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Œµ²¥±Ê²Ö·´µ-¤¨´ ³¨Î¥¸±µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§ÊÎ¥´¨¥
§·¨É¥²Ó´µ£µ ¶¨£³¥´É  ·µ¤µ¶¸¨´ : ³´µ¦¥¸É¢¥´´µ¸ÉÓ ±µ´Ëµ·³ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨°
¨ ¸É·Ê±ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö

�  µ¸´µ¢¥ Œ„-³µ¤¥²¨·µ¢ ´¨Ö ¸ ¶µ³µÐÓÕ ¸Ê¶¥·±µ³¶ÓÕÉ¥·  ¨ ³ Ï¨´Ò ¸¶¥Í¨ ²¨§¨·µ¢ ´´µ£µ ´ -
§´ Î¥´¨Ö ®MDGRAPE-2¯ ¨¸¸²¥¤µ¢ ²¨¸Ó ¸É·Ê±ÉÊ·´Ò¥ ±µ´Ëµ·³ Í¨µ´´Ò¥ ¨§³¥´¥´¨Ö ¨ ¤¨´ ³¨Î¥¸±µ¥
¶µ¢¥¤¥´¨¥ ³µ²¥±Ê²Ò ·µ¤µ¶¸¨´ . ‚ÒÎ¨¸²¥´Ò RMSD (¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ µÉ±²µ´¥´¨Ö) ¸É·Ê±ÉÊ·Ò ·µ-
¤µ¶¸¨´  ¸ (11-cis) Ì·µ³µËµ·´Ò³ ·¥É¨´ ²¥³, ¶µ¸É·µ¥´  ³¨±·µ¸±µ¶¨Î¥¸± Ö ( Éµ³´µ-³µ²¥±Ê²Ö·´ Ö)
± ·É¨´  ¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ É.´. µ¡² ¸É¨ ®¡¥²±µ¢µ£µ ³¥Ï± ¯, µ±·Ê¦ ÕÐ¥£µ Ì·µ³µËµ·´Ò°
·¥É¨´ ²Ó, ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ³µ¡¨²Ó´µ¸É¨ ¸¶¨· ²¥° ·µ¤µ¶¸¨´  ¢ µ¡² ¸ÉÖÌ ¡¥É -¨µ´µ¢µ£µ ±µ²ÓÍ 
¨ Ï¨ËËµ¢µ£µ µ¸´µ¢ ´¨Ö. �¤´¨³ ¨§ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ³µ³¥´Éµ¢ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µÉ´µ¸¨É¥²Ó-
´Ò¥ µÉ±²µ´¥´¨Ö ¸¶¨· ²¥° ·µ¤µ¶¸¨´  ±µ··¥²¨·ÊÕÉ ¸ ¢· Ð É¥²Ó´µ° É· ´¸Ëµ·³ Í¨¥° ·¥É¨´ ²Ó´µ£µ
Ì·µ³µËµ· , ÉµÎ´¥¥, ¸ ¢· Ð¥´¨¥³ ¡¥É -¨µ´µ¢µ£µ ±µ²ÓÍ  ¢´ÊÉ·¨ ¸¢Ö§ÊÕÐ¥£µ ¶ ±¥É  ·µ¤µ¶¸¨´  (®¡¥²-
±µ¢µ£µ ³¥Ï± ¯). ‘ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¶¥·¢¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ËµÉµ²¨§  ·µ¤µ¶¸¨´  ¨¸¶µ²Ó§µ¢ ² ¸Ó ´¨§-
±µÉ¥³¶¥· ÉÊ·´ Ö  ¡¸µ·¡Í¨µ´´ Ö ¸¶¥±É·µ¸±µ¶¨Ö. ‘É·Ê±ÉÊ·´Ò¥ ¨ ±µ´Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ·µ¤µ-
¶¸¨´ , ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥ · ¸Î¥Éµ¢ ³µ¤¥²¨·µ¢ ´¨Ö ¨ Ô±¸¶¥·¨³¥´É , Ê± §Ò¢ ÕÉ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥
³´µ¦¥¸É¢¥´´ÒÌ ±µ´Ëµ·³ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° ·¥É¨´ ²Ó´µ£µ Ì·µ³µËµ·  ¢´ÊÉ·¨ ·µ¤µ¶¸¨´ . �¸´µ¢-
´Ò³¨ ¢Ò¢µ¤ ³¨ ¨§ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ Œ„-³µ¤¥²¨·µ¢ ´¨Ö ¨ ¸¶¥±É· ²Ó´ÒÌ  ´ ²¨§µ¢ Ö¢²ÖÕÉ¸Ö:
1) ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥, ¶·¥¤¶µÎÉ¨³µ¥, ¸µ¸ÉµÖ´¨¥ Ì·µ³µËµ·  (11-cis ·¥É¨´ ²Ó) µ¶·¥¤¥²Ö¥É¸Ö ¡¥²±µ-
¢Ò³ µ±·Ê¦¥´¨¥³; 2) ¡¥²±µ¢µ¥ µ±·Ê¦¥´¨¥ ¨§³¥´Ö¥É ±µ´Ëµ·³ Í¨Õ Ì·µ³µËµ·´µ£µ ·¥É¨´ ²Ö.
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Kholmurodov Kh. T. et al. E19-2005-20
Molecular Dynamics Simulation and Experimental Studies on the
Visual Pigment Rhodopsin: Multiple Conformational States and
Structural Changes

Based on the MD simulations with a supercomputer and the special-purposes MDGRAPE-2 machine
we have performed 3-ns MD calculations on the rhodopsin molecule and presented the structure analysis
data for its dark-adapted state. We have fulˇlled the RMSD (root-mean-square deviation) and structural
analysis for the rhodopsin (with 11-cis retinal), generated the pictures of the atomic-scale processes for
the binding pocket, surrounding the chromophore retinal, and compared the helical deviations for the beta-
ionone ring and Schiff base linkage regions of the protein. The most remarkable point of our observations
is that the rhodopsin helical distortions in the dark state are accompanied with the transformation of the
retinal chromophore, viz. with the rotation of the beta-ionone ring inside the protein binding pocket.

The low-temperature absorption spectroscopy technique has been used to study the primary stages
of rhodopsin photolysis. The structural transformation properties of rhodopsin were discussed in due
course of the simulations and experimental observations. It is proposed that the appearance of more than
one intermediate at each stage of rhodopsin photolysis re�ects the existence of multiple conformational
states of the retinal chromophore in rhodopsin molecule in the dark-adapted state. As a summary of
our observations we suggest that the conformational dynamics of the opsin helices determines the most
probable chromophore (11-cis retinal) conˇguration, so that a favorable retinal conformation has to be
adjusted by the protein surroundings.

The investigation has been performed at the Veksler and Baldin Laboratory of High Energies, JINR.
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INTRODUCTION

Visual pigment rhodopsin is the only light-sensitive protein in the disk mem-
brane of the rod outer segment. This molecule belongs to a seven transmembrane
helical protein receptor, known as G-protein-coupled receptors family. In Fig. 1
the ribbon structures of rhodopsin with retinal chromophore (twin structure model)
are shown.

Fig. 1. Ribbon structure of the rhodopsin with the retinal chromophores: the retinal polyene
chains are drawn by balls. The twin structure model (left Å chain A; right Å chain B) was
constructed using a reˇned crystal structure of the rhodopsin (PDB entry 1HZX; Teller et
al., 2001; Palczewski et al., 2000)

Rhodopsin consists of 11-cis retinal chromophore and protein opsin. 11-cis
retinal covalently binds to the protein through a protonated Schiff base linkage,
namely to the ε-amino group of Lys-296 in the center of the helix VII (see Fig. 2,
and Ref. [2]).
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Fig. 2. Primary structure diagram with the positions of helices IÄVII (from left to right) of
rhodopsin protein is shown (Ovchinnikov et al., 1982; Teller et al., 2001; Palczewski et al.,
2000)

Light isomerizes the 11-cis retinal to its all-trans form, that is followed
by series of protein conformational changes. Rhodopsin is transformed into its
activated state, which interacts with G-protein and initiates an enzyme cascade
leading to the visual transduction. Finally, the all-trans retinal moves from the
opsin chromophore site. This process is known as rhodopsin photolysis.

Spectroscopic methods have been extensively applied to the study the re-
actions following rhodopsin light excitation (see Fig. 3 for a schematic repre-
sentation). One way to characterize the intermediates is to trap them at low
temperatures [2, 3]. This approach led to the classical bleaching scheme (max
values in nanometers):

rhodopsin (Rh) (498) → bathorhodopsin (Batho) (542) →
lumirhodopsin (Lumi) (497) → metarhodopsin I (Meta I) (480) →

metarhodopsin II (Meta II) (380).
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Fig. 3. Photocycle of rhodopsin with spectroscopically detected intermediates. (From:
Ernst O. P. and Bartl F. J. Active state of Rhodopsin. Chem. Bio. Chem. 2002. V. 3.
P. 968Ä974)

Time-resolved spectroscopy of rhodopsin with femtosecond resolution had
allowed identifying the new ˇrst product of rhodopsin photolysis, namely pho-
torhodopsin (PhotoRh) (max 585) [4, 5, 6]. Other time-resolved measurements,
of up to 1 ms duration, reveal a new intermediate, called blue-shifted intermedi-
ate (BSI) [1]. The following reaction scheme was proposed and today is under
consideration:

Rh (498) → PhotoRh (585) → Batho (542) ←→ BSI (477) → Lumi (497)→
Meta I (480) → Meta II (380)

Recently resolved crystal structure of rhodopsin provides detailed structural
information on the interactions between the retinal chromophore and its sur-
rounding residues [7]. These data became a basis for the Molecular Dynamics
Simulations to calculate the rhodopsin dark-adapted state as well as the possible
pathways and structures of intermediates after rhodopsin photoexcitation.

The correlation of rhodopsin conformational dynamics and activation process
of rhodopsin at later stages are the most challenging targets for computer mole-
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cular simulations. The relative movement of the rhodopsin helices, for exam-
ple, could be a part of the rhodopsin light-activated photocycle [34, 43]. The
experiments revealed that a relative movement of the rhodopsin helices (for ex-
ample, a movement of helix VI relative to other helices) plays a key role in
the rhodopsin activation [59, 60]. This evidently motivates the extremely time
consuming atomic modeling of rhodopsin. It has been considered that large-
scale motion of rhodopsin protein may be a common dynamical motion for other
alpha-helical G-protein receptors [34, 61].

In today's molecular modeling, rhodopsin conformation and its photo-induced
isomerization were mostly studied by the conventional and quantum-mechanical
molecular dynamics (MD and ab initio QM/MM) methods [34, 40Ä43]. Although
the ab initio QM provides a basic insight into the mechanisms of the rhodopsin
conformation changes, the actual reaction paths can deviate due to thermal �uc-
tuations, reaction excess energies, etc. Through the MD simulation, on the other
hand, the characteristic of the incoherent kinetic and dynamics can be captured
directly [43]. Consequently, conventional MD method represents itself as a more
adequate approach for providing a detailed picture of the atomic-scale processes
of rhodopsin conformation. Many of the recent MD simulations were aimed
to describe rhodopsin isomerization process and its conformational relaxation
steps [40, 42, 43]. In [43], for example, MD simulations were performed on
the rhodopsin protein embedded in a lipid bilayer and water environment. The
retinal chain was isomerized around C11 = C12 double bond, changing its confor-
mation from 11-cis to all-trans, in accordance to the experimental observations
[44Ä49]. It is worth noting, however, that the nature of non-reaction transforma-
tion, molecular mechanisms or conformational changes of rhodopsin protein is
still unknown. The dynamics of rhodopsin conformation, its photoisomerization
processes or transition states may essentially be in�uenced by the environmental
conditions (opsin + solvent) [38, 41].

In Figure 4 the schematic diagrams of the retinal binding pocket for the
rhodopsin protein are presented. It is worth noting that the analysis of the elec-
tron density data on the 11-cis-retinal chromophore and trans-membrane helices
[30, 36] provides some preliminary picture of the intramolecular interactions
in the rhodopsin protein. The structural conformations of rhodopsin essentially
determine its function as a light-activated receptor.

The retinal binding site or salt bridges in rhodopsin are evidently correlate
with the activation mechanism of the protein. The rhodopsin activation is asso-
ciated, for example, with a shift of the relative orientation of helices III and VI
[34, 43]. The Schiff base group and Glu-113 binding stabilize the connection be-
tween helices III and VII, the disruption of this binding site activates of rhodopsin
at the absence of a retinal chromophore. In later stages of rhodopsin photoly-
sis (META-I and META-II intermediates) the major conformational changes of
rhodopsin are occured.
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Fig. 4. The schematic diagrams of a retinal binding pocket in the rhodopsin structure are
shown. The chromophore retinal chain and Schiff base linkage are drawn by balls. The
position of beta-ionone ring of the retinal polyene chain is left-hand side

However, many uncertainties regarding the pathways of the rhodopsin con-
formation after photoexcitation still remain. Actually the current scheme of
rhodopsin photolysis is that as it is represented above. Nevertheless, some
papers discuss the existence of two or even three forms of rhodopsin inter-
mediates on each stage of photolysis [8Ä12]. By other words, a multiple con-
formational state of visual pigment rhodopsin on different stages of its photol-
ysis is quite possible to exist. The recent NMR spectroscopic data and Density
functional theory calculations had shown the existence of two conformational
forms of beta-ionone ring relative to the chromophore (6-s-cis-11-cis-retinal and
6-s-trans-11-cis-retinal), which populate protein pocket in the native dark state of
rhodopsin [13,14]. Perhaps, the above conformational states may generate differ-
ent interactions with rhodopsin helices, leading to multiple intermediate states on
each stage of rhodopsin photolysis. Thus, we had applied a complex approach to
investigate the primary stages of rhodopsin photolysis, using a low-temperature
technique and the rhodopsin dark-adapted state through the Molecular Dynamics
Simulations.

1. MD SIMULATIONS ON RHODOPSIN STRUCTURAL
CONFORMATION

Simulation Details

We simulated the bovine rhodopsin in the dark-adapted state. The dynam-
ics of rhodopsin conformation for dark-adapted state we examined through the
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considerations: 1) rhodopsin without retinal; 2) rhodopsin with 11-cis retinal. A
molecular model was constructed from the reˇned rhodopsin crystal structure as
is shown in Fig. 1. In the MD simulations we use only one chain (molecule A)
from the possible twin structure [36,37]. The missing amino acids 236Ä240 and
331Ä333 were inserted using the MOE software package for biomolecular simu-
lations [62]. The molecular mechanics (MM) and MD simulations on rhodopsin
were performed with an explicit water solvent (see Fig. 5). Two set of MD simu-
lations (viz. cutoff and no cutoff calculations) were performed with the program
package AMBER [28,63].

Fig. 5. The equilibrium conˇguration of rhodopsin protein is shown. The molecular
mechanics and molecular dynamics simulations of rhodopsin were performed with a water
solvent (the solvent TIP3P water molecules are drawn by small balls)

We have used the program package AMBER 5.0 (Parm94, cutoff method)
[63] and modiˇed version of AMBER 7.0 (Parm96, no cutoff method) for a
special-purpose computer MDGRAPE-2 [64Ä66]. The all-atom force ˇeld of
Cornell et al. [67] was used in the MD simulations. A system was solvated with
TIP3P molecules [68] generated in a spherical (non-periodic) water bath. The
system temperature was kept constant by using the Berendsen algorithm with
coupling time of 0.2 ps [69]. Only bond lengths involving hydrogen atoms were
constrained using the SHAKE method [70]. The cutoff distance of non-bonded
interactions was 14 �A; for the MDGRAPE-2 all interactions were calculated. The
integration time step in the MD simulations was 1 fs and the rhodopsin dynamics
was studied for the 3·106 steps (3-ns state). The simulation procedures were
the same in all calculations [50, 51]. Firstly, for each system a potential energy
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minimization was performed on an initial state. Next, the MD simulation was
performed on the energy-minimized states. The temperatures of the considered
systems were gradually heated to 300 K for and then kept at 300 K for the next
3 million time steps. The trajectories at 300 K for 3 ns were compared and
studied in detail. The result of simulations and images of simulated proteins were
analyzed by RasMol [71] and MOLMOL [72] packages.

Simulation Results

Rhodopsin without Retinal. In this consideration all kinds of interactions inside
the rhodopsin pocket and the solvent environment for the chromophore retinal
were neglected. Firstly, we present the results for the rhodopsin RMSD (root-
mean-square displacement) changes. In Figs. 6 and 7 the RMSD for a total
rhodopsin structure domain and for each of helices IÄVII are shown.

Fig. 6. The RMSD for the rhodopsin total structure is shown

The RMSD values were evaluated for only the backbone atoms of the helices.
The RMSD of the total rhodopsin structure, as is seen from Fig. 6, has kept around
4.5 �A, indicating on a structural stability during 3.0-ns simulations. With regard to
a selected helix (Fig. 7) we observe a relative movement of helices; displacement
of the rhodopsin helices has different behavior. Helices I, III and V exhibit the
highest deviations from the reference structure.

In Fig. 8 the superposition of the representative structures is presented at 3-ns
state. Figure 8 shows the largest displacements from the reference structure for
helices III and V. The largest differences are seen in the cytoplasmic region of the
helices; the extracellular ends show slight movement. Some reported MD results
indicate, for example, the largest RMSDs for helices I, V and VI or helices IV,

7



Fig. 7. The RMSD values calculated for each of rhodopsin helices IÄVII are presented.
(Free retinal state, no interatomic interactions for the retinal chromophore have been
included). Helices I, III and V show the highest deviations from the reference structure

Fig. 8. The initial and ˇnal (3 ns) rhodopsin structures are shown (top). The superposition
of the representative structures are displayed (bottom). The largest displacement from the
reference structure is seen for helices III and V, respectively

V and VI [34,59,60]. It is worth noting that the spin-label experiments show the
movement of the cytoplasmic part for helices II, VI and VII [26,27,43,61].
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Rhodopsin with 11-cis Retinal. Next, we simulated the rhodopsin confor-
mation dynamics with the inclusion of the 11-cis retinal at the start of runs. In
Figs. 9 and 10 the RMSD results for the rhodopsin total structure domain and for
each rhodopsin helices are presented.

Fig. 9. The RMSD (root-mean-square displacement) of the total rhodopsin structure is
shown. (The retinal in 11-cis conformation at the start of runs, all atomic interactions with
rhodopsin and solvent)

Fig. 10. The RMSD values calculated for each of helices IÄVII are presented. (The retinal
in 11-cis conformation at the start of runs, all atomic interactions in rhodopsin and solvent)

As is seen from Fig. 9, the inclusion of a small retinal chain into the whole
dynamics does not in�uence the RMSD for the total rhodopsin structure. The
RMSD during the 3-ns dynamics possesses the same average value of 4.5 �A,
comparing Figs. 9 and 6, and the RMSD has the same behavior as in the absence
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of the retinal chromophore. Nevertheless, with regard to a selected helix, the
inclusion of the retinal chromophore results for all the RMSD values to change.
From Fig. 10 the RMSD, separately estimated for each of helices, has clearly
different behavior between the rhodopsin with 11-cis retinal and rhodopsin without
retinal conˇgurations. The comparison of the RMSD values are straightforward
(see Fig. 10 and 7).

Rhodopsin Conformation in the Dark-Adapted State. In Fig. 11 four
sequential snapshots of the MD simulation are presented for rhodopsin ribbon
structure with a retinal chromophore. The dynamical changes of the retinal chain
inside the rhodopsin pocket are drawn separately with the balls.

Fig. 11. Four sequential snapshots of the MD simulation. The rhodopsin ribbon structure
and with retinal chromophore are shown (the dynamical change of the retinal chain is
separately presented by the balls). The retinal polyene chain slightly rotates inside the
rhodopsin pocket and it takes at ˇnal state (left picture, t = 2.4 ns) a position perpendicular
with regard to the initial state (right pictures, t = 0)

From Fig. 11 we observe the rhodopsin helical deviations for both structural
regions, viz., beta-ionone ring (left-hand side) and the Schiff base linkage (right-
hand side). In comparison to the initial state (right pictures) the visibly high
helical distortions have been seen at later stages (left pictures) within the frame
of the 3-ns period. It is remarkable to note that rhodopsin helical distortions, as is
seen from Fig. 11, have to be accompanied with a rotation of the beta-ionone ring.

In Fig. 12 the positions of the key amino acids within the binding pocket
surrounding the retinal chain are shown. As is seen from Fig. 12 the retinal
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Fig. 12. A schematic representation of the retinal binding pocket region is shown at the
initial (t = 0) and later (t = 2.4 ns) states. The positions of the key amino acids surrounding
the retinal chain are drawn within the binding pocket. The retinal chain slightly transforms
relative to the initial conformation

polyene chain during the dynamical changes inside the rhodopsin pocket has to
be transformed in the beta-ionone region. The beta-ionone ring of the retinal
chromophore at later stages (that is in the frame of 3-ns period) takes a position
perpendicular with regard to that at the initial state.

Rotational Changes of the Beta-Ionone Ring. Let us look at the details of
the atomistic pictures generated for rhodopsin and retinal conformation inside its
binding pocket. In Fig. 13 we present the calculated rhodopsin structures at the
initial and ˇnal (3 ns) states (shown from the cytoplasmic part).

In Fig. 13 we observe that the structural changes occur for all helices and in
both parts of the rhodopsin protein (viz., the Schiff base linkage Å right-hand
side, and beta-ionone ring Å left-hand side). The visibly signiˇcant conforma-

Fig. 13. The initial and ˇnal (t = 3 ns) rhodopsin ribbon structures are presented (views
are shown from the cytoplasmic side). The retinal chain is drawn by balls. The structure
of the beta-ionone ring in comparison with the initial state became more planar with regard
to helix III of the protein. At the ˇnal state helix VI reaches a closer position to the retinal
chromophore
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tional changes have been observed in the beta-ionone region. It is easy to see
that the beta-ionone ring in course of its dynamics takes a more planar form rel-
atively to helix III. Also helix VI in the ˇnal state reaches a more close position
to the retinal chromophore. To enlighten the mechanisms underlying these con-
formational changes, a number of dynamical movies for the rhodopsin + retinal
chromophore + water solvent were generated; the different structural positions
and views were compared. The structural observations are summarized in the
following three sets of the pictures (Figs. 14Ä16).

In Fig. 14 we see that the rotational changes of the beta-ionone region origi-
nate at the time of 0.3Ä0.4 ns from the start of the simulations (side view Å the

Fig. 14. The conformation of the retinal chain and positions of the key amino acids inside
the rhodopsin binding pocket are shown. The rotational changes of the beta-ionone region
originate at the interval 0.3Ä0.4 ns. Simultaneously within this temporal interval residue
Phe-261 changes its position in relation with the retinal chain to an opposite site. The
orientational change of the residue Phe-261 is seen to be accompanied with the rotation of
the beta-ionone region

same as in Fig. 11). Within this time interval we observe the orientational changes
of the amino acid residue Phe-261 (H-VI): this residue changes its position to an
opposite site of the retinal chain. From our simulation we have found that the
orientation of the residue Phe-261 occurs within a short interval (0.3Ä0.4 ns) and
this is clearly accompanied by the rotation of the beta-ionone ring.

Starting from this point (at 0.3Ä0.4 ns) the beta-ionone ring keeps its con-
formation almost planar with regards to helix III (until the end of simulations,
for about 2.6 million MD-time steps!). Thus, the Phe-261 orientational change
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may probably initiate the retinal conformation change inside its binding pocket.
However, in formation of the retinal conformation other amino acid residues or
atomic sites may be involved. It is worth noting that retinal binding pocket is
large and it is enough �exible to accommodate various chromophores.

In Fig. 15 we present a competition of the two amino acid residues (viz.
Phe-212 and Ala-269) to be accommodated around the beta-ionone region (view
from cytoplasmic part Å the same view as in Fig. 13). Until the temporal point

Fig. 15. The conformation of the retinal chain and key amino acid positions inside the
rhodopsin binding pocket are shown (view from the cytoplasmic part of rhodopsin protein,
the same as in Fig. 13). The positions of two amino acid residues, viz. Phe-212 and Ala-
269, are compared. With the rotational changes of the beta-ionone ring at the interval of
0.3Ä0.4 ns the residue Ala-269 takes a closer position to the retinal site than that Phe-212

of 0.3Ä0.4 ns (say, a key point for the rotation of the beta-ionone ring) residues
Phe-212 and Ala-269 are equidistantly positioned with regard to the polyene
part of the chromophore. As rotation of the beta-ionone ring happens residue
Ala-269 reaches a more close distance to the retinal (in beta-ionone region) than
that of Phe-212. This perhaps results in the total helix VI displacement (to which
the residue Ala-269 belongs) to be positioned closer to the chromophore retinal
(in beta-ionone part).

In Fig. 16 a summary of the structural changes of the only retinal chromophore
at different moments of time within 3-ns simulation is presented. The pictures
in Fig. 16 display the retinal conformations for the same structural positions as
described above (left Å side view, the same as in Figs. 11 and 14; right Å view
from the cytoplasmic part, the same as in Figs. 13 and 15).
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t � 3.0 ns
t 2.0 ns�

t 0.2 ns�

t 0�

t = 3.0 ns

t = 2.0 ns

t 0.2 ns�

t 0�

Fig. 16. The structural changes for the only retinal chromophore at the different moments
of time are presented. The pictures display the retinal conformations on the same structural
positions above (left Å side view, the same as in Figs. 11 and 14; right Å view from the
cytoplasmic part, the same as in Figs. 13 and 15)

The Details of the Rhodopsin Helical Movement. In this section we ana-
lyze rhodopsin conformation changes from the point of view of its interhelical
movement. With regards to the structural conformation, the inclusion of a small
retinal chain does not affect the RMSD average value. In other words, a small
retinal chromophore, inside the rhodopsin and the embedded solvent environment,
does not change the picture of atomic interactions. The RMSD, as is seen from
Fig. 17, for the total rhodopsin structure has almost the same average value for
both the rhodopsin with 11-cis retinal (solid line) and rhodopsin without retinal

Fig. 17. The RMSD evolutions of the total structure for the rhodopsin with 11-cis retinal
(solid curve) and rhodopsin without retinal (dotted curve)

(dotted line). From this comparison it is easy to observe that the RMSD in both
considerations have the same dynamical behaviors.
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It turns out that the inclusion of a retinal chromophore into the rhodopsin
dynamics results in essential interhelical movement and conformational changes.
Based on the RMSD analysis, we have estimated the helical changes for the
rhodopsin with 11-cis retinal and rhodopsin without retinal. We consider the
rhodopsin interhelical conformation in the following two regions: 1) the Schiff
base linkage and 2) the beta-ionone ring.

The Schiff Base Linkage Region. The Schiff base linkage region for the
retinal chromophore includes helices I, II and VII. In Figs. 18Ä20 the structural
conformations of these helices along with the retinal positions are displayed.

Fig. 18. The RMSD values of helix I (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

From Fig. 18 we observe that the RMSD for helix I (solid line for rhodopsin
with 11-cis retinal) follows a nonlinear dynamics. Starting with a monotonic
change at t = 0, the behavior of the RMSD becomes non-monotonic with time.
Its value jumps around the points t = 1.5 and 2.5 ns, indicating the temporal
distortion of this helix. As is seen in Fig. 18, the distance between helix I and
retinal chain (in polyene part) gradually increases. The rotational change of the

15



Helix II2

1

0 1000 2000 3000
t, ps

R
M

S
D

(A
)

�

Helix II

t 0� t 2.4 ns�

H-II

t � 0 t 3.0 ns�

H-II

Fig. 19. The RMSD values of helix II (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

beta-ionone ring is directed normally to the axes of helix I (bottom snapshot).
In Fig. 19 the comparison of the RMSD, the distance and the structures for
helix II, are displayed. Helix II for the rhodopsin with 11-cis retinal has a
higher deviation in comparison to the rhodopsin without retinal conˇguration.
The positions of helix II and the polyene retinal chain change monotonically and
the helical distortions are not so large. In Fig. 20 the comparison of the RMSD,
the distance and the structural conformations of helix VII display visibly high
deviations. To summarize the rhodopsin structural behavior in the Schiff base
linkage region, we conclude that the retinal inclusion causes in this part of the
protein the largest helical distortions. It is worth noting that all the rhodopsin
structural changes described above occur within the retinal 11-cis conˇguration.

The Beta-Ionone Ring Region. The beta-ionone region of the retinal
chromophore includes the rhodopsin helices IIIÄVI. The conformations of these
helices along with the position of the retinal chain (in beta-ionone region) are
presented in Figs. 21Ä24. For helix III (Fig. 21) the inclusion of the retinal
chromophore seems helpful to maintain its original shape. Comparison of the
RMSD (solid and dotted lines) shows that helix III does not deviate from its free
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Fig. 20. The RMSD values of helix VII (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

form (at the absence of the retinal). The dynamical orientation of the retinal chain
with time relatively to helix III becomes planar. Such a rotational change of the
retinal chain seems to play a role in the structural stabilization of the helix. For
helices IV and V (Figs. 22 and 23) the RMSD has greater values, if compared
to the free form (solid and dotted lines). The distances from these helices to the
retinal site (beta-ionone part) become shorter. In comparison to the initial state
helices IV and V accommodate in the beta-ionone region more close positions
to the retinal chromophore. In Fig. 24 the conformation behavior of helix VI
is shown. The RMSD of helix VI increases within a simulation time. The
increasing of the RMSD, however, does not accompanied with the distortion of
helix VI outside of the rhodopsin binding pocket. On the contrary, helix VI takes
a more close position to the beta-ionone ring of the retinal chain. To summarize,
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Fig. 21. The RMSD values of helix III (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

the rhodopsin conformation in the beta-ionone region has to be characterized by
less helical distortions than that in the Schiff base linkage region.

2. LOW-TEMPERATURE SPECTROSCOPY STUDIES OF RHODOPSIN

Spectral Measurements Procedures

Rhodopsin Preparation. All the procedures were performed under dim-red
light. Digitonin extracts of rhodopsin obtained from rod outer segments (ROS)
suspension of bovine retina have been used [15]. The purity of obtained suspen-
sion was equal A500 nm/280 nm = 2.0Ä2.1. The ROS suspension was solubilized
by 2% digitonin in Na+- phosphate buffer (0.1 M, pH 7.4) contained 1 mM
MgCl2, 0.1 mM ¥DTA and 0.1 M hydroxylamine. All samples contained 65% of
glycerol.
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Fig. 22. The RMSD values of helix IV (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

Spectral Measurements of Rhodopsin Transition at Ä155 ◦C and Above.
The rhodopsin samples were irradiated at Ä155 ◦C by blue light at a wavelength
of 436 nm as described in [12]. The sample was placed in a specially designed
quartz Dewar �ask [16]. Irradiation was performed with a DRSh-250 mercury
lamp, using Hg-436 and 10-cm water ˇlters. Steady-state absorption spectra were
measured using a Shimadzu UV-1601PC spectrophotometer (Japan).

Low-Temperature Spectroscopy Results. The rhodopsin was irradiated at
Ä155 ◦C by blue light of the wavelength of 436 nm. As is known, the bathorhodo-
psin is stable at this temperature [3]. As a result of irradiation the steady state
mixture of rhodopsin and bathorhodopsin is obtained. This mixture is contained
near 70% of product with all-trans retinal [11]. The next classical product of
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Fig. 23. The RMSD values of helix V (solid line Å rhodopsin with 11-cis retinal; dotted
line Å rhodopsin without retinal) are displayed along with the positions of the helix in
relation with the retinal chromophore (top snapshot Å the distance view; bottom Å view
from the cytoplasmic side)

rhodopsin photolysis lumirhodopsin is appeared after raising of temperature to
near Ä90 ◦C [17]. Both absolute and differential spectra that show this photocon-
version are presented in Fig. 25.

However, if we have increased the temperature very slow by step 1Ä3 ◦C
and recorded the spectra in the dark, we were able to observe during batho-
to lumirhodopsin transition a simultaneous appearance more than one spectral
products (Fig. 26). One can see a rise of absorption around 440 nm at temperature
between Ä155 and Ä145 ◦C (Fig. 26, top Å spectra 1Ä3; bottom Å spectra 1Ä4).
It cannot be lumirhodopsin, because absorption maximum of differential spectrum
of lumirhodopsin is situated around 475 nm (Fig. 25, bottom Å spectrum 2). We
will call this product as D440 (D means absorption maximum or minimum on
differential spectrum).

Also, one can see a decrease of absorption minimum around 520 nm in the
course of temperature rise. It means that an intermediate product with minimum
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Fig. 24. The RMSD values of the helix VI (solid line Å rhodopsin with 11-cis retinal;
dotted line Å rhodopsin without retinal) are displayed along with the positions of the helix
in relation with the retinal chromophore (top snapshot Å the distance view; bottom Å
view from the cytoplasmic side)

of absorption at 520 nm on the differential spectrum disappears. This D520 nm
product is not a bathorhodopsin, since its minimum of absorption on the differ-
ential spectrum situated at 555 nm (Fig 25, bottom Å spectrum 2). In fact, this
D520 nm product is a precursor of the other product with maximum of absorption
at 440 nm. Indeed, one can see the isobestique point at 460 nm in the course
of the D520 nm product transition to the D440 nm product. So, the existing of
isobestique point supports our point of view that the D440 nm product is formed
from the D520 nm product. Further temperature rise leads to formation of new
products as can be seen from the appearance of absorption bands on the differen-
tial spectra at 475 and 555 nm. We suppose that these changes re�ect the classical
transition from batho- to lumirhodopsin. One should stress that in this case (at
this higher temperature) the isobestique point is absent. It indicates again that the
batho- to lumirhodopsin transition is not direct but more complicate process.
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Fig. 25. Absorption spectra of rhodopsin and its photointermediates. a) Absolute ab-
sorption spectra. 1 Å dark rhodopsin at 22 ◦C; 2 Å dark rhodopsin at Ä155 ◦C; 3 Å
irradiated rhodopsin at Ä155 ◦C, 436 nm, 5 min (photostationary mixture of rhodopsin
and bathorhodopsin); 4 Å warmed photostationary mixture from Ä155 to Ä115 ◦C (sta-
tionary mixture of rhodopsin and lumirhodopsin). b) Difference spectra. 1 Å rhodopsin
to bathorhodopsin transition (a Å curve 3 minus curve 2); 2 Å bathorhodopsin to lu-
mirhodopsin transition (a Å curve 4 minus curve 3)

We can suppose that D520 → D440 and D555 → D475 transitions are occurred
actually simultaneously (in parallel), and the ˇrst one Å D520 → D440 is ahead
of the second one Å D555 → D475.

The differential spectra contain at temperatures from Ä110 ◦C and to higher
only one maximum at 475 nm and one minimum at 555 nm. The shapes of these
spectra become classical under such conditions. It described in literature as a
batho- to lumirhodopsin transition [3,17].

Based on the differential spectra analysis one can conclude that disappearance
of D520 and appearance of D440 is not actually bathorhodopsin → lumirhodopsin
transition (D555 → D475) or bathorhodopsin → BSI (D555 → D440). It is
observed the appearance more than one, at least two, photointermediates on these
early stages of rhodopsin photolysis. One can suggest the existence of parallel
ways of rhodopsin photolysis.

DISCUSSIONS

In the present work based on the MD simulation and spectral studies we have
investigated the rhodopsin dynamical behavior and conformation properties.

We have performed 3-ns MD simulations on the rhodopsin and presented the
structure analysis for the dark-adapted state. We have compared the dynamical
properties of the rhodopsin protein in the following considerations: 1) Rhodopsin
without retinal; 2) Rhodopsin with 11-cis retinal. In the former approach for the
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Fig. 26. Difference absorption spectra due to the thermal reaction of rhodopsin intermedi-
ates (after irradiation of rhodopsin at Ä155 ◦C, 436 nm, 5 min) are calculated by subtracting
the absolute absorption spectrum (Fig. 25, curve 3) recorded immediately after irradiation
from the spectra recorded at later times after the irradiation in the course of a slow rise
of temperature. a) Difference absorption spectra recorded in the temperature interval from
Ä155 to Ä115 ◦C (spectra 1Ä6). 1 Å at Ä155 ◦C in 5 min after irradiation; 2 Å at Ä145 ◦C
in 15 min after irradiation; 3 Å at Ä130 ◦C in 1 h after irradiation; 4 Å at Ä130 ◦C in 2 h
after irradiation; 5 Å at Ä120 ◦C in 3 h after irradiation; 6 Å at Ä115 ◦C in 3.5 h after
irradiation. b) Difference absorption spectra recorded in the temperature intervals from
Ä155 to Ä145 ◦C. 1 Å at Ä155 ◦C in 5 min after irradiation; 2 Å at Ä145 ◦C in 15 min
after irradiation; 3 Å at Ä145 ◦C in 20 min after irradiation; 4 Å at Ä145 ◦C in 25 min
after irradiation

retinal chromophore all kinds of interactions inside the rhodopsin pocket and with
water solvent were neglected. The analysis of the RMSD (root-mean-square de-
viation) and generated structure images for the rhodopsin (without retinal) show a
relative movement of rhodopsin helices, that possesses different behavior between
the helices. Helices III and V of the rhodopsin exhibit the highest deviations from
the reference structure. In the latter consideration for the rhodopsin (with 11-cis
retinal) we generated the pictures of the atomic-scale processes for the binding
pocket, surrounding the chromophore retinal, compared the helical deviations in
the beta-ionone ring and Schiff base linkage regions of the protein. We have ob-
served that the inclusion of small retinal chain into the whole rhodopsin dynamics
(+ solvent) does not affect the RMSD behavior of the total rhodopsin structure.
Within the 3-ns time step calculations the RMSD of the whole rhodopsin molecule
(11-cis retinal) possesses the same average value and behavior as in the absence
of the retinal chromophore. However, one should stress out that concerning a
selected rhodopsin helix, the inclusion of the retinal changes all RMSD values
and causes essential helical distortions.

The structural images were generated to display the conformation of each
of the rhodopsin helices. The detailed structural conˇgurations were separately
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estimated for the beta-ionone ring and Schiff base linkage regions of rhodopsin.
The Schiff base linkage region for the retinal chromophore includes helices I,
II and VII. The RMSD of helix I shows a nonlinear dynamics, indicating the
temporal distortion of the helix: the distance between helix I and the retinal chain
gradually increases. The temporal positions of helix II and the retinal chain show
that the helical distortion is not to be so large. The RMSD, distance and structural
data of helix VII indicate a visibly high deviation. The beta-ionone region of the
retinal chromophore involves helices IIIÄVI of the rhodopsin. The inclusion of
the retinal chromophore for helix III seems helpful to maintain its original shape.
The comparison of the RMSD with helix III shows that the helix does not deviate
as much as similar in the absence of the retinal. The orientation of the retinal
chain with regards to helix III became a clearly planar, and that this rotational
dynamics of the retinal chain probably plays an important role in the structural
stabilization of the helix. For helices IV and V the RMSD shows signiˇcantly
higher deviations, however the distances from these helices to the retinal site (in
beta-ionone region) seem to become shorter. In comparison with the initial state,
helices IV and V accommodate a more close positions relatively to the retinal
chromophore. The RMSD calculated for helix VI increases within a long period
of simulation time. The increasing of the RMSD, however, is not accompanied
by the helical distortion; on the contrary, helix VI accommodates a close position
to the retinal chain. It is worth noting that some reported MD results indicate the
largest RMSDs for helices I, V and VI or helices IV, V and VI [34,59,60]. The
spin-label experiments, for example, show the movement of the cytoplasmic part
for helices II, VI and VII [26,27,43,61].

It is remarkable that the rhodopsin helical distortions are accompanied by the
rearrangement of the retinal chromophore, viz. with a tuning of the beta-ionone
ring inside the protein binding pocket. From our simulation results we observed
that within a short interval (0.3Ä0.4 ns) the beta-ionone ring changes its orientation
along the retinal chain. It is worth noting that such reorientation, however,
does not occur for different parts of the retinal chromophore simultaneously.
In accordance to our RMSD data and generated animations (structure movies),
from the start of the above time interval the oscillation of a retinal methyl group
C20 could easily be distinguished as oscillation of a pendulum perpendicularly
to the polyene chain. That is the C20 methyl possesses a higher amplitude if
to compare the latter to other retinal groups. It seems that C20 methyl group
swings up the whole chromophore molecule, helping the chromophore to change
an arrangement in its local site and to reach a more favorable state. As the
retinal reorientation occurs the different groups of the retinal chain preserve their
oscillation peculiarities. One can easily observe the rotational type oscillations
of the methyl groups C19 and C20 around the polyene chain (as oscillation of
a pendulum), where C20 oscillates with a greater amplitude. At the same time,
the oscillation of these methyl groups are not synchronized. One can propose an
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assumption that these ocsillations may serve as a premise to or bringing to the
strongly twisted retinal chain in the central region, from C10 to C13 [19Ä23],
where this twist may be responsible for the initial ultrafast isomerization reaction.
Moreover, as have been reported in [24], after the retinal photoisomerization
large C20 rotation and translation toward H-V disrupt the interactions of H-V,
H-VI, and H-VII with the core of rhodopsin and lead to receptor activation [24].
It is very likely that for the rhodopsin dark-adapted state the large mobility of
C20 group, in comparison with the other chromophore fragments, may serve
as prerequisitive for a large C20 rotation in the excited-state rhodopsin. It is
obviously that such dynamical behavior of the retinal chromophore inside the
chromophore pocket has governed by the only protein surrounding.

It is worth to note that the experiments provide the data, for example, for the
position of the beta-ionone ring, and that it is mostly covered from the cytoplas-
mic side by the residues of helices III and VI (the residues Glu-122, Phe-261,
Trp-265) [30, 36]. Helix III provides many of the side chains for the binding
pocket (say, Glu-113, Gly-114, Ala-117, Thr-118, Gly-120, Gly-121) surround-
ing the retinal polyene chain. From the extracellular side the side chains of
Tyr-268 and Ile-189 determine the position of the C9-methyl of the retinylidene
group. Side chains from H-V and H-VI (residues Met-207, His-211, Phe-212
Tyr-268 and Ala-269) also surround the beta-ionone ring [36,52Ä54]. Moreover,
the retinal reorientation may initiate, on the other hand, the conformational re-
arrangement of the amino acid residues in the chromphore location site. From
our simulation results we observed that within a short interval (0.3Ä0.4 ns) the
beta-ionone ring changes its orientation in relation to the retinal chain. The beta-
ionone ring at later stages takes more planar position with respect to helix III of
the rhodopsin. Within this interval the amino acid residue Phe-261 simultaneously
changes its orientation relatively to the retinal chromophore. The beta-ionone ring
rotation changes the positions of two amino acid residues, Phe-212 and Ala-269.
Starting from 0.3Ä0.4 ns the residue Ala-269 accommodates closer position to the
chromophore retinal (in the beta-ionone site) than a key residue Phe-212 does.
Thus, our RMSD and other structural data conˇrm once more the importance of
the chromophore-protein interactions. At the same time, our results are indicating
on some molecular mechanisms of the protein and chromophore arrangement,
under which the rhodopsin molecule may have its function or will behave as
a highly sensitive sensor with the high quantum (about 0.65) and isomerization
speed (less 250 fs) [30,36,52Ä54].

Today the question about the truth retinal conˇguration in the chromophore
site is one of the most arguing and discussed one. Unfortunately, the experi-
mental structural (X-ray or NMR) data cannot provide an unique answer here.
Thus, at the present several theoretical and experimental works with contradictory
conclusions have to exist. For example, there have been several reported results
regarding on the beta-ionone ring conformation relatively to the retinal chain.
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Though it has been long assumed that the geometry is twisted 6-s-cis [21], a re-
cent NMR [18] spectroscopic study has cast doubts on this and proposed that the
conformation is derived from 6-s-trans instead. Moreover, it was discussed the
existence of two conformations of the beta-ionone ring simultaneously. Density
functional theory calculations in [14] assumed that protein pocket tolerates both
conformations, 6-s-cis and 6-s-trans, where 6-s-cis is a more stable conformer
than 6-s-trans and compound 3 : 1 equilibrium population at room temperature.
The experimental study conˇrmed this prediction [13]; the authors based of NMR
spectroscopic data concluded that the binding pocket is populated by two confor-
mational states. A minor component comprising about 26% and corresponding
possibly to a twisted 6-s-trans form and a major component which the authors
identify as the 6-s-cis conformer. Moreover, in [22] on the basis of the PM3-
SDCI calculations the authors suggest that 6-s-trans geometry is preferred in the
binding pocket under conditions when interactions with the protein environment
are included. In recent studies [23], starting with models built from the X-ray
data of the 2.6 �A structure [37] and their own of the 2.2 �A structure, QM/MM
MD simulations have been performed. The obtained result supports the 6-s-cis
form with substantial negative twist.

From our data presented above we also conclude that at the 3-ns MD calcu-
lated state 6-s-cis seems to be the most preferable conformer. At the same time
this conformational state of rhodopsin (with a nonplanar distorted and twisted
retinal) differs from that we have used [36] as initial state at the start of the MD
simulations. In this rhodopsin state we have a retinal with a planar structure, like
free 6-s-cis-11-cis-retinal conformation. In spite of the fact that our theoretical
calculations are only model, we can suppose that the initial conformational state
of the retinal can make a physiological sense. It is well known that the free retinal
in solution usually takes a similar to planar structure. Under physiological condi-
tions the retinal chromophore brought from pigment epithelium to the rhodopsin
molecule, during a regeneration process, in a structure like to planar. From our
simulation data we see that the rhodopsin helical distortions helping retinal to
be transformed into the nonplanar distorted or twisted conformation. Thus, from
our results we suppose that the initial 6-s-cis (like free retinal) transformation
requires some initial ®re-stabilization¯ time (say, 0.3Ä0.4 ns) to occur. During
this time interval the rhodopsin helical �uctuations push the retinal to be reori-
ented in a manner as described above. So, it is not excluded that the existence of
two states of rhodopsin molecule (characterized by two different conformational
states of the retinal chromophore) could be possible. These two different forms
of rhodopsin molecule may possess different spectral properties and behaviors
after the rhodopsin excitation.

Our simulation data described above are in good agreement with our exper-
imental studies on low-temperature spectroscopy of rhodopsin. Low-temperature
spectroscopy results allow one to presume that there are more than one interme-
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diate at each stage of rhodopsin photolysis. It is very possible that the rhodopsin
photolysis is not a linear process. Probably, there are parallel ways. The product
with maximum of absorption at 440 nm is similar to the product known as a blue-
shifted intermediate. It has been found in [1] that BSI is the intermediate, which
is formed from bathorhodopsin and transformed to lumirhodopsin. In our case, it
is clearly to see that this product is not formed from bathorhodopsin, but formed
from the product that is appeared simultaneously with classical bathorhodopsin.
It cannot be excluded that we have observed not one but two products on the
early stage of rhodopsin photolysis that is produced from the two forms of chro-
mophore conformation. In other words, one can proposed that there are multiple
conformational states of the native dark rhodopsin. This approach is based on our
simulation data and other data, concerning the conformation of the beta-ionone
ring relative to the chromophore.

NOTE. From our point of view the theoretical and experimental data, con-
cerning the existence of 6-s-trans-11-cis-retinal conˇguration in rhodopsin [13,
14, 18, 22], have to be considered as the subject for more detailed studies. On
the one hand, it was shown that the planar 6-s-trans conformation of the free
chromophore is energetically favored over the 6-s-cis conformation [25]. On the
other hand, the binding site is not tight sufˇciently [22], so this fact does not
provide enough argument to conclude which conformation is favorable. We have
also to remember that the retinal binding pocket is large and enough �exible to
accommodate a variety of chromophores [36,43]. Thus, it is very likely that there
is some possibility for the retinal rearrangement (say, from 6-s-cis to 6-s-trans
conˇguration) or for the retinal embedding to be located properly in the opsin site
in vivo. We consider the problems discussed above in today are open. Finally,
considering the rhodopsin molecule as a template for other G-protein-coupled
receptors (GPCRs) one could suppose that the retinal rearrangement inside the
protein binding pocket might be a common process. That is the protein surround-
ing for other GPRCs may possess the same feature as rhodopsin to adjust for a
related ligand or constitutive chain to take (like as chromophore retinal) the most
favorable conformation.
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