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ABSTRACT: To study the origin and the effects of steric strain on the chromophore conformation in
rhodopsin, we have performed quantum-mechanical calculations on the wild-type retinal chromophore
and four retinal derivatives, 13-demethyl-, 10-methyl-13-demethyl-, 10-methyl-, and 9-demethylretinal.
For the dynamics of the whole protein, a combined quantum mechanics/molecular mechanics method
(DFTB/CHARMM) was used and for the calculation of excited-state properties the nonempirical CASSCF/
CASPT2 method. After relaxation inside the protein, all chromophores show significant nonplanar
distortions from C10 to C13, most strongly for 10-methylretinal and least pronounced for 9-demethylretinal.
In all five cases, the dihedral angle of the CI011=C12-C13 bond is negative which attests to the
strong chiral discrimination exerted by the protein pocket. The calculations show that the nonplanar
distortion of the chromophore, including the sense of rotation, is caused by a combination of two effects:
the fitting of both ends to the protein matrix which imposes a distance constraint and the bonding
arrangement at the Schiff base terminus. With both the counterion Glu113 and Lys296 displaced off the
plane of the chromophore, their binding to N16 exerts a torque on the chromophore. As a result, the
polyene chain, from N16 to C13, is twisted in a clockwise manner against the remaining part of the
chromophore, leading to a CEC12 bond with the observed negative dihedral angle. Shifts of the
absorption maxima are reproduced correctly, in particular, the red shift of the 10-methyl and the strong
blue shift of the 9-demethyl analogue relative to the wild type. Calculated positive rotatory strengths of
the a-CD bands are in agreement with the calculated absolute conformation of the mutant chromophores.

Rhodopsin is the visual pigment that mediates ligitdirk high concentrations of zinc ions was four®).(There are
vision in the vertebrate eye. It is a prototypical G-protein- now five structures of the rhodopsin dark state deposited with
coupled receptor (GPCR),a superclass of membrane the Protein Data Banki{8), the last one with a resolution
proteins which are responsible for signal transduction in of 2.2 A, which reveal the structure of the protein including
mammalian cells. Involved in a broad range of body the chromophore in remarkable detail.
functions and processes and related to major diseases, they The chromophore of rhodopsin is tisretinal which is
constitute one of the most important groups for drug targeting embedded in a pocket formed by 27 amino acids within 4.5
(1, 2). All GPCRs share the structural feature of seven A of the chromophore4). It is linked as a protonated Schiff
transmembrane helices connected by six outer membranebase (pSb) to the side chain of Lys296 at helix 7; this position
loops. Like all membrane proteins, they are difficult to is additionally stabilized by a salt bridge involving Glu113
crystallize, and despite an enormous interest in their structureand a hydrogen bond network involving several polar side
and function, no high-resolution structure of any GPCR was chains and two water moleculeg, (9). The f-ionone
known until only 5 years ago. This changed when a way to terminus is enclosedL() in a hydrophobic pocket formed
stabilize rhodopsin in the crystalline state in the presence ofby aromatic residues around Pro267 in helix 6. One
consequence of protonation is the broad absorption in the
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troscopy 21, 22). The retinal chain is significantly twisted Chart 1: Structural Formulas and Atom Numbering of the
about the C6-C7 single bond, a consequence of internal Wild-Type Chromophore and of the Four Analogues Studied
steric interaction between the C5 methyl group and the C8in This Work

hydrogen. There is another area of nonplanar distortion

involving the three bonds from C10 to C13. This distortion N éi\/K/\H\ éi\)\(\\
results from steric interaction of the chromophore with the AN N N
binding pocket, since the isolated chromophore is essentially ShHiet SnHe S
planar in that region23, 24). There are indications from | 13dm | 10me,13dm |
experiment that this torsion is a prerequisite for the extremely

fast, selective, and efficient photoreaction of rhodopsin. In PPN NN

13-demethylrhodopsin (13dm-rhodopsin), the photoreaction I | L

is slowed £5) and the quantum yield is reduced significantly \\ N
10me N 9dm W

(22, 26). In 10-methyl-13-demethylrhodopsin (10me,13dm-
rhodopsin) in which the methyl group is reintroduced in the
C10 position, the quantum yield almost returns to the original the whole protein has a charge efL.. Chromophores and
value Q7). These results support the hypothesis that the their numbering are shown in Chart 1.
nonplanar distortion about the GEC12 bond should give In a previous ab initio molecular dynamics (MD) simula-
rise to high initial torsional velocity as the chromophore tion, it was observed that Thr94 forms a hydrogen bond with
moves out of the FranekCondon region after photoexci-  one of the oxygen atoms of Glu119)( This bond is critical
tation 28). There are experimental data for two more for stabilizing the salt bridge 3Q); however, it is not
rhodopsins which differ in the methyl substitution pattern evidenced in any of the structure analyses. Independently,
of their chromophore from the wild type: 10-methylrhodop- Crozier et al. have performed a 40 ns MD simulation of
sin (10me-rhodopsin), which despite its strongly twisted rhodopsin and found that after simulation for 10 ns residues
geometry slows the kinetics of the rhodopsin photocascadeSer186 and Thr94 start to coordinate with Glu133)(In
(29), and 9-demethylrhodopsin (9dm-rhodopsin), which accordance with these results, we brought the polar side
inhibits light-dependent activation of the G-proteB0). groups of these amino acids into the proper orientation to
This study focuses on the following questions: What is Make a hydrogen bond with one of the carboxyl oxygen atom
the mechanism which induces the peculiar geometry of (O€2) of Glu113. The detailed setup of the model is described
retinal, in particular, the twists about the G2C12 bond  elsewhere§). _
and the C12-C13 bond of the polyene chain which seem to ~ Meéthods. Structures were calculated with embedded
be crucial for the fast photokinetics of rhodopsin? Further, quantum chemistry (QM/MM) using the SCC-DFTB and
which are the factors that determine the absolute conforma-CHARMM codes 84), which has been successfully applied
tion of the chromophore in this twisted area and thereby before to retinal proteinsg( 35, 36). The QM region
determine the physical path that the chromophore will follow consisted of the chromophore, Lys296, Glu113, Thr94, and
after photoexcitation? Finally, do the calculated s and & water molecule, wat2b (85 atoms, including the link atoms).
CD spectroscopic properties agree with the proposed struc-Wat2b makes a direct hydrogen bond with the counterion
tures of rhodopsin and the rhodopsin analogues? TheseaNd stabilizes the protonation state of the chromoph@re (
questions imply that the model we have chosen, treatment32)- Link atoms were added to the borderline amino acids:
of the chromophore by quantum mechanics and of the proteinC; 0f Lys296 and ¢ of Glu113 and Thr94. All other atoms
environment by classical force-field theory, is of sufficient Were treated with the CHARMM force field with parameter
quality to adequately describe this enormously complex St 22 81). Except for 111 amino residues next to the
system. The purpose of the comparative study involving the chromophore, they were given harmonic constraints to retain
retinal analogues is to test this assumption and see whethefh€ shape of the protein. A 12 A cutoff value was used for
the structures and excited-state properties obtained with our’onbonding interaction, and the time step was 1 fs.

model yield a description which is consistent with experi-  Each model was heated at constant pressure to 300 K and

mental evidence. followed for 200 ps using the Nose algorith87f. Ten
configurations were selected at random and used as starting

MODELS AND METHODS geometries for the statistics. They were each heated to 300

K and their dynamics followed for 200 ps in the manner
Models.Molecular models of rhodopsin and of rhodopsin described above; two of the 10 MD trajectories were
mutants were constructed on the basis of the coordinates ofcontinued for up to 1 ns to confirm the stability of the model.

chain A of the refined crystal structure of Okad® (PDB Each of the final MD structures was then subjected to
entry 1L 9H); missing residues 23@40 and 331333 were geometry minimization inside the protein pocket. The
inserted and optimized using the CHARMM force fieB1). resulting structures turned out to be essentially identical.

Several molecules which bind covalently to rhodopsin and Internal coordinates and their error margins for the 10 MD
adhering molecules were not included. Metal ions were runs and the 10 optimized structures are listed for each of
replaced with water molecules, resulting in 15 water mol- the five models in the Supporting Information. Also given
ecules in total, two of them in the retinal binding pocket. for each model are the Cartesian coordinates on which the
The size of the entire system (including the chromophore) electronic structure calculations were based.

was 5577 atoms. All titratable groups were assumed to be For the calculation of ground- and excited-state energies,
charged except for the histidine residues, Asp83, Glul22, we employed the CASSCF/CASPT2 method as provided by
and Glul81. As a result, the binding pocket is neutral, and the MOLCASS5 set of routines3@). In short, CASSCF
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computes an ab initio multiconfigurational wave function in 145
an atomic natural orbital (ANO) set consisting of 4s3pld
for carbon and nitrogen and 2s for hydrogen. The active
space included all valenceelectrons and as many orbitals.
Corrections to the CASSCF energies were obtained with
CASPT2 which performs second-order perturbation theory
for specified states. CASPT2 energies were combined with
transition dipole moments calculated by the CAS-state
interaction method39) to obtain oscillatory and rotatory i 5 :
strengths. The method is very time-consuming; therefore, the - \
chromophores were reduced to five-double bond systems by

omitting thep-ionone ring, and the counterion was reduced 3 : 1
to the formiate anion HCOOand wat2b. The CASSCF/ : : '
CASPT2 method has been successfully applied elsewhere
to calculate the spectroscopic properties of the retinal
chromophore 40—43). A critical evaluation of CASPT2 i
relative to other theoretical methods has appeared recently 130}
(44).
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RESULTS AND DISCUSSION

GeometriesWe start by first discussing the chromophores
before they interact with the protein. Figure 1 shows the
internal coordinates of the five retinals as pSb but without
counterion after energy minimization in the gas phase.
Substitution of hydrogen with a methyl group is seen to affect
mainly the bond lengths and bond angles next to this group: L
Bond lengths increase by 0.48.2 A, and bond angles ns
opposite to the methyl group are compressed4y. Both
effects are a consequence of the increased size of the
substituent. 3o

Note that a methyl group in the 10-position is needed to I
induce nonplanarity in the chromophore chain (Figure 1,
bottom panel). Only the 10me,13dm- and 10me-retinal pSb
are significantly twisted about the C£C12 bond, by 16
and 3%, respectively. This effect is caused by the 9-methyl
group (Figure 2): Space for this group is made by opening
the CH3-C9-C8 and CH3-C9-C10 bond angles, which
in turn forces the hydrogens at C8 and C10 against each
other. Substitution of the C10 hydrogen with methyl has the y
same effect on the two hydrogens at C9 and C11, and this .o
compound (it would be a model chromophore for 9,13-
demethyl-10-methylretinal which is not a subject of this Ficure 1: Internal coordinates of the protonated Schiff bases of
study) is essentially planar, with a calculated €112 retinal and of retinal analogues optimizeg outside the protein binding

torsioin angle' of 4 Only When bOIh. C9 and C10 are pocket. The dihedral angles indicate the deviations from planar cis
substituted with methyl groups is the inward movement of (0°) or planar trans (18). The dotted lines indicate optimized
the two opposite substituents impeded, and the chromophorestructures which were generated starting with a positive-€112

reduces the steric strain instead by concerted rotation abouglinedral angle. The color code is as follows: black for wild type,
the C10-C11 and C14&C12 bonds. red for 13dm, green for 10me,13dm, blue for 10me, and magenta

for 9dm.

The same argument applies to the C13 methyl group which
is often, and wrongly, held responsible for the nonplanar from C7 to C9 and not so strongly from C10 on when they
distortion of the chromophore in rhodopsin due to nonbonded begin to exhibit almost perfect mirror symmetry. Note that
interaction with the C10 hydrogen. As Figure 1 shows, the we have only considered conformations with negative
polyene chain of the wild-type chromophore is essentially dihedral angles about the E€7 bond. Their mirror images
planar in accordance with the results of more sophisticated or enantiomers with positive G&C7 dihedrals are not shown
computationsZ3, 24). because outside the protein pocket they have identical

For the two strongly twisted species, the 10me,13dm- and properties.
10me-retinal pSh, Figure 1 presents two conformations with  Binding by the protein (Figure 3) reduces the differences
opposite twists along the conjugated chain. In the absencebetween the chromophores significantly, making them all
of other chiral elements, these conformations are mirror structurally alike. The extent of bond length alternation
images and cannot be distinguished. The nonpl@sianone increases strongly, a consequence of the counterion which
ring differentiates between these two conformations, strongly localizes the positive charge of the chromophore on MBj (

Bond angle [deg]

&

Dihedral angle [deg]
o

Cé6 C7 C8 C9 C10 Ci1 C12 C13 Ci4 C15 Ni6
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is a clear pattern of bond angles in the pocket, and all
chromophores adhere to it. Note in particular how the
demethylated chromophores 13dm and 9dm with their
irregular behavior at C8, C9, and C13 show bond angles
- similar to the others once they are inside the binding pocket.
FiGurRe 2: Consequences of steric strain due to methyl substitution ~ The largest differences between the bare and protein-bound
in the retinal chromophore. At the left, the 9-methyl group enforces chromophores are observed in the dihedral angles. This is

a close approach of the hydrogens at C8 and C10. The middle pane e F A ; ;
is the same with respect to a methyl group at the 10 position and hot surprising considering that bond rotation requires 1 order

the hydrogens at C9 and C11. At the right, with both the 9 and the of magnitude less energy than bond stretching 9r bending.
10 position substituted with methyl groups, steric strain cannot be All chromophores are twisted about the @12 cis bond

relieved by compressing the two opposite substituents; instead, itwhich because of steric interaction between the C10 and C13
is relieved by torsion about the CC11 and C1+C12 bonds.  positions is prone to such a distortion. However, there is
again the leveling effect of the pocket: regardless of whether
they are inherently planar or strongly distorted, inside the
binding pocket all chromophores are twisted about the=€11
C12 bond in the narrow range betweetl5® and —26°,
obviously to improve the fit with the pocket. A somewhat
smaller angle;-6°, was found by Ferre and Olivucci?),

who minimized a model of the 9dm-rhodopsin without the
p-ionone ring in rhodopsin.

In a study published4@) before the first X-ray structures
of rhodopsin became available, we mimicked the strain
imposed on the chromophore by the protein pocket in a crude
model. We reduced the distance between the ends of the
chromophore and then performed molecular dynamics cal-

‘ ‘ s culations with the ends fixed; i.e., we followed how the
Cs C6 C7 Cs Cg C10 C11 C12 C13 C14 C15 N16 system would equilibrate under this distance constraint. What
happened was that the chromophore remained essentially
| planar from C7 to C12 and from C13 to N16, while the
| . C11=C12 and C12C13 bonds started to rotate in a

1 synchronous manner, resulting in a locally twisted structure

remarkable similar to one proposed earlier on the basis of
NMR distance measurementd7( 48). The 13dm chro-
mophore did not twist under these same conditid®. \We
concluded that the twisted 11-cis chromophore does not
require a specific protein interaction site; rather, it is a
consequence of the inherent tendency of the chromophore
to twist about these bonds under the external constraints of
the two end groups rigidly “anchored” in the prote0],

L 1 the -ionone within its hydrophobic pocket and the Schiff
18 8 C7 C8 C9 Ci0 Ci1 Ci2 Ci13 Cia Ci5 base terminus by th(_e form_ation of the salt bridge. About the

underlying reasons, in particular, the factors which determine
10 ; ; : the direction in which the bonds rotate, we could say nothing.

5 - Today, with the geometry of the protein pocket known in
atomic detail, the situation is different, and we can search
with more confidence for the factors which determine the
sense of twist of the chromophore.

To this end, we have performed two sets of calculations.
To analyze the effect of single amino acids on the chro-
L : 1 mophore conformation, we first completely removed the
3of /[ 1 protein environment and fixed the coordinates of C6 and

&
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N16, much like in the experiment described above. We then
took selected groups from the environment and fixed them
relative to the chromophore in the position found in the

& f f f pocket. In the case of amino acids, only the backbone atoms
Cé C7 C8 Co C10 C11 C12 C13 C14 C15 N16 were fixed. Then the chromophore was re-optimized under
Ficure 3: Internal coordinates of retinal and retinal analogues after the distance constraint and the constraints imposed by the
relaxation inside the protein pocket. The definition of the dihedral added groups. In the second set of experiments, we intro-
angles and color code are as in Figure 1. duced mutations at key amino acids to see whether the
conclusions reached in the first set of calculations could be
The effects of methyl substitution at C9 and C13 on the bond substantiated. The results are summarized in Tables 1 and
lengths are still visible, though reduced in magnitude. There 2.
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Table 1: Calculated C10C11=C12-C13 and C1%#C12-C13=C14 Dihedral Angles (in degrees) of the Chromophores Optimized with
Constraints Due to the Binding Pocket

constraints

C6, N16, C6, N16, complete

bond C6, N16 C6,N16, C29  Trp265, Alall7 C6,N16,H16 Lys296 C6, Lys296 pocket

13dm ClEC12 —2.2 -1.1 -1.0 —-11.7 —-11.7 —10.2 —15.0

C12-C13 178.7 —179.9 177.3 178.5 —179.2 —-179.3 178.7

wild type ClE=C12 —14.4 —12.7 —14.8 —18.7 —19.3 —-17.2 —18.2
C12-C13 174.0 172.0 175.4 172.9 172.9 177.0 171.8

10me,13dm Cl%C12 -17.6 —18.8 —18.3 -219 -215 —20.9 —22.9
C12-C13 179.8 178.1 176.5 173.7 179.1 179.1 173.9

10me Cl¥C12 —28.6 -30.0 —29.8 —28.5 —29.3 -30.4 —27.4
C12-C13 164.8 165.3 165.0 165.0 165.0 170.7 165.1

9dm Cl1EC12 —15.5 —16.1 —16.2 —18.3 —18.0 —16.0 -14.0
C12-C13 170.2 170.1 172.1 168.5 167.7 174.2 166.5

aData for the complete pocket are also given. Constraints were applied by fixing in space the coordinates of the atoms or the backbone atoms
of the given amino atoms.In this case, Thr118, 1le189, Tyr191, Met207, and Tyr268 were constrained, but not C19.

Table 2: Effect of Point Mutations on the Calculated €EM11=C12—-C13 and C1+C12-C13=C14 Dihedral Angles (in degrees) of the
13dm and Wild-Type Chromophores

bond E113A K296A E113A/K296A A117G W265A A117G/W265A wild type
13dm Cl¥C12 —18.6 —11.5 —8.7 —15.6 —14.5 —15.0 —15.0
Cl12-C13 —179.6 —179.4 —179.1 —177.5 —179.8 —177.5 178.7
wild type ClEC12 —29.6 —16.7 —23.3 —19.9 —-17.3 —18.2 —18.2
C12-C13 176.6 171.8 171.6 173.8 173.2 175.6 171.8

aData for the wild-type pocket are also given.

Turning to Table 1, we first see that when only the distance movement of the excited chromophore along the torsional
constraint is applied (first column) C£C12 and C12C13 C11=C12 coordinate out of the FranekCondon region
bonds are significantly twisted in all chromophores except coupled with an efficient nonradiative conversion to the
13dm. (Note that the sign of the dihedral angles is irrelevant ground state through a conical intersecti&2-54). Fast
under this condition and reflects only the conformation of torsion appears to require the pretwist of the chromophore
the chromophore in the original pocket. No chiral discrimi- about the C13%C12 and C12C13 bonds; i.e., it requires a
nation can result from a two-point fixation.) Additional strained chromophore which, however, must be stable in the
constraints by a group of five amino acids (Thr118, 1le189, dark, or “dormant” statel2), of the protein to minimize the
Tyrl91, Met207, and Tyr268) which line the C19 methyl consequences of thermal nois&5f How is this ac-
group, or by Trp265 and Alall7 close to the center of the complished?
chromophore chain, do not induce any significant twist in  The twist of the 1leis-retinal chromophore results from
the 13dm chromophore and change the twist of the other several interactions between the protein and the chromophore,
chromophores only gradually. (We cannot rule out the and some are identified in Table 1. Fitting thxéonone ring
possibility, however, that these groups will only support the into the hydrophobic pocket on one end and forming the
chromophore with the “correct” helicity.) A dramatic effect salt bridge on the other end reduce the distance between C6
is observed when the groups binding to N16 are considered.and N16 and cause the chromophore to twist about the
With H16, which forms the bridge between N16 and the C11=C12 bond, provided there is a methyl group at C13.
counterion Glull3, the 13dm chromophore is twisted The sense of twist is determined by Lys296 and by Glu113,
strongly, and in the correct direction, and the twist of the and this is shown quite clearly in the case of the 13dm
other chromophores increases except for that of 10me, whichderivative. Figure 4 illustrates how these two groups which
appears already strained to its limits. The same effect isare positioned off the plane of the chromophore exert a
observed for Lys296 which through its alkyl chain is clockwise torque onthe chromophore through the planar N16
connected to the chromophore. The next to last column fragment. The chromophore follows this rotation until the
shows that fixation of the nitrogen is not necessary to achieve C11=C12 bond is reached where the trans conjugation is
the nonplanar chromophore conformation: with only C6 and interrupted and the twist about the cis bond separates one
the three backbone atoms of Lys296 held in place, the twistedpart of the chromophore from the other. Note that these two
geometries of the chromophores are stable and their absoluteffects are not cumulative; they are not even additive. Lys296
conformations are conserved. and H16 induce separately a twist 6fL1.7 in the 13dm

There are two puzzling aspects concerning the stability chromophore, while the combined effect is onhil5.C.
of the 1leisretinal chromophore inside the pocket. In the When the chromophore is already strongly twisted by the
dark state, the chromophore is extremely stable, with an distance constraint alone (as in 10me), torsion of the nitrogen
estimated half-life of more than 420 yeaBd). At the same will add little to this pretwist, and the combined effect of
time, the protein exhibits an extraordinary reactivity toward the environment will even reduce the twist.
light. The latter aspect has received broad attention in the Table 2 shows how point mutations affect the geometries
past several years, and the main factors responsible for theof the 13dm and wild-type chromophores. The calculations
reactivity of the chromophore have been identified: the fast have been performed in rhodopsin with the QM/MM method.
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Ficure 4: Chromophores of wild-type rhodopsin (top) and 13dm-

rhodopsin (bottom) in the binding pocket. Covalently attached
Lys296 and the counterion Glull3 are seen to exert clockwise

torque on the plane of the N16 fragment.

Sugihara et al.

Turning to 13dm-retinal first, we found substitution of
Glul13 with alanine (E113A) which breaks the hydrogen
bond increases the twist of the 13dm chromophore, while
breaking the covalent bond with Lys296 (K296A) results in
a flattened chromophore. When both the salt bridge and the
covalent bond are broken (E113A/K296A), the chromophore
is still twisted, which proves that the binding pocket as a
whole also supports the twisted chromophore. The effect of
Alall7 and Trp265 on the chromophore is rather small:
substituting either of these amino acids with the shorter
residues glycine and alanine (A117G and W265A, respec-
tively) or the combined effect of both mutations does not
show any significant effect. Mutations affect the wild-type
chromophore in a different manner. Removing the counterion
(E113A) leads to a dramatic increase of the €C1L2 bond
twist to almost—30°. Obviously, the hydrogen bond in this
case impedes the torsion of the chromophore which because
of Lys296 is already strongly twisted. Breaking the covalent
bond results in a somewhat relaxed chromophore, while the
twist increases again in the double mutant. As in the 13dm
derivative, the effect of A117 and W265 on the chromophore
geometry is rather weak.

The picture which emerges from these calculations is that
of a binding pocket which is fine-tuned to generate and
preserve a particular chromophore conformation. Through
several contacts, from thg-ionone ring embedded in its
hydrophobic pocket to the salt bridge at the Schiff base
terminus and probably many others along the polyene chain,
this conformation achieves an enormous stability, until the
photochemical event destroys this peace.

Rhodopsin mutants without a covalent bond between the
chromophore and the protein backbone have been reported
to show UV~vis spectra similar to that of the wild type and
after photoexcitation even activate the G-protein with high
efficiency 66). Similar results have been reported for
bacteriorhodopsiny7). Our calculations support these find-
ings: the binding pocket, through natural selection, is
obviously adjusted to the chromophore and keeps it in the
pretwisted conformation even when some of the restraints
are no longer operative.

Optical Properties and Rotatory Strengthsor the ge-
ometries of the five chromophores inside the protein pocket,
CASSCF and CASPT2 calculations have been performed to
obtain the UV~vis and CD spectral data. The results are
summarized in Table 3. (The complete table listing the CAS
energies, the state configurations, and the components of the
dipole moment is in the Supporting Information.) Compari-
son of the data for the different chromophores reveals that
the electronic structures conform to the same pattern in each
case: The ground state ®hich is configurationally rather
pure ~75% closed shell) is followed by the first excited
state $ with high HOMO—-LUMO character {65%) and
high oscillator strength. This “ionic” state is also character-
ized by a very unsymmetric charge distributution with a
dipole moment of more than 18 D in all cases. The next
state, 3, is configurationally mixed, consisting of the HOMO
to LUMO+1 and HOMG-1 to LUMO single excitations
and of the HOMO to LUMO double excitation. This state is
spectrally silent in all derivatives having neither oscillator
nor rotatory strengths.

Because of the shortened chromophores, the calculated
excitation energies are always higher in comparison to the
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Table 3: CASPT2-Corrected State EnerdigsOscillator Strengths 2 —
f, Rotatory Strength&>° and Dipole Momentsrt© for the Ground M calculated 0=
and Excited States of Retinal and Retinal Derivatives O experimental g
chromophore  state E f R m El &
= 1.0} W
wild type S  —670.7365 9.77 £ g
S 2.86 (434) 0.89 0.66 19.1 5 *
S 3.10 (400) 0.00 -0.00 9.43 B S
13dm $  —631.5552 9.41 g 5T
S 2.97(418) 089 033 195 .- e
Sy 3.10 (400) 0.00 -0.00 9.16 © 3
10me,13dm & —670.7308 9.42 E g-
S 2.89(430) 0.84 0.82 189 =1
10me 3 —709.9120 9.37 —
S 2.77 (448) 0.77 0.99 18.0 -
Ss 301(412) 000 000  9.08 T Widype  13em  tometadm  1ome oam 0
9dm g’i 63;‘33?210) 0.91 0.75 3778 FIGURE 6: Calcula}eq rotatory strengths of rgtinal chromophores
S 3.22(386) 0.00 —0.00 9.42 vs experimental ellipticities of pigments. Experimental data are from

ref 22 for 13dm and 10me,13dm, from ré&® for 10me, and from
a Ground-state energies in au., excited-state energies in eV relativeD, Richter for 9dm.
to the ground states and in nm (in parentheseis).au. ¢ In Debye.

There is a strong correlation between the oscillator strength
of the S state and the out-of-plane torsion of the €112

508 (10me) . >
500k 4 (10me,13dm) . bond: the strongly twisted 10me derivative has the lowest
(Wild type) 498 (13dm) oscillator strengths of all chromophores, while 9dm-retinal

has the highest, with the others between them. This correla-

480t
tion is plausible: in a nonplanar chromophore, the transition
T 465_ (9dm) density between the,Sand S states is distributed not in
£.460 . ) : . . : g
= two but in all three dimensions. Under isotropic conditions
(10me) of measurement, the oscillator strength is proportionate to
440r the square root of the sum of the squares of the different
(10me, 13dm) (Wild type) moments, and this is always larger in a planar than in any
4201 (13dm) 1 twisted conformation.

For all five chromophores, the calculated rotatory strengths
: : : (R) of the § to S excitation of the chromophores are
i i s Pacapar e ook oy, For, POSIe, ranging from 0.33 fo the least tuisted 13dm
comparison, experimental data [f)or the cor?egponding grhodopsin chromophore to 0.99 au for the strongly twisted 10me
pigments are also shown (left). Data for the pigments are from ref cChromophore. The experimental CD data for the absorbance
22 for 13dm and 10me,13dm, from r@® for 10me, and from ref ~ corresponding to the;State are rather scattered. Thus, for
30 for 9dm. rhodopsin,Aemax Values for the 500 nm band, the so called

o-band, range from 358) to 13 [calculated from the

experimental values. For the wild-type five-double bond measured ellipticityZ1)], corresponding to rotatory strengths
chromophore, this leads to a calculated absorbance maximumpetween 0.036 and 0.136 au. We therefore have utilized data
of the § state of 434 nm compared to the value of 498 nm from only one laboratory2?2, 29) so that the effects due to
found experimentally (Figure 5). Shifts of the retinal (different preparations, conditions of measurement, etc., may
analogues relative to the wild type are, however, reproducedpe expected to cancel. The data for 9dm-rhodopsin were
rather well. Thus, 10me-rhodopsin has the largest calculatedprovided by D. Richter from these labs. Experimental
(14 nm) and observed (10 nm) red shift relative to rhodopsin, ellipticities and calculated rotatory strengths shown in Figure
while the pigment with the strongest blue shift is 9dm- 6 are scaled such that data relative to wild-type rhodopsin
rhodopsin (calculated shift of 24 nm, observed shift of 33 become apparent. If the inherent twist of the chromophore
nm). 13dm-Rhodopsin behaves in a somewhat peculiarabout the C12C13 bond is responsible for the CD intensity
fashion: the calculated blue shift is 16 nm, while the of the 500 nm band as is generally assumed following the
corresponding pigment shows no shift at all. Finally, there work on torsionally restricted retinal&9), it appears that
is only a small blue shift for the 10me,13dm chromophore the calculated rotatory strengths conform more closely to
(4 nm) compared to an equally small but red shift of 2 nm the chromophore structures than the experimental values.
for the pigment. These spectral shifts can be rationalized on  There is another band in the CD spectra of rhodopsin
the basis of two effects: torsion of double bonds leads to a around 330 nm, the so call@gdband. It corresponds probably
red shift of~10 nm for a 20 twist, and substitution of chain  to the excitation to one of the higher states of the chro-
hydrogens with methyl results in a=80 nm red shift mophore which is outside the goal of these calculations.
depending on the position and increasing with distance from  In the following, we will discuss particular aspects of each
the positive center (J. Hufen, unpublished results). Thus, theretinal mutant with respect to the calculated properties.
red shift of the 10me chromophore reflects the effect of the  RhodopsinEven before the first X-ray structures yielded
additional methyl substituent, while the blue shift of 9dm- high-resolution geometries of the whole protein, including
retinal is the combined result of demethylation and the loss the binding pocket, there was general agreement that the
of double bond torsion relative to retinal. rhodopsin chromophore from C10 to C13 is significantly

(9dm) 410
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twisted @0). Lugtenburg and co-workers, using a combina- solid-state NMR spectroscop]). It was found, among
tion of different solid-state NMR technique&§g 60, 61), others, that the C10C20 distance in 10me-rhodopsin
determined an angle of approximately’b&tween the planes increases as a consequence of the added 10-methyl group,
from C7 to C10 and from C13 to C18€). Determination  from 3.04+ 0.15 to 3.47+ 0.15 A. Our calculated values

of the absolute sign of this angle was outside the scope ofare 2.55 and 2.97 A, respectively, which are shorter but show
these methods and had to await experiments with anthe same relative increase. Indirect evidence for increased
enantiomerically locked chromopho®2(63). These studies  torsjon in this chromophore comes from BVis spectros-
confirmed the theoretical prediction that the positive CD of copy: thea-band absorbance{.x= 24 000) is significantly
theoa-band of rhpdopsin correlates with the ne_gative sign of gmaller compared to that of the wild type (40 00BY)( This

the C1¥=C12 dihedral angle6d, 69). In the first X-ray  ggrees with the reduced oscillator strength which we calculate
structure (_’f rhodopsindj, the chromophore was foun_d 0 for this excitation (0.77 in 10me-rhodopsin vs 0.89 in the
be essentially planar except for the G213 bond which wild type). As a consequence of the strongly distorted

in chain B had a dihedral angle of 157 ater and more AR
. : o chromophore, the calculated rotatory strength is significantly
refined X-ray structures-8) gave different distributions larger than in the wild type, a result which is not borne out

of dihedral angles along the chain; however, they all show by the experiment where practically identical CD intensities
the C13 methyl group strongly twisted out of the plane of are obtained for the two rhodopsin@9. The strong

g%ﬁg%?gﬂ? ?r:Z’ é:egéq% t;)nréegfitggf; % (I)Dr(]) jlst’lvree;j:;it_jral Qistqrtiqn of the 10me-r§tinal chromophore d_oes not preve_nt
tively. Theoretical calculations using ab initio theory for the ItS Pinding by the protein where, however, its geometry is
binding pocket 66) or QM/MM methodology for the whole adjusted to the_ constraints prowdeq by the pocket. While
protein @, 67, 68) agree with respect to the absolute the quantum yield of photocgnverspn to the batho'.f,tage,
configuration imposed on the chromophore by the pocket, 0.55 Q9), is almost as high as in the wild type, the additional
and this is also the result of our study (Figure 3). The Methyl group interferes in the following stages, apparently
calculated rotatory strength for the rhodopsin model chro- by extra stabilization of the batho stage and interference with
mophore agrees in sign and magnitude with the resultsthe transitions leading to the signaling sta26)(
obtained for the complete chromophore (M. Schreiber;  9dm-RhodopsinThe absorbance of this pigment is strongly
unpublished results). blue-shifted relative to that of the wild typ&9), contributors
13dm-Rhodopsirwith the C13 methyl group missing, the  to this shift being the increased planarity of the chromophore
out-of-plane torsion of the chromophore in the binding pocket and the removal of a methyl group distant from the nitrogen.
as measured by the €C10/C13-C15 interplane angle is  The small opsin shift of only 1700 crhindicates the less
significantly reduced, from 31in the wild type ©0—2"in  than perfect fit with the protein pocket. The position of the
the 13dm analogue. Thg fIattgnmg of the ghromophore which g methyl group is almost identical in the different pigments
we see in the calculations is reflected in the weaker CD \\nich ingicates strong steric interaction with the pocket, in
o-band which is reduced in magnitude to less than half particular, Thr118, Tyr191, and Tyr268. The-® stretching
compared to that of rhodopsin both in the spectra and in thevibration ,of Thr1i8 has b’een identified by FTIR spectros-

e 1 iq 0, SUgGestng Ut his resde i locted at a cruc
psinp ' 9 position in the interaction with the retinal chromophor@)(

type (—15.7° vs —18.2). This appears to contradict RR o o .
spectroscopic evidence which with its reduced intensity of The 9".“9”‘3" group is important for apuva‘uon .Of the protein,
and it is known that a clear batho intermediate cannot be

the HG,;=C,;,H hydrogen out-of-plane vibration indicates o
reduction of the C1%C12 torsion 22). Experimental values ~ détected in its photocascade).
for the quantum yield of this analogue range from @8)(
to 0.47 @2, 25), so the photoconversion to the batho state is
still quite effective. This we take as supporting evidence for
the calculated structure with its significant pretwist of the
C11=C12 bond.

10me,13dm-RhodopsiAccording to the calculations, this
chromophore is already strongly twisted outside the binding
pocket; in the pocket, the twisting pattern of the polyene
chain is similar to that of the wild type, leading to a very

CONCLUSIONS

On the basis of the rhodopsin crystal structure, we have
calculated the conformations and optical properties of retinal
and of four retinal analogues in rhodopsin. We have
identified two constraints which determine the shape of the
chromophore inside the binding pocket. Fitting fh@®none
ring into its binding pocket at one end and forming the salt

similar value of the overall twist of the chromophore. Thus, Pridge at the other impose a distance constraint on the
the idea 22, 27) of reintroducing the strain into the chromophore, reducing the €816 distance in rhodopsin

chromophore of 13dm-rhodopsin, albeit at another position, oM 11.51 to 11.19 A. The second constraint is exerted
seems to work quite nicely. Unfortunately, there is wide through the counterion Glul13 and Lys296. With both of
divergence of the experimentally determined quantum ef- them positioned off the plane of the chromophore, their bonds
ficiencies of this rhodopsin mutant. So the question of to N16 exerta clockwise torque on the chromophore, leading
whether an efficient photoreaction needs not only the pretwist to the negative dihedral angle of the Gi€12 bond. These
of the chromophore but also the C13 methyl group must still constraints combined with a protein pocket adjusted to the
be considered to be unresolved. twisted chromophore conformation render the rhodopsin
10me-RhodopsinDirect experimental evidence for in- molecule exceedingly stable in the dark. Calculated optical
creased out-of-plane distortion of this chromophore has beenand chiroptical properties of the retinal analogues are in
obtained from internuclear distance measurements usinggeneral agreement with experimental data.
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