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The molecular structure of a curl-shaped retinal isomer
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Abstract Computational studies of retinal protonated
Schiff base (PSB) isomers show that a twisted curl-shaped
conformation of the retinyl chain is a new low-lying
minimum on the ground-state potential energy surface.
The curl-shaped isomer has a twisted structure in the
vicinity of the C;;=C;, double bond where the 11-cis
retinal PSB isomerizes in the rhodopsin photoreaction. The
twisted configuration is a trapped structure between the 11-
cis and all-trans isomers. Rotation around the C;;—C;
single bond towards the 11-cis structure is prevented by
steric interactions of the two methyl groups on the retinyl
chain and by the torsion barrier of the C;,—C;; bond in the
other direction. Calculations of spectroscopic properties of
the 11-cis, all-trans, and curl-shaped isomers provide useful
data for future identification of the new retinal PSB isomer.
Circular dichroism (CD) spectroscopy might be used to
distinguish between the retinal PSB isomers. The potential
energy surface for the orientation of the (-ionone ring of
the 11-cis retinal PSB reveals three minima depending on
the torsion angle of the [-ionone ring. Two of the minima
correspond to 6-s-cis configurations and one has the (-
ionone ring in 6-s-frans position. The calculated CD spectra
for the two 6-s-cis configurations differ significantly

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-008-0284-1) contains supplementary material,
which is available to authorized users.

R. Send

Institut fiir Physikalische Chemie, Universitit Karlsruhe,
Kaiserstrasse 12,

D-76128 Karlsruhe, Germany

D. Sundholm (<)

Department of Chemistry, University of Helsinki,
P.O. Box 55, (A.L. Virtanens plats 1),

FIN-00014 Helsinki, Finland

e-mail: sundholm@chem.helsinki.fi

indicating that the sign of the (-ionone ring torsion angle
could be determined using CD spectroscopy. Calculations
of the CD spectra suggest that a flip of the (-ionone ring
might occur during the first 1 ps of the photoreaction.
Rhodopsin has a negative torsion angle for the [-ionone
ring, whereas the change in the sign of the first peak in the
experimental CD spectrum for bathorhodopsin could
suggest that it has a positive torsion angle for the S-ionone
ring. Calculated nuclear magnetic resonance (NMR) shield-
ing constants and infrared (IR) spectra are also reported for
the retinal PSB isomers.

Keywords Circular dichroism - Density functional theory -
Retinal - Rhodopsin - Time-dependent density functional
theory

Introduction

The 11-cis-retinal protonated Schiff base (PSB) chromo-
phore is the photoreceptor in rhodopsin responsible for the
twilight vision of the rod visual cells. The absorption of a
photon triggers a complex photoreaction involving several
intermediates. Low-temperature time-resolved spectroscopy
measurements showed that the first species formed in the
reaction is photorhodopsin [1-3]. It is created within 200 fs
after the photoexcitation and is a precursor to bathorhodop-
sin [4-6]. The molecular structure of photorhodopsin is
largely unresolved because it decays spontaneously into
bathorhodopsin which is the first intermediate that can be
trapped and characterized at low temperatures [7-9]. It was
proposed already in 1963 that bathorhodopsin has a twisted
all-trans structure [10]. The trans conformation of the
C11=C;, double bond was definitively settled by the recent
X-ray study of illuminated rhodopsin crystals [8]. Femto-
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second-stimulated Raman spectroscopy (FSRS) studies by
Mathies et al. also suggested that bathorhodopsin has a
twisted frans conformation with a torsion angle of —144°
about the C;;=C, double bond [6].

A recent computational study of the molecular structure
of the first excited state of the 11-cis retinal PSB yielded a
strongly twisted molecular structure with the hydrogens at
Cio and C;; in perpendicular orientation [11]. The
numbering of the carbon atoms is shown in Fig. 1. The
torsional twist of the C;p—C;; bond led to a tiny gap
between the highest-occupied molecular orbital (HOMO)
and the lowest-unoccupied molecular orbital (LUMO). The
small HOMO-LUMO gap indicates that the structure is
approaching a conical intersection. To follow the wave
packet on the other side of the conical intersection, the
structure obtained in the excited-state optimization was
used as the starting point for the ground-state optimization
in this work. Thus, for the last geometry in the excited-state
optimization for which we were able to solve the Kohn-
Sham equations, we switched from optimization on the
potential energy surface of the excited state to the ground-
state. The ground-state structural optimization yielded
surprisingly a new curl-shaped retinal PSB isomer with a
strongly twisted retinyl chain. The carbon backbone from
Cy to Cy3 forms a five-atom segment of a six-membered
ring. The methyl substituents at Co and C;5 form the sixth
member of the ring. They are forced out of the plane
yielding a curl-shaped structure. The C;;=C;, double bond
becomes twisted with a torsion angle of —26° and the
torsion angle of the C;,—C;; bond is —33°. The obtained
structure is a local minimum on the ground-state potential
energy surface. The two methyl groups on the retinyl chain
prevent the completion of the rotation and in the opposite
direction the twist is hindered by the torsion barrier of the
C]()*C]] bond.

In this work, we discuss the obtained molecular structure
of the curl-shaped retinal PSB isomer. Spectroscopic
properties of the new retinal PSB isomer are compared to
those obtained for the 11-cis and all-#rans retinal PSBs. The

Fig. 1 The numbering of the carbon skeleton of the retinal PSB
chromophores is shown
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calculated spectra might be used in future experimental
characterization of the retinal PSB isomers. The calcula-
tions show that CD spectroscopy measurements detecting
the differential absorption of left and right polarized light
could be used to distinguish between the retinal PSB
structures. Infrared (IR) spectra and nuclear magnetic
resonance (NMR) shielding constants for the retinal PSB
isomers are also reported.

Computational methods

The molecular structures of the 11-cis, all-frans, and the
curl-shaped retinal PSB isomers were optimized at the
second-order Moller-Plesset perturbation theory (MP2)
level using the Karlsruhe triple-( quality basis sets
augmented with two sets of polarization functions (def2-
TZVPP) [12] employing the resolution of the identity (RI)
approach [13, 14]. The lowest excitation energies were
calculated at the coupled-cluster approximate singles and
doubles (CC2) level employing the RI approach [14—17]. In
the CC2 calculations, the def2-TZVP basis set was used
[12]. The def2-TZVP and def2-TZVPP basis sets are
identical for C and N, whereas def2-TZVP has one p and
d function less in the H basis set.

The molecular structures were also optimized at the
density functional theory (DFT) level employing Becke’s
three parameter functional [18] in combination with the
Lee-Yang-Parr correlation functional [19] (B3LYP) using
the def2-TZVP basis set. The molecular structures were
confirmed to be energy minima by calculating the harmonic
vibrational frequencies using finite differences as imple-
mented in the NUMFORCE program. The 6-s-cis(+) and 6-s-
cis(—) retinal PSB isomers were also studied at the B3LYP
level. The notation (+) and (—) indicates the sign of the
torsion angle at the S-ionone ring. The optimized structures
are given as supplementary material.

The electronic excitation spectra of the 11-cis, all-trans,
and curl-shaped retinal PSB isomers were calculated at the
time-dependent density functional theory (TDDFT) level
[20-22] employing the B3LYP functional and the def2-
TZVP basis sets. The rotatory strengths for the visible (Vis)
and near-ultraviolet (UV) part of the electronic excitation
spectrum of the retinal PSBs were calculated at the B3LYP
TDDFT level. The optical activity measured in the circular
dichroism (CD) experiments is related to the rotatory
strength obtained in TDDFT calculations [23-27]. The
rotatory strength is defined as the imaginary part of the
scalar product between the electric and magnetic transition-
moment vectors

Ry = [12y [y | cos ((bﬁwﬁf) !



J Mol Model (2008) 14:717-726

719

where ﬁif is the magnetic transition moment calculated in
the momentum representation so that R, becomes origin
independent [25, 26]. The magnetic and electric transition
dipole moments 7/, are given by

b - |
Ty = ;—W/ I x VAR iy —e/xp;mzfdf.

(2)
¢T’ — is the angle between the transition dipole
if? T . . . .
moments. The measured intensity difference Ae (in dm’
mol ™' cm™") is related to the rotatory strength (in cgs units)
by

RyP =2297 x 107¥ / dv . (3)

Ae
v

Nuclear magnetic shielding constants which can be used
to simulate the main features of the nuclear magnetic
resonance (NMR) spectra of the retinal PSBs were
calculated at the B3LYP level using the def2-TZVPP basis

set [28-30]. All calculations have been done with the
TURBOMOLE program package [31].

Results and discussion
Structures

The potential energy curve for the torsional twist motion of
the (-ionone ring around the Cs—C; single bond shows that
11-cis retinal PSB has three stable isomers depending on
the orientation of the [-ionone ring. In rhodopsin, 11-cis
retinal has the 6-s-cis(—) structure with a [-ionone twist
angle of about —40° [32]. The present B3LYP calculations
on a single retinal PSB molecule show that the 6-s-trans
structure with a torsion angle of 168° is the energetically
lowest structure of the three 11-cis retinal PSB isomers
distinguished by the orientation of the J-ionone ring. The
second minimum at —39° corresponds to the conformation
in the rhodopsin binding pocket. The third minimum in
Fig. 2 corresponds to a 6-s-cis(+) structure with a torsion
angle at the (-ionone ring of +32°. The two 6-s-cis
structures differ from each other by having the methyl
groups of the S-ionone ring tilted towards opposite sides of
the retinyl chain plane. Depending on the direction, the
potential barrier between the two 6-s-cis structures is 3—
5 kJ/mol at the B3LYP level. The barrier height is large
enough to prevent a thermal change of the conformation,
because the barriers are often underestimated at the DFT
level [33]. At the MP2 level, the obtained torsion barrier
from the 6-s-cis(—) to the 6-s-cis(+) orientation is about
7 kJ/mol. The small energy barrier is due to the repulsion of
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Fig. 2 The potential energy surface for 11-cis retinal PSB calculated
at the B3LYP level for the torsion barrier of the [3-ionone ring. All
internal coordinates except the [-ionone ring torsion angle were
optimized

the methyl groups at C; and Cs and the hydrogens at C;
and Cg on the retinyl chain. According to the B3LYP
frequency calculations the three isomers are minima on the
ground-state potential energy surface.

Photoabsorption of the 11-cis retinal PSB leads to an
isomerization reaction producing the all-trans isomer. The
all-trans structure can analogously have the [-ionone ring
in the three positions, because the coupling between the
orientation of the (-ionone ring and the cis and frans
structure of the C;;=C;, double bond is weak. In the gas
phase, the 1l-cis and all-frans isomers have an almost
planar conformation of the retinyl chain. In rhodopsin, the
retinyl chain is slightly distorted but still largely planar [8]. The
11-cis and all-trans isomers are depicted in Fig. 3a and b.
Other obvious retinal PSB isomers can be constructed by
permuting cis and frans orientations of the retinyl double
bonds and the tilting angle of the (-ionone ring. To our
knowledge, no other ground-state structures of the retinal
PSB chromophores have been reported.

Here, we present calculations on a new isomer of the
retinal PSB chromophore. The isomer has a strongly
twisted retinyl chain with torsion angles significantly
deviating from £180° (0°) in the vicinity of the C;;=C,
double bond where the isomerization occurs. The largest
structural differences appear for the Cy=C;(—C;;=C;, and
C190—C11=C,—C;3 torsion angles. The angles are —33° and
—26°, respectively, which can be compared to 178° and —2°
for the 11-cis structure. For the all-trans retinal PSB, the
corresponding angles are 180° and —179° at the B3LYP
level. The structure is an intermediate between the cis and
trans isomers but closer to cis. At the S-ionone ring and in
the vicinity of the Schiff base, the retinyl chain of all
studied retinal PSBs is more or less planar. The curl-shaped
retinal PSB might therefore have energy minima for the
three orientations of the (-ionone ring. The curl-shaped
retinal PSB isomer is shown in Fig. 3c.

The graphs in Fig. 4 show that the curl-shaped retinal
PSB has a slightly larger bond-length alternation than the
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Fig. 3 The molecular structure of (a) the 11-cis, (b) all-trans, and (c)
the curl-shaped retinal PSB chromophores calculated at the B3LYP
level

11-cis and all-trans retinal PSBs. The bond-length alterna-
tion pattern for the curl-shaped isomer is more reminiscent
of the bond-alternation pattern obtained for the all-frans
retinal PSB than for the 11-cis retinal PSB. The largest
difference appears for the C,3=C,4 bond which is formally
a double bond even though it is somewhat longer than the
C1,—C;3 single bond at the B3LYP level. At the MP2 level,
the C;3=C4 double bond is 1.3 pm shorter than the C;,—
Cy3 single bond. The C;4—C;5 single bond is the second
shortest carbon-carbon distance in the retinyl chain.
Because the curl-shaped molecule is slightly bent as
compared to the 1l-cis and all-fzrans isomers, its dipole
moment of 12.7 D is somewhat smaller than the 13.9 D and
15.2 D obtained at the B3LYP level for the 11-cis and all-
trans isomers, respectively. The Cartesian coordinates of the
retinal PSB isomers are given as supporting information.
The methyl groups on the -ionone ring interact with the
retinyl chain resulting in local minima for three orientations
of the ring. Experimentally, it has been found that the
methyl groups play a role in the rhodopsin pigment
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formation [32]. For the pigment formation, the two methyl
groups at C; are more important than the methyl group at
Cs. The methyl groups at C; have previously been found to
participate actively in the Franck-Condon relaxation of the
first excited state; one of the C;-Me bonds shrinks from 157
to 154.5 pm upon excitation [34]. The methyl groups on the
retinyl chain also affect the quantum yield of the photo-
isomerization reaction [35, 36]. The slower isomerization
reaction of the 13-demethyl 11-cis retinal PSB has been
suggested to be a consequence of missing steric interactions
between the methyl group at C;3 and the hydrogen at Cy
[36]. The quantum yield is not much smaller for the
isomerization reaction in hexane [37], whereas in rhodopsin
the reaction efficiency is significantly affected by the
methyl group. Thus, the methyl groups are thought to
project the excited-state dynamics along the reaction
pathway of the rhodopsin isomerization reaction [36]. The
present study suggests a slightly different interpretation of
the experimental observations. Assuming that the twisted
retinal structure plays a role in the photo-isomerization
reaction, the increased efficiency observed in the rhodopsin
isomerization reaction might be due to steric interactions of
the methyl groups at Cy and C;3. The methyl-methyl
repulsion interaction causes a strain in the retinyl chain at
the isomerization centre. The strain is directed towards the
C;1=C,, bond resulting in a twist of the bond and leading
ultimately to the cis-trans isomerization reaction.

IR spectra

The vibrational frequencies were calculated for the opti-
mized B3LYP structures using finite differences. The
structures of the three retinal PSB isomers were found to
be local minima with only real vibrational frequencies. The
infrared (IR) spectra for the 11-cis, all-trans, and the curl-
shaped retinal PSB isomers shown in Figs. 5, 6, and 7 were
constructed from the B3LYP vibrational frequencies by
using Lorentzian shape functions with a full width of half
maximum (FWHM) of 5 cm ™' for the transitions. Unfortu-
nately, it is not easy to assign all calculated frequencies to
the corresponding signals in the experimental spectrum, but
some of the bands can indeed be helpful for characterizing
the isomers.

In the calculated spectra, the vibrational bands at 1600—
1700 cm™ " corresponding to C—C stretching motions of the
retinyl chain show distinct differences. This region of
the IR spectrum might be useful for detecting the isomers in
the sample. Significant differences are also seen in the C—C
fingerprint region at about 1200 c¢cm '. The calculated
vibration spectra in the C—C fingerprint region seem to be
blue shifted by about 30 cm ' as compared to the
experimental one. Experimentally, the three strong bands
for 11-cis retinal PSB in the fingerprint region appear at
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1214, 1238, and 1268 cm ' [36], whereas the computed
spectrum shows the three strongest transitions at 1254,
1268, and 1300 cm '. The most intense peak in the
experimental IR spectrum of 11-cis retinal PSB appears at
1548 cm™' as compared to the value of 1543 cm™'
calculated at the B3LYP level. The peaks in the hydro-
gen-out-of-plane (HOOP) region of the vibrational spectra
at 900-1000 cm ' have low intensities. For 11-cis retinal
PSB, the first strong peak in the HOOP region appears at
970 cm ' in the experimental spectrum as compared to
989 c¢cm ' obtained at the B3LYP level. To draw a
distinction between the isomers based on the HOOP
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Fig. 5 The IR spectrum of the 11-cis retinal PSB calculated at the
B3LYP DFT level

frequencies is thus difficult even though the peak patterns
slightly differ.

UV-Vis spectra

In a recent study, we found that the lowest excitation energy
of 11-cis retinal PSB at the B3LYP level is about 0.3 eV
larger than obtained experimentally [38]. The second
excitation energy calculated at the B3LYP level is 0.12 eV
smaller than the experimental value [39]. Coupled-cluster
approximate singles and doubles (CC2) calculations yielded
more accurate excitation energies. At the CC2 level, the
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Fig. 6 The IR spectrum of the all-frans retinal PSB calculated at the
B3LYP DFT level
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Fig. 7 The IR spectrum of the curl-shaped retinal PSB calculated at
the B3LYP DFT level

1800

two first excitation energies of 2.136 eV and 3.206 eV for
11-cis retinal PSB agreed within 0.1 eV with the experi-
mental values measured in the gas phase [38, 39]. For the
curl-shaped isomer the corresponding excitation energies
are 2.029 eV and 3.180 eV as compared to the B3LYP
values of 2.221 eV and 3.020 eV.

The CC2 excitation energies for the retinal chromophore
are more accurate than the values recently obtained in
calculations at the complete active space self-consistent
field (CASSCF) level in combination with second-order
perturbation theory corrections (CASPT2) [40-42]. A
comparison of the B3LYP and CC2 excitation energies for
the third to fifth excited states of 11-cis retinal PSB shows
that the B3LYP excitation energies for these states are 0.35-
0.53 eV smaller than the CC2 ones [11, 34]. The electronic
excitation spectra up to 6 eV were calculated for the retinal
PSB isomers at the B3LYP level using the TZVP basis set.
The B3LYP excitation energies of the three retinal PSB
isomers are given in Table 1. The lowest excitation energies
are 0.1 eV smaller for the curl-shaped isomer than for 11-
cis retinal PSB. The uncertainty in the transition energies
for the higher excited states of the retinal PSB isomers are
significantly larger than 0.1 eV. As shown for the CD-
spectra below, the relative positions of the excitation
energies can in principle be useful for an identification of
the retinal PSB isomers. However, the energy differences
between transitions might be too small to distinguish
between them experimentally.

CD spectra

Circular dichroism (CD) spectroscopy detects the differen-
tial absorption of left and right polarized light. It is an
important tool for determining the absolute configuration of
optically active molecules [24-27, 43, 44]. For comparison
with experiment, the spectra have been modelled with

@ Springer

Table 1 The first few excitation energies (in eV) of the retinal PSB
isomers calculated at the B3LYP/def2-TZVP level

State 11-cis all-trans curl-shaped
2A 2.342 2.340 2.221
3A 3.103 3.133 3.020
4A 3.745 3.728 3.647
5A 3.869 3.897 3.747
6A 4.111 4.110 4.025
7A 4.287 4.278 4.161
8A 4.392 4.426 4.245
9A 4.889 4.852 4.742
10A 4914 4.959 4.784
11A 5.011 4.983 4.933
12A 5.170 5.145 5.097

13A 5.211 5.194 5.133

14A 5.338 5.417 5.245

15A 5.449 5.486 5.309

16A 5.479 5.501 5.447

17A 5.561 5.678 5.482

18A 5.626 5.698 5.506

19A 5.675 5.730 5.623

20A 5.810 5.782 5.671

21A 5.820 5.861 5.746

22A 5.867 5.887 5.767

23A 5.906 5.991 5.860

24A 5.958 6.018 5.927

25A 5.982 6.062 5.960

Gaussian line shapes having a root mean square width of
0.1 eV. The CD spectra calculated for the 11-cis, all-trans,
and the curl-shaped retinal PSBs are shown in Figs. §, 9,
and 10. In the CD spectrum of the 11-cis retinal PSB, all
the transitions in the visible and near UV part of the
electronic excitation spectrum have positive intensities. For
the all-trans retinal PSB, the first transition has a strong
positive intensity, whereas the weaker peaks between
300 nm and 400 nm have negative intensities in the CD

Ae (M'1cm'1)x 106

-60 I I I I I I I
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 8 The CD spectrum of the 11-cis retinal PSB calculated at the
B3LYP TDDET level. The S-ionone ring torsion angle is —39°
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Fig. 9 The CD spectrum of the all-trans 6-s-cis(-) retinal PSB
calculated at the B3LYP TDDFT level. The [-ionone ring torsion
angle is —37°. The CD spectrum of the all-frans 6-s-cis(+) retinal PSB
differs from that of all-trans 6-s-cis(—) retinal PSB by having an
opposite sign for all the peaks shown in the graph

spectrum. For the curl-shaped isomer, the first strong
transition has a positive intensity and it is slightly redshifted
as compared to the two other isomers. The electronic
transitions above 250 nm are very weak as compared to the
corresponding peaks for the 11-cis and all-trans isomers.
The weak transitions in the CD spectrum of the curl-shaped
retinal PSB have negative intensities. The CD spectra
calculated for the 11-cis, all-trans, and the curl-shaped
retinal PSB isomers thus differ significantly. CD spectros-
copy can most likely be used to identify the retinal PSB
isomers.

The potential energy curve for the torsion twist of the (-
ionone ring of the 11-cis retinal PSB shown in Fig. 2 has
three minima. As discussed above, two of the minima
correspond to 6-s-cis structures. The calculated CD spectra
for the two 6-s-cis configurations are shown in Figs. 8 and
11. The CD spectrum of the 6-s-trans conformer is shown

200
150 | ]

100 [ A

Ae (M'1cm'1)x 108

-100 | 1

-150 I I I I I I I
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 10 The CD spectrum of the curl-shaped retinal PSB calculated at
the B3LYP TDDFT level. The (-ionone ring torsion angle is —36°

Ae (M'1cm'1)x 106

-40 I I I I I I I
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 11 The CD spectrum of the 11-cis retinal PSB calculated at the
B3LYP TDDEFT level. The -ionone ring torsion angle is +32°

in Fig. 12. The difference to the spectra of the 6-s-cis
conformers is obvious by the change of sign between the
strong peaks around 500 and 300 nm. Even though it is
difficult to visually discover the structural difference
between the two 6-s-cis retinal PSB isomers with +32°
and —39° orientations of the (-ionone ring, the CD spectra
are completely different. The sign of the torsion angle of
the (-ionone ring could be determined using CD spectros-
copy. The CD spectrum measured for rhodopsin displays
two positive peaks at 500 nm and 335 nm, respectively [45,
46]. For bathorhodopsin, the first peak is slightly redshifted
as compared to rthodopsin. In addition, the first peak in the
CD spectrum of bathorhodopsin has a negative intensity
[45, 46]. The change in the sign of the intensity of the first
peak suggests that bathorhodopsin and rhodopsin have
different orientations of the (-ionone ring, namely that the
primary photoreaction step during the first 1 ps involves a
flip of the [-ionone ring from the 6-s-cis(—) to a 6-s-cis(+)
orientation. This does not necessarily involve a movement

-20 \ 1

-25 L L L L L L L
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 12 The CD spectrum of 11-cis retinal PSB calculated at the
B3LYP TDDFT level. The -ionone ring torsion angle is 168°
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Fig. 13 The ground-state torsion barriers (in kJ/mol) for the twist of
the C;o—Cy; single bond and the C;=C;, double bond of the curl-
shaped retinal PSB calculated at the B3LYP level. The curl-shaped
isomer corresponds to the minimum at —33° along the C;o—Cy;
twisting coordinate and to the minimum at —26° along the C;1=C,
twisting coordinate. The minimum at —180° corresponds to 11-cis
retinal PSB for the C,,—C;; bond twist and to the 10-s-cis isomer of
all-trans retinal PSB for the C;;=C,, bond twist. The potential energy
curves are adjusted to have the same energy at the minimum.
Calculations have been performed by optimizing all internal coor-
dinates except the twisting angle

of the ring moiety relative to the protein-cavity. The (-
ionone ring has been subject of experimental studies that
have focussed on distinguishing a 6-s-cis from a 6-s-trans
conformation. To our knowledge, a possible change from a
6-s-cis(—) to a 6-s-cis(+) orientation has not been discussed
[47]. A comparison of the X-ray structures for rhodopsin
and bathorhodopsin reveals some structural changes also at
the [-ionone ring [8]. Our calculations of the CD spectra
using the rhodopsin and bathorhodopsin structures opti-
mized in the binding pocket as well as similar calculations
by Schreiber et al. [9] using the same structure show that
the surrounding protein also affects the CD spectra making
the CD spectrum of 6-s-cis(—) bathorhodopsin embedded
in the protein more reminiscent of the recorded one.

NMR spectra

The isotropic nuclear magnetic shielding constants were
calculated for the three retinal PSB isomers at the B3LYP
level. The obtained 'H and '*C shielding constants are very
similar. Nuclear magnetic resonance (NMR) spectroscopy
is probably not very helpful to distinguish between the
isomers. The largest differences in the '*C magnetic
shielding shifts compared to the 11-cis and all-trans retinal
PSBs occur at the isomerization centre where the curl-
shaped isomer is twisted. For C;; and C,, the '>*C NMR
shieldings of the curl-shaped isomer differ by 6 ppm as
compared to the 1l-cis retinal PSB. The '*C NMR
shieldings calculated for the all-#rans retinal PSB are closer
to those obtained for the curl-shaped isomer, except for Cy;
where the °C NMR shieldings differ by 6 ppm. The NMR
chemical shifts obtained using the calculated magnetic
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shieldings for the retinal PSB isomers and for the tetra
methyl silane (TMS) reference substance can be compared
to experimental values. The calculated isotropic shielding
constants for TMS, 11-cis, all-trans, and the curl-shaped
retinal PSBs are given as supplementary material.

Potential energy curves

The molecular structure of the curl-shaped retinal PSB was
obtained by optimizing its ground-state structure using a
start geometry taken from an excited-state optimization of
the 11-cis retinal PSB structure [11]. The curl-shaped
isomer has a twisted structure in the vicinity of the
C;;=C;, double bond where 11-cis to all-trans retinal
PSB photo isomerization occurs. The twisted configuration
is a trapped structure between the 11-cis and all-trans
structures. The structure of the curl-shaped isomer is
stabilized by steric interactions of the two methyl groups
on the retinyl chain and rotation around the C;o—C; single
bond towards the 11-cis structure is prevented by a barrier.
The steric repulsion between the methyl groups directs the
torsion strain towards the C;;=C;, double bond. The
torsion barriers for the C;o—C;; single-bond and C;;=C,
double-bond twists calculated at the B3LYP level are 38 kJ/
mol and 52 kJ/mol, respectively. The potential energy
curves for the bond twists are shown in Fig. 13. They were
obtained at the B3LYP level by optimizing all internal
coordinates except the twisting coordinate. Difficulties of
the B3LYP method to describe states with pronounced
multireference character result in cusps of the potential
energy curves in Fig. 13.

The torsion barriers of the C;o—C;; single bond
calculated for the ground and first excited state are
compared in Fig. 14. The ground-state potential curve was
obtained at the MP2 level and for the first excited state it
was calculated at the CC2 level. The graph shows that the
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0.6 1

0.4t

Energy (in eV)

0.2}

-140 -100 -60 -20
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Fig. 14 The torsion barriers (in eV) for the torsion twist of the C;o—
Cy, single bond calculated at the MP2 level for the ground state (GS)
and at the CC2 level for the first excited state (ES). The potential
energy curves are adjusted to have the same energy at the minimum.
The curl-shaped and the 11-cis isomers correspond to the minima at
—34° and —180°, respectively

0.0
-180
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minimum corresponding to the curl-shaped configuration at
—34° is separated from the 11-cis structure by a barrier of
84 kJ/mol at the MP2 level. For the first excited state, the
CC2 torsion barrier is 32 kJ/mol which is more than a factor
of three smaller than for the ground state. The actual torsion
barriers at MP2 and CC2 level are smaller because the rest
of the internal coordinates has been kept fixed in the single-
point calculations of the potential energy curves. The frozen
internal coordinates were adopted from the optimized
ground-state structure of the curl-shaped retinal PSB. The
torsion barriers calculated at MP2 and CC2 level cannot
directly be compared to the torsion barriers obtained at the
B3LYP level. In the DFT calculations, all internal coor-
dinates except the twisting coordinate were fully optimized.
Since the MP2 and CC2 torsion barriers refer to single-
point calculations it is natural that the barriers are much
higher than those obtained in the B3LYP optimizations.

Conclusions

The molecular structures and spectroscopic properties of
the 11-cis, all-trans, and a curl-shaped retinal PSB have
been studied at B3LYP DFT and ab initio MP2 and CC2
levels. The computational study shows that the retinal PSB
chromophore has a low-lying isomer with a twisted retinyl
chain. The torsion angles of the C;o—C;; and C,;;=C,
bonds are —33° (—34°) and —26° (—24°) at the B3LYP level.
At the B3LYP level, the new isomer lies only 35 kJ/mol
(22 kJ/mol) above the 11-cis structure. The corresponding
MP2 values are given within parenthesis. The calculations
also show that retinal PSBs have local minima on the
potential energy surface for three orientations of the (-
ionone ring. Two of them have 6-s-cis conformation with
the methyl groups tilted towards opposite sides of the
retinyl chain plane. The third minimum has a 6-s-trans
orientation of the B-ionone ring. The calculated CD spectra
are qualitatively different suggesting that the sign of the
torsion angle of the (B-ionone ring might be obtained using
CD spectroscopy. Comparison of calculated and measured
CD spectra for rhodopsin and bathorhodopsin suggests a
flip of the (-ionone ring during the first 1 ps of the
photoreaction. The orientation of the [(-ionone ring for
rhodopsin is 6-s-cis(—), whereas bathorhodopsin seems to
have a 6-s-cis(+) conformation. However, the surrounding
protein significantly affects the CD spectra making the CD
spectrum of 6-s-cis(—) bathorhodopsin more reminiscent of
the recorded CD spectrum of bathorhodopsin. The calcu-
lated IR and CD spectra for the curl-shaped retinal PSB
differ from those obtained for 11-cis retinal PSB. Signifi-
cant differences in the IR spectra are obtained for the
vibrational bands in the C—C stretching region and for the
fingerprint bands. Thus, the curl-shaped retinal PSB isomer

might be identified using IR and CD spectroscopy, whereas
the NMR and UV-Vis spectra might be less helpful for that
purpose. The largest difference in the '>*C NMR chemical
shift is 6 ppm obtained for the C;; and C;, carbons. The
difference in the electronic excitation energies are less than
0.2 eV for all states considered in the calculations.

The calculations also suggest that retinal PSB struc-
tures reminiscent of the curl-shaped isomer might play an
important role for the photo-isomerization reaction. For
the curl-shaped isomer, the torsion twist in the direction
towards the all-frans isomer is prevented by the steric
interaction between the two methyl groups on the retinyl
chain. One can speculate that one reason for the presence of
the methyl groups on the retinyl chain is that their positions
are optimal for the isomerization to occur at the C;=C,
double bond and not at the other double bonds of the retinyl
chain.
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