
Published: October 25, 2011

r 2011 American Chemical Society 19052 dx.doi.org/10.1021/ja208789h | J. Am. Chem. Soc. 2011, 133, 19052–19055

COMMUNICATION

pubs.acs.org/JACS

Why 11-cis-Retinal? Why Not 7-cis-, 9-cis-, or 13-cis-Retinal in the Eye?
Sivakumar Sekharan† and Keiji Morokuma*,†,‡

†Cherry L. Emerson Center for Scientific Computation and Department of Chemistry, Emory University, Atlanta, Georgia 30322,
United States
‡Fukui Institute for Fundamental Chemistry, Kyoto University, 34-4 Takano, Nishihiraki-cho, Kyoto 606-8103, Japan

bS Supporting Information

ABSTRACT: One of the basic and unresolved puzzles in
the chemistry of vision concerns the natural selection of 11-
cis-retinal as the light-sensing chromophore in visual pig-
ments. A detailed computational examination of the struc-
ture, stability, energetics, and spectroscopy of 7-cis-, 9-cis-,
11-cis-, and 13-cis-retinal isomers in vertebrate (bovine,
monkey) and invertebrate (squid) visual pigments was
carried out using a hybrid quantum mechanics/molecular
mechanics (QM/MM) method. The results show that the
electrostatic interaction between retinal and opsin domi-
nates the natural selection of 11-cis-retinal over other cis
isomers in the dark state. In all of the pigments, 9-cis-retinal
was found to be only slightly higher in energy than 11-cis-
retinal, which provides strong evidence for the presence of
9-cis-rhodopsin in nature. 7-cis-Retinal is suggested to be an
“upside-down” version of the all-trans isomer because the
structural rearrangements observed for 7-cis-rhodopsin
from squid were found to be very similar to those for squid
bathorhodopsin. The progressive red shift in the calculated
absorption wavelength (λmax) (431, 456, 490, and 508 nm
for the 7-cis-, 9-cis-, 11-cis-, and 13-cis-retinal isomers) is due
to the decrease in bond length alternation of the retinal.

Rhodopsin, the visual pigment found in the rod outer seg-
ments of the vertebrate and invertebrate photoreceptor,

mediates the transformation of light into vision.1 Bovine and
squid rhodopsin belong to the class of vertebrate and inverte-
brate photoreceptors,2 respectively, and are also the only mem-
bers of the Gt and Gq signaling type of G-protein coupled
receptors (GPCRs) with a known X-ray structure.3 The hepta-
helical membrane protein is composed of a light-absorbing 11-
cis-retinal chromophore covalently bound to the ε-amino group
of a lysine residue of an apoprotein (opsin) via a protonated
Schiff base (PSB11) linkage (Figure 1). The positive charge of
the chromophore is balanced by the negative charge of the
glutamate counterion. Glu113 serves as a H-bonded counterion
in bovine rhodopsin,4 while Glu180 serves as a non-H-bonded
counterion in squid rhodopsin.5 Remarkably, irrespective of the
difference in their H-bonding schemes, the two counterions
cause a strong blue shift of∼120 nm in the first (S0f S1) vertical
excitation energy λmax (all values in nm) of PSB11 in going from
the gas phase (exptl = 610; calcd = 616/604) to the protein
environments (exptl = 498, calcd = 495 in bovine; exptl = 488,
calcd = 490 in squid).5

7-cis-Rhodopsin is an artificial analogue of rhodopsin that
contains the protonated Schiff base of 7-cis-retinal (PSB7) as its
chromophore. It is characterized by its low reaction rate for
pigment formation, low thermal stability, and strongly blue-
shifted λmax (exptl = 450) relative to the 11-cis isomer (exptl =
498) in bovine.6 9-cis-Rhodopsin (isorhodopsin), the most
studied analogue of rhodopsin, contains the protonated Schiff
base of 9-cis-retinal (PSB9) as its chromophore. It undergoes a
bleaching sequence identical to that of rhodopsin and is char-
acterized by a weakly blue-shifted λmax in both the vertebrate
(exptl = 485 in bovine)7 and invertebrate (exptl = 465 in squid)
pigments.8 Because both PSB9 and PSB11 can bind to opsin and
form pigments with distinct spectral properties, PSB9 is often
used as an artificial analogue to probe the structure and function
of native rhodopsin.9

13-cis-Rhodopsin, a less-studied isomer of the visual pigments,
is another artificial analogue of rhodopsin that contains the
protonated Schiff base of 13-cis-retinal (PSB13) bound to the
opsin. Because of the difficulties involved in synthesizing the pure
form of 13-cis-rhodopsin, earlier studies could incorporate only
9,13-di-cis (as it already contains the 9-cis configuration) or a
locked form of 13-cis (not the pure form of 13-cis) into bovine
opsin.10 In fact, archae- and proteorhodopsins were found to
contain mixtures of all-trans (PSBT) and 13-cis isomers in the
dark, because they are completely different protein families,

Figure 1. Schematic representation of 7-cis- (PSB7, green), 9-cis-
(PSB9, blue), 11-cis- (PSB11, black), 13-cis- (PSB13, purple), and all-
trans-retinal (PSBT, red). R refers to Lys-305 in squid and Lys-296 in
bovine and monkey rhodopsins.
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where the binding site has been optimized for the all-trans and
13-cis isomers.11 Apparently, in the visual pigments only PSB11
has been found to be present in the dark.12 Since the primary
event in vision involves no breaking of chemical bonds but only a
change in the shape of the molecule from bent 11-cis to distorted
all-trans, one wonders why the reactant is always 11-cis and not
7-cis, 9-cis, or 13-cis? Theoretical and experimental studies have
argued that the nonbonded interaction between the C10�H and
C13�Me groups can facilitate efficient, ultrafast, and stereose-
lective isomerization of the 11-cis isomer to the all-trans isomer.13

However, in the absence of direct evidence from pigments
containing the pure forms of the PSB7 and PSB13 isomers,
resolving the fundamental question concerning the natural
selection of PSB11 still remains an open question.

In light of the exponential development of theoretical meth-
ods and computational resources, we are now in a position to
prepare models of visual pigments across different parts of the
animal kingdom. In particular, comparative analysis of the
structure, stability, energetics, and spectroscopy of retinal iso-
mers in vertebrate and invertebrate visual pigments can be
performed using hybrid quantum mechanics/molecular me-
chanics (QM/MM) methods.14 In such methods, a relatively
small region of the system in which chemical reactions and
spectroscopy occur is modeled at the QM level, and the remain-
ing part is treated with MM force fields. By employing one such
method, the ONIOM (Our own N-layered IntegratedMolecular
Orbital) QM/MM protocol,15 we aimed to provide insights into
the dark side of vertebrate and invertebrate rhodopsins.

The QM/MM-optimized structures of wild-type bovine and
squid rhodopsin, in which the retinal (PSB11) is treated via QM
and the opsin containing 348 (in bovine) or 448 (in squid) amino
acids is treated viaMM, were taken from refs 5 and 16. To probe the
impact of evolutionary displacement of amino acid positions in the
natural selection of PSB11, we also modeled monkey rhodopsin,
which contains 22 different amino acids (22/348) in comparison
with bovine rhodopsin.17 Details of the optimization method and
optimized structures are given in the Supporting Information (SI).

Although all of the retinal isomers are incorporated into an
identical binding site (Figure 2), geometry optimization (see
below) allows relaxation of the immediate environment that
may stabilize or destabilize PSB7/9/13 relative to PSB11, as
originally proposed by Birge et al.18 Especially as the cis conforma-
tion is present at different positions of polyene side chain for the

different retinal isomers (at the beginning for PSB7, in-between for
PSB9, in the middle for PSB11, and at the very end for PSB13),
binding to the opsin induces significant nonplanar distortions in
the retinal. Also, the retinal backbone appears to be perpendicular
to the plane of the β-ionone ring for PSB7 and PSB13. As a result,
the lengths of the retinal conjugation (from C5 to the Schiff base
N+) for PSB7 and PSB13 are similar (∼10.85 Å), while it is shorter
by 0.24 Å for PSB11 (10.61 Å) and 0.40 Å for PSB9 (∼10.45 Å).
Because of the steric interaction between the C5�Me and
C9�Me groups, the C6�C7�C8 angle widens and creates the
space required for fitting PSB7 into the binding pocket. Appar-
ently, the conformational distortions induced in PSB7 are analo-
gous to those found from NMR measurements on 10Me-PSB11
analogues.19 In 10Me-PSB11, the C10�Me and C13�Me groups
interact with each other to induce out-of-plane distortions, which
increase the distance between the C10�Me and C20�Me posi-
tions (i.e., from 3.04 Å in PSB11 to 3.47 Å in 10Me-PSB11). This
property can be compared to the increase in distance between
C6�Me and C19�Me position (i.e., from 2.66 Å in PSB11 to
3.00 Å in PSB7).

All QM/MM calculations in this study were performed using
the two-layer ONIOM (QM:MM) scheme, in which the QM
part contains the full retinal and the MM part contains the full
opsin, depicted as point charges plus van der Waals interactions;
the interface between the QM and MM regions was treated by
the hydrogen link atom (Figure 3). The total energy of the
system was obtained as EEE, the energy in the electronic
embedding (EE) scheme, in which the QM:MM interaction
is included in the QM calculation and therefore the QM wave
function is polarized by the MM point charges. Throughout
this study, we employed for geometry optimization the QM/
MM-EE scheme, in which the retinal and all of the amino acid
residues and water molecules within a radius of 4 Å from any
chromophore atom were optimized while the other atoms were
fixed at their positions in the wild-type structure. An alter-
native QM:MM energy is MEE, the energy in the mechanical
embedding (ME) scheme, in which the QM:MM interaction is
calculated in the classical Hamiltonian and the wave function
is not polarized.20

Lugtenburg and Mathies have shown that control of the
photochemical reaction by the ground-state conformation is
achieved through the induced fit of the retinal in rhodopsin.21

To disentangle the factors that contribute to the stabilization of
11-cis-retinal relative to the induced misfit of other retinal
isomers into rhodopsin, we performed the following analysis of
the relative energy of each isomeric form of rhodopsin. At the
above-mentioned EE-optimized geometry of each rhodopsin, the

Figure 2. QM/MM-EE optimized geometries of the retinal binding
pockets containing PSB7 (green), PSB9 (blue), PSB11 (black), and
PSB13 (purple) models.

Figure 3. Schematic representation of the two-layer ONIOM
(QM:MM) scheme employed in this study. The retinal treated in
the QM part (red circle) is connected to the opsin (yellow) via a
hydrogen link atom (HLA).
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single-point values of MEE and EEE were calculated. The differ-
ence between EEE and MEE comes mainly from the polarization
of the retinal chromophore by the MM charges of the opsin. MEE
can be divided into the QM energy of retinal alone at the
rhodopsin-optimized geometry (MEEQM) and the MM contribu-
tions from opsin and its interaction with retinal (MEEMM):

MEE ¼ MEEQM þ MEEMM

MEEMM ¼ MEEMMðopsinÞ þ MEEMMðretinal�opsinÞ
MEEQM is higher than the energy of retinal at its gas-phase-
optimized geometry, and the difference represents the deformation
energy of retinal in the protein (EDEF):

EDEF ¼ MEEQM � EQMðgas-phase retinalÞ
In Table 1, we list for each protein the values of MEEQM, EDEF,
MEEMM,

MEE, and EEE for each rhodopsin isomer relative to the
corresponding values for the reference 11-cis isomer.

In all of the animal pigments in terms of the ultimate EE
energy (EEE), the rhodopsin with PSB11 is the most stable,
followed closely by PSB9 (higher by 0.8�2.1 kcal/mol); PSB7
and PSB13 are very unstable, and the overall order of stability is
PSB11 > PSB9 > PSB7 > PSB13. The fact that PSB9 is only
slightly higher in energy than PSB11 across all pigments provides
evidence for the presence of 9-cis-rhodopsin in nature. The analysis
using Table 1 provides further insight into the origin of this
stability order. One notices that this order is well-maintained in
MEE. The difference between EEE and MEE, the energy due to the
polarization of the chromophore wave function by the protein
electrostatic potential, is at most ∼2 kcal/mol and is not im-
portant. In contrast, the order of stability is significantly altered if
we compare only the energies of PSB retinals (PSBRs) in protein
(MEEQM). In this case, the order of stability is PSB9 > PSB11 >
PBS7 > PSB13, with the exception of squid, where the order is
PSB9 > PSB11 > PBS13 > PSB7. The stability of PSB13 over
PSB7 in squid may be related to the position of the counterion,
which whenH-bonded to the retinal (as in bovine/monkey) may
destabilize PSB13 more than PSB7. However, it is important to
recognize that PSB9 is more stable than PSB11 with respect to
MEEQM. Interestingly, molecular dynamics studies of deep-red
cone pigments have found PSB9 to be more stable than PSB11.22

Recently, experimental studies have also shown 9-cis-13-isopro-
pylretinal to act as a superagonist after illumination and that the
opsin binding site shows preference for 9-cis analogues over 11-
cis analogues.23 Further, while some analogues of the 9-cis isomer
perform better than their 11-cis counterparts, there is abundant
evidence in the literature that this is usually not the case.

The energies of the isomeric forms of retinal optimized in the
gas phase (without the protein) have the following order of
stability: PSB9 (�3.2 kcal/mol) > PSB13 (�3.1) > PSB11 (0.0) >
PSB7 (5.3). This means that in the gas phase, PSB9 and PSB13
are more stable than the naturally occurring (in protein) PSB11;
PSB7 is intrinsically unstable because of the steric interaction
between the C5�Me and C9�Me groups, as mentioned above.
Of course, this argument is a little biased, as the naturally
occurring protein is optimized in evolution to stabilize PSB11.
PSB13 fits poorly in this protein, making the energy of the
protein plus the chromophore higher than that for PSB11. PSB9
fits well to a certain extent, although the energetic advantage over
PSB11 in the gas phase is lost.

To calculate the λmax of PSBR geometries in both the gas
phase (QM only) and in protein environments (QM/MM), the
spectroscopic-oriented configuration interaction method24 with
the +Q Davidson correction (SORCI+Q) and the 6-31G* basis
set was used (Table 2). For the planar cis-PSBR isomers in vacuo,
where the retinal is cut off from any external environmental
perturbation, the calculations yielded an average value (Δλ) of
∼610 nm25 (7-cis, 591; 9-cis, 615; 11-cis, 625; 13-cis, 623).
However, for the distorted structure of retinal in the protein
environment, the calculated λmax is considerably blue-shifted in
both the gas phase (7-cis, 553; 9-cis, 566; 11-cis, 611; 13-cis; 623)
and the protein environment [7-cis, 431; 9-cis, 456; 11-cis, 490;
13-cis, 508). The origin of the progressive red shift going from
7-cis to 13-cis can be traced back to the decrease in the average
bond-length alternation of the retinal, which is defined as the
average of the lengths of the single bonds minus that of the
double bonds of the C5�N moiety.

Relative to the gas phase, the interaction of the retinal with the
counterion (Glu113 in vertebrates, Glu180 in invertebrates)
induces a strong blue shift of∼120 nm and moves the calculated
λmax very close to the experimental value of 500 nm for 11-cis-
rhodopsin.25 The shift is conceivable because the excited-state
charge density is shifted against the charge of the counterion,
leading to a change in the dipole moment ΔμS1�S0, which was
calculated to be∼12.0 D for all of the retinal isomers in pigments,
in excellent agreement with the experimental measurements of
Mathies et al.26 Similarly, the difference between the ground-
state dipole moments in going from the gas phase to the protein
environment (ΔμS0

p�g) was calculated to be∼6.5 D. This value is
almost equal to the value of 6.8 D calculated for all-trans-retinal in
the gas phase and bacteriorhodopsin.27

In the absence of electrostatic interactions with the counter-
ion, the calculated λmax was found to be ∼600 nm, which is
almost equal to that found in the gas phase.28 Apparently, effect
of the neutral residues lining the binding pocket is negligible in
comparison with the strong effect of the counterion, as originally
predicted by mutagenesis studies more than 20 years ago.4 The
negative and positive twists about the C11dC12 and C12�C13
bonds impart a positive helicity29 to all of the cis-PSBRs. The
spectral manifestation of the twist is evident in the calculated
rotatory strengths (R), which are positive in sign and undergo
a slight increase in magnitude as the retinal enters the protein
from the gas phase. Of all the retinal isomers in the protein,
the least stable isomer, PSB7, has the largest oscillator
strength (Δf = 1.59) and rotatory strength (ΔR = 0.41),
while the most stable isomer, PSB11, has the smallest values
(Δf = 1.32, ΔR = 0.19).

We also found an interesting correlation between the PSB7
and PSBT isomers. In the case of squid, the Schiff base NH bond

Table 1. Evaluation of the Role of Opsin in the Natural
Selection of PSB11 in Visual Pigments Using the Values of
MEEQM, EDEF,

MEEMM,
MEE, and EEE for Different Isomer

Rhodopsins Relative to the Corresponding Values for PSB11
in Vertebrate (Bovine, Monkey) and Invertebrate (Squid)
Pigments (See the SI for Details)

MEEQM(EDEF)/
MEEMM/

MEE/EEE (kcal/mol)

model bovine monkey squid

PSB7 5.3(4.2)/8.1/13.4/10.8 5.4(4.3)/7.8/13.2/11.4 9.0(7.9)/3.1/12.1/12.2
PSB9 �3.1(0.1)/5.9/2.8/0.9 �2.9(0.3)/4.9/1.9/0.8 �2.4(0.8)/2.9/0.5/2.1
PSB11 0.0(0.0)/0.0/0.0/0.0 0.0(0.0)/0.0/0.0/0.0 0.0(0.0)/0.0/0.0/0.0
PSB13 3.1(6.2)/27.9/31.0/28.4 8.9(12.0)/28.9/37.8/35.2 �1.2(1.9)/16.8/15.5/15.8
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that was originally oriented toward Y111 in rhodopsin was found
to be reoriented toward N87 in 7-cis-rhodopsin. Apparently, a
similar structural rearrangement was also found in the QM/
MM30 and X-ray31 structures of squid bathorhodopsin. Although
the Schiff base environments of PSB7 and PSBT are identical in
squid rhodopsin, the geometric and spectroscopic properties of
these two isomers were found to be opposite to each other. In
PSBT, the C9 and C13 methyl groups point upward, whereas in
PSB7 they point downward. Further, a red shift of ∼50 nm
separates bathorhodopsin (∼540 nm) from rhodopsin
(∼490 nm), whereas a blue shift of ∼50 nm separates 7-cis-
rhodopsin (∼440 nm) from rhodopsin (∼490 nm). While the red
shift is attributed to twisting of the double bonds in PSBT, the blue
shift is attributed to twisting of the single bonds inPSB7.Therefore,we
suggest that PSB7 is an “upside-down” version of PSBT (Figure 4).
In conclusion, the present study not only enables us to answer

why nature selects 11-cis-retinal but also helps us to understand
why 7-cis-, 9-cis-, and 13-cis-retinal are not found in the eye.
Although factors such as accessibility of the retinal to enzymatic
biosynthesis, physiological stability, rate of binding, quantum
yield, and stereoselectivity of the photoisomerization are critical,
it remains to be seen how far the evidence presented in this
communication can aid in optimizing the parameters required for
the natural selection of the light-sensing chromophore. As the
strength of rhodopsin appears to lie in the selection of 11-cis-retinal,
reducing this strength to enhance the weakness of accommodating
other retinal isomers is not the goal pursued by evolution.
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Figure 4. Overlay of PSB7 (green) and PSBT (red).

Table 2. SORCI+Q-Calculated Average Values of the S0f S1
Absorption Wavelength (Δλ, nm), Oscillator Strength (Δf),
Rotatory Strength (ΔR, au), and DipoleMoments (Δμ, D) for
All of the PSBR Isomers in Vertebrate (Bovine, Monkey) and
Invertebrate (Squid) Pigments

gas phase (QM only) protein (QM/MM)

PSBR Δλ Δf Δλ Δf ΔR ΔμS1�S0 ΔμS0
p�g

PSB7 553 1.20 431 1.59 0.41 12.1 6.00

PSB9 566 1.20 456 1.42 0.23 11.7 6.32

PSB11 611 1.10 490 1.32 0.19 11.7 6.95

PSB13 623 1.27 508 1.45 0.17 12.5 6.43


