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ABSTRACT The primary photochemical process of the visual function has been investigated using the three crystallographic
models, 11-cis-rhodopsin, all-trans-bathorhodopsin, and the artificial isomeric 9-cis-rhodopsin. Detailed examination of the
atomic displacements and dihedral angle changes of the retinal chromophore involved in the interconversion among these
isomers suggests the mechanism of isomerization efficiency.
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Ultrafast, highly efficient photoisomerization of the chro-

mophore is an outstanding feature of retinal proteins such as

bacteriorhodopsin and rhodopsin (1). It is well known that

ocular visual rhodopsins use the 11-cis form of retinal

(vitaminA aldehyde) exclusively as the chromophore, and the

strict selection of this isomer seems to have occurred early in

the evolution of visual function. On the other hand, both the

9-cis and 11-cis isomers can bind to the apoprotein (opsin)

and form pigments with similar but distinct properties, e.g.,

the speed of isomerization and quantum efficiency (2). To

understand the molecular mechanism of the isomerization

reaction, extensive spectroscopic studies have been per-

formed on 9-cis and other rhodopsin analogs whereas high-

resolution structural data of such artificial pigments is lacking.

The detailed atomic environment of 11-cis-retinal in the

dim-light receptor rhodopsin has been revealed recently by

x-ray crystallography (3,4). Subsequent advances in the

analysis of the primary photo-intermediate, bathorhodopsin

(5), and in the preparation of artificial rhodopsin crystals con-

taining 9-cis-retinal (6) also provide an opportunity to carry

out comparative structural studies of the primary photoreac-

tion in rhodopsin and 9-cis-rhodopsin.
Crystals of 9-cis-rhodopsin belong to the same space group

as rhodopsin (P41).Details of crystallization anddata collection

are described elsewhere (6). Structure refinement of 9-cis-
rhodopsin has been done using data to 2.95 Å resolution for the

two molecules in the asymmetric unit (Table 1). Refinement of

the retinal chromophore was carried out using the starting

parameters (bond lengths, bond angles, and dihedral angles)

derived from the high-resolution structures of microbial retinal

proteins as applied recently to native rhodopsin (3) except for

some of the dihedral angles. The resolution of the diffraction

data is currently limited to 2.95 Å; however, the conformation

of the crystallographic 9-cis-retinal chromophore model has

been supported by a recent quantum mechanical study (7).

First we compare the backbone structures of rhodopsin

and 9-cis-rhodopsin to see whether incorporation of the

artificial retinal isomer has caused any substantial perturba-

tions. After least-squares fitting of the individual molecules

in the asymmetric unit, root mean square deviations (RMSD)

are calculated for each of the two molecules, and the aver-

aged values are plotted against the residue number (Fig. 1).

Large deviations are found only in the interhelical loops

and the carboxyl-terminal tail region where the crystallo-

graphic temperature factors are high. An exception is the

second extracellular loop that connects helices IV and V and

makes close contact with the retinal chromophore. In

addition to this loop, the side chains of the retinal binding

pocket keep nearly the same orientation as in rhodopsin. In

conclusion, opsin accommodates 9-cis-retinal without suf-
fering any significant structural changes in the transmem-

brane region.

Both the different speed of isomerization and the quantum

efficiency of rhodopsin and its 9-cis analog have been

studied experimentally (2,8,9). To understand the molecular

mechanism of these differences, two issues should be

considered: the intrinsic properties of the chromophore itself

and the effect of the protein on the chromophore conforma-

tion. With respect to the former, retinal Schiff bases and their

protonated forms exhibit varying quantum yields depending

on the isomeric state. Experiments have demonstrated that

9-cis-retinal protonated Schiff base is inherently less efficient
in photoisomerization than the 11-cis isomer (10,11).

However, it is doubtful whether the reported quantum yields

in the isolated systems can explain the large differences

observed for the protein-bound isomers. With regard to

details of the chromophore conformation in the protein

binding pocket, the pattern of bond lengths and angles is not

much different from that seen in the chromophore of

rhodopsin (supplemental Fig. 1, Supplementary Material)

(3). The most striking feature found in the latter is the large
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negative dihedral angle (�38�, Fig. 3 a; calculated�18� (3))
about the C11¼C12 bond. That this pretwist should arise in

rhodopsin is not really surprising considering the steric

repulsion between the C13 methyl and the C10 hydrogen

expected for the 11-cis isomer in the 12s-trans conformation.

Such an internal atomic contact does not occur in the 9-cis
form. However, the crystallographic model indicates that the

C9¼C10 bond is also twisted, though significantly less

(�15�, Fig. 3 b; calculated�9� (7)). This confirms a previous

theoretical study of 13-demethyl-11-cis-rhodopsin where it

was shown that the protein itself, by fixing the b-ionone ring
and the Schiff base nitrogen within the binding pocket,

causes a substantial negative twist of the chromophore chain

that accumulates in the cis-bond (12).

In contrast to rhodopsin the quantum yield of the 9-cis-
rhodopsin photoreaction is wavelength dependent (8,9).

Also, the yield decreases with decreasing temperature

suggesting that there is a small but not negligible barrier to

the 9-cis to 9-trans photoisomerization in the excited state

(9). We propose that this barrier is caused by the small value

of the pretwist angle. According to ab initio semiclassical

trajectory calculations of retinal model chromophores

(13,14) the conversion of the initially excited bond stretching

coordinate into bond torsion and eventual isomerization

takes place on a relatively flat bifurcating region of the

potential energy surface. With a small pretwist angle the

system is likely to spend more time in the stretching region

with its high-energy turning points, whereas a larger angle

will shift it more readily out of the Franck-Condon region

and accelerate it toward the point of isomerization.

At low temperature (e.g., 100K), continuous illumination of

rhodopsin results in the formation of a photosteady-state

mixture of rhodopsin, bathorhodopsin, and 9-cis-rhodopsin,
indicating reversible interconversion among these species (1).

It is also well accepted that photoisomerization from both

rhodopsin and 9-cis-rhodopsin results in the formation of the

same photointermediate (bathorhodopsin) (15). Taking the

reasonable assumption that these features are independent of

the molecular environment of the protein (membrane, deter-

gent, or crystal) our experimental models of the three states

constructed so far should contain valuable information. In Fig.

2, the two conversion processes modeled by x-ray crystallog-

raphy are compared to see the overall change of the chromo-

phores and how the isomerization reactions might proceed.

As reported recently, 11-cis to all-trans conversion of

retinal in rhodopsin involves large atomic displacement of

FIGURE 1 The RMSD between the main chain atoms of 9-cis

and 11-cis rhodopsin versus the residue number. The plotted

values are obtained by averaging the two molecules in the

asymmetric unit. The seven rectangles in the panel represent the

positions of the transmembrane helices.

TABLE 1 Refinement statistics

Resolution range, Å 50.0–2.95

Twin fraction 0.001

Completeness, % (outer shell) 94.3 (68.1)

Protein atoms 5990

Retinal atoms 40

Rcryst* , % (outer shell) 24.3 (36.1)

Rfree
y , % (outer shell) 28.9 (41.0)

RMSD of bonds, Å 0.012

RMSD of angles, � 1.40

*Rcryst ¼ Shkl j Fo � Fc j / Shkl j Fo j.
yRfree was calculated from a set of 5% randomly selected reflections that

were omitted from refinement.

FIGURE 2 Structural change of the chromophore before and

after the photoisomerization; (a) rhodopsin and (b) 9-cis-rho-

dopsin. The common intermediate bathorhodopsin (PDB code,

2G87) is shown in red. Movies for these conversion processes

are available as Supplementary Material.
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C11 and C12 (Fig. 2 a) (5). In contrast, overlay of the

crystallographic models of 9-cis-rhodopsin and bathorho-

dopsin suggests rather complicated movement during isom-

erization (Fig. 2 b). In both rhodopsin and 9-cis-rhodopsin,
the large rotation of the main double bond (C11¼C12 and

C9¼C10, respectively) is accompanied by counterrotations

of the other double bonds in the polyene chain.

In Fig. 3, crossings of the two (solid and dashed) plots
indicate the change of the direction of dihedral rotation.

Detailed analysis of the dihedral angle changes demonstrates

that, in 9-cis-rhodopsin, two adjacent single bonds are

rotating in the same direction as the C9¼C10 double bond.

As a result, opposite twists of the two blocks in the polyene

chain (C8-C11, C11-C15) characterize the isomerization

process of 9-cis-rhodopsin, whereas rather alternating direc-

tional rotation along the entire polyene can be seen in the

conversion from rhodopsin to bathorhodopsin. These differ-

ences in the dihedral changes during isomerization of the

two cis forms might contribute to the distinct features of the

two pigments.

In summary, the crystallographic models of rhodopsin,

bathorhodopsin, and 9-cis-rhodopsin provide a detailed view
of chromophore isomerization within a confined binding

pocket of dim-light opsin and give insights to understanding

the highly developed primary visual function.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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FIGURE 3 Change of the dihedral angles before (solid lines) and

after (dashed lines)photoisomerizationof (a) rhodopsinand(b) 9-cis-

rhodopsin. Error bars are based on the values from the two mol-

ecules in theasymmetricunit. Carbonnumber16corresponds to the

Schiff basenitrogen.Dashed lines inpanelsa andbare identical and

derived from the coordinates of bathorhodopsin (2G87).
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