys. Chem. A. 113, 4356(2009).[5] W.
C. Chung, S. Nanbu, and T. Ishida, J. Phys. Chem. A, 114, 8190(2010).



4A05

NAORTOODORYAVILDEHBRERICE T2 VNV EBEFAFTIIR

(BRREEE 1,

BIEMA A DR

A LRBE T 2) TRAMAR !, KB, #EFHE 2, KERAL

Protein Dynamics in Primary Process of the Photocycle of Halorhodopsin:
Effect of Chloride Ion in the Binding Site
(Osaka University! and Nagoya Institute of Technology2) Yumi Shimoo?!, Misao Mizuno!,
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1 Nakashima, K., Nakamura, T., Takeuchi, S., Shibata, M., Demura, M., Tahara, T., and Kandori, H. (2009) J.
Phys. Chem. B, 113, 8429-8434. 2 Mizuno, M., Shibata, M., Yamada, J., Kandori, H., and Mizutani, Y. (2009) J.

Phys. Chem. B, 113, 12121-12128. 3 Mizuno, M., Sudo, Y., Homma, M., and Mizutani, Y. (2011) Biochemistry, 50,
3170-3180.
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(DREBEO 7 a7 4 THHEIZRT 5 —fi%{k Mulliken-Hush(GMH) £ [3,4]
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IhERWT, EHRRZHICEABAA AR S D AN /2O — ek 2 B+ 5 2 & 21T
STeDTHET S,

[FiE] EFRFRREKI T CREEIN TV RKEAE ST 2 37 7 VT Anabaena variabilis % %
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N B S - B o MR O B AT RV E BRI AR R LA 6 0 — 9 6 IREfICH
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AT MK STz, BN AN MV, ~abF oo oL BEEEa T o ORIZE N
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Electronic Quantum Coherence in Photosynthetic Excitation Energy Transfer
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Photosynthesis provides the energy source for essentially all living things on Earth, and its
functionality has been one of the most fascinating mysteries of life. Photosynthetic conversion
of the energy of sunlight into its chemical form suitable for cellular processes involves a variety
of physicochemical mechanisms. The conversion starts with the absorption of a photon of
sunlight by one of the light-harvesting pigments, followed by transfer of electronic excitation
energy to the reaction center, where charge separation is initiated. At low light intensities,
surprisingly, the quantum efficiency of the transfer is near unity. A longstanding question in
photosynthesis has been the following: How does light harvesting deliver such high efficiency
in the presence of disordered and fluctuating dissipative environments? Why does not energy get
lost? The precise mechanisms of these initial steps of photosynthesis are not yet fully elucidated
from the standpoint of molecular science.

Recently, the technique of two-dimensional electronic spectroscopy has been applied to
explore photosynthetic light harvesting complexes. The observation of long-lived quantum su-
perposition or coherence between eigenstates of electronic excitations (excitons) in a pigment-
protein complex [1] stimulated a huge burst of activity among experimentalists and theorists.
Much of the interest arose because the finding of electronic quantum coherence is a “warm,
wet, and noisy” biological system was considered very surprising. The initial experiments were
carried out at 77 K, but more recent studies by two groups have detected coherence lasting at
least 300 fs at physiological temperatures [2,3]. In addition extensive electronic coherence was
observed in the most important light harvesting complex on Earth, the light harvesting complex
IT (LHCII) [4]. These observations have led to the suggestion that electronic quantum coher-
ence might play a role in achieving the remarkable efficiency of photosynthetic light harvesting.
At the same time, the observations have raised questions regarding the role of the surrounding
protein in protecting the quantum coherence. In order to elucidate origins of the long-lived elec-
tronic quantum coherence and its interplay with the protein environment, we have investigated
appropriate theoretical frameworks and concepts [5,6].

We begin by describing the electronic states of the pigment-protein complexes (PPCs). Con-
sider a PPC consisting of N pigments. To describe excitation energy transfer (EET), we restrict
the electronic spectra of mth pigment in a PPC to the ground state |¢,,,) and the first excited
state |@me). When the mth and nth pigments are situated in close proximity and the mth pigment
is excited, the excitation energy may be transferred to the nth pigment. Usually photosynthetic
EET in the single excitation manifold composed of {|m) = [@me) [ [1tm)|Phe) tm=1....~ is well
described with the following Hamiltonian:

N
Hppe = Y [Hume®) + Y pimy Hee®) ] [m)(m| + )~ hpulm)(n]. (1)
m=1 m,n
Here, H,,,(x) (a = g,e) is the Hamiltonian describing dynamics of the set of the relevant

nuclear coordinates including protein degrees of freedom associated with an electronic state
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Figure 1: Schematic illustration of the mth pigment embedded in a protein (@) and the electronic ground
and excited states of the mth pigment, |¢ps) and |@m.), affected by nuclear motion of the protein envi-
ronment (b).

|@ma). We assume that nuclear dependence of the electronic coupling J,,, is vanishingly small
as usual. The normal mode treatment is usually assumed for the PPC nuclear dynamics, be-
cause anharmonic motion with large amplitudes and slow timescales produces static disorder
on timescales irrelevant to photosynthetic EET. Thus, H,,,(x) can be modeled as a set of dis-
placed harmonic oscillators,

Hypo(x) = emg(xf(zg) + Zg f%(p;g + qrzng)’ (2)
Hpe(X) = Hpg(X) + 7 Qpm — 3¢ home dmeGme, (3)

where x,%g is the equilibrium configuration of the nuclear coordinates associated with the elec-
tronic ground state of the mth pigment, and g,,¢ is the dimensionless normal mode coordinate
with accompanying frequency w,,¢ and momentum p,,s. The Franck-Condon transition en-
ergy is given as h2, = eme(xfng) — emg(xfng), and dp¢ is the dimensionless displacement.
After electronic excitation in accordance with the vertical Franck-Condon transition, reorga-
nization (or solvation) takes place from the nuclear configuration xfng to the actual equilib-
rium configuration in the excited state x%,, with dissipating reorganization energy defined as
hi, = eme(xgg) — €me(x2,.). This reorganization proceeds on a finite timescale, T (Fig. 1).
Indeed, information on this timescale can be experimentally accessible (in principle) with the

help of the dynamic Stokes shift measurement or photon echo peak shift measurement.

In this talk, we show that this finite timescale is significant for explaining experimentally
observed long-lived electronic coherence. On the basis of this observation, we would like to
examine the following question: What do we learn about photosynthetic light harvesting from
the long-lived electronic coherence? [7]. In particular, we would like to get some insight into the
question of the preceding page regarding how natural photosynthetic light harvesting systems
avoid local trapping of electronic excitations, which yields a situation that electronic excitation
energy gets lost in in the presence of disordered and fluctuating dissipative environments.
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