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Abstract: The interaction of the 11-cis-retinal chromophore with the surrounding amino acid residues in the chromophore center of the rhodopsin protein has been investigated for the Е181К mutant form using molecular dynamics simulation. A comparative analysis of the arrangement of the amino acid residues in the chromophore center has been performed
for both wild (native) and mutant rhodopsins. It is shown that for the Е181К mutant rhodopsin there is no proper binding
of 11-cis-retinal with the surrounding amino acid residues. The distortion of the conformation states in the mutant rhodopsin molecule takes place in both the chromophore center and cytoplasmic domain. Our simulations suggest that a stable
covalent linkage of 11-cis-retinal with the protein part (viz. opsin) of the rhodopsin molecule will not form. This, on the
other hand, implies that the protein’s active site in the cytoplasmic domain, which is responsible for the G-protein binding
(so-called transducin), may not be completely blocked.
Based on our molecular simulation data, we discuss the possible correlation between retinitis pigmentosa pathogenesis
and the structural and functional properties of the rhodopsin protein.
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INTRODUCTION
Rhodopsin is a typical member of the G-protein-coupled
receptor family [1]. This visual pigment is the only lightsensitive protein in the rod outer segment photoreceptor
membrane. It consists of the chromophore, 11-cis-retinal,
and seven-helical membrane protein, opsin. 11-cis-retinal
covalently binds to the protein through a protonated Schiff
base (PSB) linkage to the ε-amino group of Lys296 [2]. In
the dark-adapted state of rhodopsin, this PSB linkage is sufficiently stable. Light absorption initiates 11-cis-retinal
isomerization, and then, rhodopsin photolysis. At the last
stage of rhodopsin photoconversion, the transduction process
is initiated. Finally, the disruption of the Schiff base linkage
and removal of all-trans-retinal from the chromophore site of
the protein moiety take place [3].
Amino acid substitution in the rhodopsin molecule during
its biosynthesis leads to clinical pathology: the autosomal
dominant form of retinitis pigmentosa (ADRP) [4–6]. Retinitis pigmentosa is an inherited degenerative disease of the
retina characterized by progressive photoreceptor
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degeneration, night blindness, visual field constriction, and
electroretinographic abnormalities, with rods affected earlier
than cones [7]. Approximately 25% of ADRP is associated
with the rhodopsin gene mutation RP4(RHO)/Rhodopsin(3q). More than 100 mutations of this visual pigment are
known. These mutations are found in all the three rhodopsin
domains (intradiscal, transmembrane, and cytoplasmic).
Amino acid substitution in the chromophore center of
rhodopsin leads to the most clinically distinctive ADRP.
These kinds of mutant forms belong to the II class of
rhodopsin mutations, in which a stable PSB linkage cannot
be generated and a stable molecule of the visual pigment
cannot be formed [8, 9]. Mutations like these result in protein misfolding. Such visual pigment has a nonspecific activity [10, 11]. For example, the point mutations of Lys296,
Glu113 or Glu181 lead to the permanent activity of the protein in vitro. In other words, rhodopsin is able to bind transducin in the absence of light and chromophore. This nonspecific activity in the dark could result not only in ADRP, but
also other degenerative retinal diseases [12, 13].
Despite the fact that the genetic, biochemical, and biophysical studies of the rhodopsin mutant forms responsible
for ADRP have been performed very intensely, the molecular mechanism of this pathology is not yet clear. Currently,
there is no therapy that would stop RP evolution or restore
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the vision, so the visual prognosis is poor. Thus, understanding the molecular mechanisms of retinal degeneration caused
by the above minimal structural changes in the photoreceptor
has consequently become an aim of modern research.
In this work, we have used a non-traditional approach to
investigate the initial stage of abnormalities in the visual
processes caused by mutations in the rhodopsin molecule.
The molecular dynamics simulation method has been applied
to study protein misfolding as the consequence of mutations
in the chromophore center of the rhodopsin molecule. We
have analyzed the molecular dynamics of rhodopsin with the
Е181К point mutation to understand the molecular mechanisms of the origins of retinal degeneration and retinitis pigmentosa.
MATERIALS AND METHODS
The dynamics of conformational changes in rhodopsin
was calculated for three states: (1) rhodopsin containing no
chromophore groups, i.e., free opsin; (2) wild rhodopsin with
11-cis-retinal; and (3) the rhodopsin mutant form E181K
with 11-cis-retinal.
The initial configuration of the visual pigment was chosen by analogy with other reported computer simulation
studies [14]. The rhodopsin molecule from the rhodopsin
dimer model was used (PDB file 1HZX, chain A) [15]. To
obtain free opsin, 11-cis-retinal was excluded from the initial
rhodopsin molecule by computer manipulation; also, Glu181
was substituted by Lys181 in initial rhodopsin for obtaining
the E181K mutant form.
Since the initial configuration of the molecule was incomplete (some parts of the PDB file were empty), preliminary calculations were carried out to determine the complete
tertiary structure of the rhodopsin molecule before the simulations. Based on the primary rhodopsin structure [2], we
found and minimized the missing fragments of amino-acid
sequences 236–240 and 331–333, which had been embedded
in the initial structure (PDB file 1HZX, chain A), using the
MOE software package for computer simulations of biomolecules [16]. After that, the entire 1HZX molecule was
minimized with missing fragments already embedded.
The next simulation stage involved a molecularmechanical calculation of the molecule energy minimum and
heating of the system from the crystalline state at T = 0 K to
the physiological temperature of T = 300 K. The molecule
structure that would correspond to the minimum energy at T
= 300 K was searched for with very slow heating by about
20-degree steps in order to avoid strong system “oscillations” during the “heating”. After the system had been
brought to T = 300 K, it took a few thousand “steps” (50–70
ps) for it to reach the equilibrium state with the minimum
energy at this constant temperature. In fact, it is this equilibrium state with the minimum invariable energy of the system
as a whole where the simulation process started. The moment of the simulation start was defined as the zero time.
The system temperature was kept constant (300 K) for
three million steps using the Berendsen algorithm with a
thermostat relaxation time of 0.2 ps [17]. An integration step
of 1 fs was chosen for Newtonian motion equations; thus, the
total simulation time amounted to 3000 ps.
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The simulation of rhodopsin was carried out in an aqueous solution by means of AMBER 5.0 (Parm94) software
package [18–20] and its modified version AMBER 7.0
(Parm96) for the MDGRAPE-2 special-purpose computer
[21, 22].
The solvation of the system was done using the solvation
procedure of the TIP3P water model in a specified spherical
space [23].
The lengths of the bonds involving only hydrogen atoms
were calculated using the standard SHAKE method [24].
All atomic interactions and trajectories were calculated
and the entire rhodopsin molecule structure was determined.
Simulations employed the Cornell atomic power field
method [25]. The energy state of the system or the total interaction potential corresponded to the equilibrium state of
the system, where the attraction forces were equilibrated by
the repulsion forces. Different types of interaction that contribute to the stabilization of the biomacromolecule structure
were taken into account:
U(r) =Σ Kr (r - req)2 is the potential of the intramolecular (valence) bonds;
+ Σ Kθ (θ-θeq)2 is the potential of the angular bonds (rotations);
K

+ Σ  (1 + cos[nφ-γ]) is the potential of the dihedral (torsion) rotations;
A ij

B ij

ri j 1 2

ri j 6

+Σ[
] is the potential of the nonvalence (van der
Waals) interactions;
+Σ

qi q j

is the electrostatic potential.

erij
The computation of the interatomic distances d with the
coordinates of individual atoms i and j is presented in this
work at specified time t:
D1(x1,y1,z1)=D1(r1),
2

D2(x2,y2,z2)=D2(r2),
2

= (x 2 -x1 ) +(y 2 -y1 ) +(z 2 -z1 )

2

and,

d

= |r2-r1|,

In other words, r1 and r2 are the spatial position vectors of
atoms i and j, respectively, at a given time t (in the time
range from t = 0 to t = 3000 ps).
RESULTS
We have performed molecular dynamics simulation of
wild dark-adapted rhodopsin, free opsin, and the E181K mutant form. We have carried out a comparative analysis of
amino acid residue arrangement in the PSB linkage area in
all analyzed molecules.
Earlier we calculated the molecular dynamics of 11-cisretinal and protein part of the visual pigment. It was found
that the behavior of 11-cis-retinal correlates with both the
displacements of the amino acid residues in the chromophore
center and the structural deformations in the rhodopsin cytoplasmic domain, which is far enough from the chromophore
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center [26]. So we have performed the molecular dynamics
simulation of amino acid residues not only in the chromophore center, but also in the rhodopsin cytoplasmic domain.
It should be stressed out after the total molecular system
(opsin+11-cis-retinal+water solvent) reach a relaxed state the
11-cis-retinal rearrangement has to occur at 0.4 ns. The time
of 0.4 ns (viz., 400000 time steps) perhaps characterizes an
adaptation time for the 11-cis-retinal inside the chromophore
pocket and determines all subsequent events of rhodopin
conformation. We have observed [26, 27] that the betaionone ring of the 11-cis-retinal begun to rotate with regard
to the polyene chain axis to approximately 65º. This “twisting degree” we have calculated by comparing all the rotational torsion angles of all methyl groups C16-C20 of the 11cis-retinal within the 3-ns dynamical changes. By other
words, a “twisted” distorted chromophore configuration inside of rhodopsin binding pocket characterizes the differences between the original (crystal) and relaxed (liquid) of
the rhodopsin protein thereby making a physiological sense
[28]. It is also known that in the dark-adapted visual pigment, the chromophore, as an ligand antagonist, stabilizes
the dynamics of α-helix H-VI, restricts its mobility, and prevents spontaneous activation of rhodopsin due to strong electrostatic interactions with Trp265 [3, 15, 29]. It follows from
our model that not only Trp265 but also Tyr268 and Leu266
participate in the prevention of spontaneous activation of
rhodopsin [26, 27].
t= O.
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The Interaction of 11-cis-retinal and Amino Acid Residues Glu113, Glu181, and Ser186 in the Region of the
Protonated SCHIFF Base Linkage
The Wild Form of Rhodopsin
We have analyzed the molecular dynamics of the amino
acid residues Glu113, Glu181, and Ser186, which take part
in the stabilization of the PSB linkage in the rhodopsin
molecule.
It is well known that Glu113 is the counter-ion of the
PSB [30, 31]. The ionic bond (the salt bridge) between these
groups stabilizes the interaction of α-helices H-III and HVII. The disruption of this interaction can result in rhodopsin
activation, i.e., rhodopsin becomes able to initiate transduction [32]. According to our calculations, the PSB linkage
stabilization mechanism is rather complicated [33]. In these
theoretical calculations, we have carried out a comparative
analysis of the molecular dynamics of Glu113 in rhodopsin
and in its apoprotein, free opsin. We have obtained unexpected results.
At the initial moment of modelling (t=0), the shortest
distance between the N atom of the Lys296 -amino group
and the O atoms of the Glu113 carboxy group in free opsin is
~3 Å (Fig. 1a). However, this distance increases to 5.5 Å
after 1500 ps modelling. Up to the end of modelling (t=3 ns),
the distances between different atoms of the Lys296 -amino
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Fig. (1). Diagram of interatomic distances (D) between different atoms of Glu113 and the ε-amino group N atom in Lys296, and the molecular dynamics of Glu113 and Lys296 in free opsin (rhodopsin without the chromophore group) in the initial (t=0) and final (t=3ns) moments
of modeling. The C, O, N, and H atoms are shown as grey, red, blue, and white spheres (a). Interatomic distances (D) between different atoms of Glu113 and the protonated Schiff base N atom (NSh), and the molecular dynamics of Glu113 and Lys296 in rhodopsin at the initial
(t=0) and final (t=3ns) moments of modeling (b).
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group and Glu113 did not change. Although these amino
acid residues are oppositely charged, they are not attracted to
each other, as could be expected, but conversely, move away
from each other.
The presence of the chromophore group, 11-cis-retinal, in
rhodopsin changes substantially the molecular dynamics of
Glu113 with respect to Lys296 (Fig. 1b). Initially, the distance between the O atoms of the Glu113 carboxy group and
the N atom of the PSB is ~5 Å (t=0) rather than 3.3 Å, as in
the rhodopsin crystal according to X-ray diffraction data
[15]. After 600 ps modelling, this distance increases by 1.5
Å. The C and N atoms of the Glu113 amino acid residue that
are involved in the formation of the peptide bond approach
the N atom of the Schiff base by ~1.5 Å. This means that the
negatively charged carboxy group of Glu113 moves away
from the C=N bond of the Schiff base, while the α-helix HIII approaches this bond.
We have also analyzed the molecular dynamics of
Glu181 and Ser186 amino acid residues because they are
supposed to participate in the complicate molecular mechanism of PSB stabilization in rhodopsin. It was shown earlier
that Glu181 becomes the counter-ion for the PSB after the
formation of metarhodopsin I upon proton transfer from it to
Glu113 through the system of hydrogen bonds involving
Ser186 and water molecules [34].
The Glu181 position with respect to 11-cis-retinal remains almost unchanged on the time scale of the computer
experiment. The distance between the carboxy group of
Glu181 and the N atom of the PSB is ~6 Å (Fig. 2a; Fig. 3a),
which coincides with X-ray diffraction data [15].
From a three-dimensional image of our model, we have
seen that the oxygen (ОЕ2) atoms of the carboxy groups of
Glu113, Glu181, and the N atom of PSB form a triangle in
which Ser186 (more precisely, its hydroxy group) is located
in the segment connecting Glu181 and the N atom. We have

a

Glu181

analyzed the dynamics of Ser186. It was found that the O
atom of the Ser186 hydroxy group is located at the same
distance from the O atom of the Glu181 carboxy group as the
N atom of the PSB group. This distance is ~3 Å (Fig. 3b and
c). Presumably, a strong hydrogen bond is actually formed
between Glu181 and PSB via Ser186. Thus, according to our
model, Glu181 and Ser186 could make a greater contribution
to PSB stabilization than Glu113 (Fig. 3a-f; Fig. 4a).
In the case of opsin, where there is no 11-cis-retinal, a
hydrogen bond is not formed between Glu181 and Lys296
via Ser186. Moreover, Ser186 moves from Glu181 towards
Glu113 (Fig. 4b), which undoubtedly points to rhodopsin
photolysis. As light quantum is absorbed and, as a consequence, electron density redistribution in the isomerized retinal takes place [35], the electrostatic interactions of the
chromophore with the protein environment are disturbed. 11cis-retinal photoisomerization to the all-trans-configuration
initiates the conformational rearrangement of the nearest
amino acid residues in the chromophore centre following the
disruption of the hydrogen bond between Glu181 and
Ser186. As a result, Ser186 is looking for another participant
to form the hydrogen bond. Glu113 is the best candidate as a
proton acceptor. However, in this case, the strong hydrogen
bond cannot be generated (we suppose that the minimal distance between PSB and Ser186 increases from 3 Å to 5 Å),
proton from PSB can move through Ser186 to Glu113, and
Schiff base linkage is hydrolyzed. Then, the phototransduction processes at the metarhodopsin II stage of photolysis are
initiated in the photoreceptor cell, and the all-trans-retinal is
removed from the protein.
Thus, our theoretical calculations allow us to suggest that
Glu181 through Ser186 stabilize the PSB linkage in rhodopsin. Ser186 serves as a switch in the molecular mechanism
which regulates PSB linkage stability. Glu113 is likely to
serve in this mechanism as a proton acceptor, and then, a
stabilizing factor.
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Fig. (2). Molecular dynamics simulation of the amino acid residues Glu113, Glu181(Lys181), and Ser186 near protonated Schiff base linkage ((+)NPSB) in wild rhodopsin (a) and in the E181K mutant form of rhodopsin (b). The time of simulations is 3 ns.
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Fig. (3). Interatomic distances (D) between different atoms of Glu181 and the PSB nitrogen (a), Ser186 and the PSB nitrogen (b), Glu181
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The E181K Mutant Form of Rhodopsin
We have performed theoretical calculations on the
E181K mutant form of rhodopsin. A molecular dynamics
simulation has shown that the absence of Glu in position 181
leads to Ser186 replacement (Fig. 2b). It moves towards
Glu113 as in the case of free opsin without 11-cis-retinal
(Fig. 4b). We suggest that the weak hydrogen bond between
the N atom of PSB and Glu113 is generated via Ser186. So,
in the E181K mutant rhodopsin, a PSB proton can easily
break away, promoting Schiff base hydrolysis. In other
words, the PSB linkage is becoming unstable. It leads to the

impairment of the native visual pigment formation and, as a
result, to the initiation of photoreceptor cell pathology.
Molecular Dynamics Simulation of the Amino Acid Residues Ser334 and Ala241 in Wild and Mutant Forms of
Rhodopsin
The Wild Form of Rhodopsin
It is known that amino acid residues Ser334 and Ala241
are located at the coupling place of the G-protein transducin
[36,37]. In dark-adapted rhodopsin, this centre is not avail-
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able to transducin. After rhodopsin photoactivation, it becomes available to transducin.

in opsin initiates these conformational rearrangements of the
cytoplasmic loops.

Our theoretical calculations made it clear that during a 3ns simulation, the amino acid residue Ser334, which belongs
to the C-terminal tail, and Ala241, which is of the third loop,
come in a close contact in the case of wild rhodopsin (Fig.
5a). Changes in the interatomic distances of these two amino
acid residues during the simulation process were assessed.
The plot shows that at the initial time point of the simulation
(t=0), these amino acid residues are quite far from each other
(6–8 Å) and the fluctuations of these areas have a high amplitude. However, they come much closer to each other in
400 ps: the amplitude of the oscillations becomes markedly
smaller and the distance between Ser334 and Ala241 becomes so short (about 3 Å) that the formation of a hydrogen
bond becomes possible. Since these amino acid residues are
in the active transducin binding center and since this center
becomes accessible to transducin after the photoactivation of
rhodopsin, we can suppose that the Ser334 and Ala241 bonding may play a role as a triggering intramolecular mechanism, which blocks transducin coupling.

The E181K Mutant Form of Rhodopsin

Unlike the molecular dynamics of the cytoplasmic loops,
that of the protein lacking 11-cis-retinal is essentially the
same as at the initial stage of the simulation. It should be
noted that in the absence of the 11-cis-retinal in the chromophore center, the hydrogen bond between Ser334 and Ala241
is not formed (Fig. 5b). Thus, the presence of 11-cis-retinal

a

In the case of the mutant form, the new hydrogen bond
between the amino acid residues Ser334 and Ala241 is not
formed (Fig. 5c). It could be assumed that the active site in
the cytoplasmic domain of the protein that is responsible for
binding transducin is not completely blocked. There is a possibility of transducin interaction with the active center of
rhodopsin in the absence of light. Disturbances in the interaction of these amino acid residues are believed to lead to
manifestations of nonspecific activity in the II class mutant.
The permanently activated state of the visual cell leads finally to its death. As a result, degenerative processes take
place in the retina.
DISCUSSIONS AND CONCLUSIONS
In summary, the work presents a molecular dynamics
study of rhodopsin aimed at identifying the structural determinants of the abnormal behaviour of the E181K mutant,
which is associated with some variants of autosomal dominant retinitis pigmentosa. Based on MD analysis data, it is
suggested that the mutant disrupts the interactions of the
chromophore with its protein neighborhood, as well as
causes a structural change in the cytoplasmic domain.
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Fig. (5). Molecular dynamics simulation of the cytoplasmic surface domain of the rhodopsin molecule: the CI, CII, CIII-loops and Cterminal tail (top) and diagrams of Ala241 – Ser334 interatomic distances (bottom) in wild rhodopsin (a), free opsin without 11-cis-rerinal
(b), and the E181K mutant form (c).
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First of all, specially mentioned should be a methodological innovation in simulating the rhodopsin protein and
tracing up its conformational properties. The main fact is that
rhodopsin is a membrane protein, which was simulated in an
aqueous solution. As noted above, for the rhodopsin protein
we first observed its rearrangement – namely, the adaptation
of the 11-cis-retinal chain inside the chromophore pocket,
which takes about 0.4 ns. The most important event – 11-cisretinal rearrangement (adaptation) inside the chromophore
center of the rhodopsin – thus occurs quickly, and extending
rhodopsin relaxation further beyond a 3-ns range for the
dark-adapted state would not provide any more conformational features. Though our model is a protein molecule in an
aqueous environment (rhodopsin is a membrane protein), the
rhodopsin dynamics described in this paper is, nevertheless,
in a good correlation with experimental [28] and theoretical
studies, including those with models in lipid environments
[14,29,38,39]. This allows one to extrapolate the simulation
results to the in vivo dark physiological regeneration of
rhodopsin. Total rhodopsin conformation in an aqueous water solution at the studied time scale of 11-cis-retinal adaptation is similar to the behavior of the rhodopsin molecule embedded in a lipid bilayer.
The main event – 11-cis-retinal adaptation – determines
all subsequent conformational events of rhodopin conformation. Our MD simulation results, with regard to the conformational shape of 11-cis-retinal, correlate with a number of
experimental observations and quantum chemistry calculations. Not only does chromophore “adaptation” in rhodopsin’s binding pocket bring the rhodopsin molecule to a state
of “high alert”, but it also stabilizes the rhodopsin inactive
conformation as a G-protein-coupled receptor. It is well
known that 11-cis-retinal in dark-state rhodopsin has a nonplanar, distorted, and twisted conformation [28,40]. This
makes its conformational state different from that of the retinal protonated Schiff base in a solution [39]. However, the
molecular mechanisms that “force” the chromophore to assume such an energetically “unfavorable” configuration are
still unclear. The role of the protein environment in the formation of this configuration of 11-cis-retinal in rhodopsin is
now becoming clear. This is the key point of the present
simulations, where we first build a real-time model of 11-cisretinal adaptation in opsin. Based on animated pictures and
over 3000-picosecond calculations of interatomic distances,
torsional rotation angles, etc., we describe now the model of
the dark “adaptation” of retinal incorporated in opsin. The
model describes well the origin of the beta-ionone ring twist,
resulting in polyene chain rotation, which is assumed to explain that 11-cis-retinal exists in such a distorted conformation that makes it stable, but at the same time ready for efficient ultrafast photoisomerization. The results on the rotational angles of methyl groups C19 and C20 are in good
agreement with experimental NMR-spectroscopic data [41],
where the deviation angles of the C9-C19 and C13-C20 vectors from the axis perpendicular to the photoreceptor membrane are approximately 42° and 30°, respectively. Thus, our
simulation results on chromophore dynamics seem to correlate well with both experiments [3,15,28,40,42,43] and theoretical quantum chemistry calculations [14,38,44]. This
clearly demonstrates that retinal in dark rhodopsin has a
twisted configuration.
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Our calculations also demonstrated a high level of ordering for the fragments of N-terminal polypeptide chain and
intradisc loops compared to the cytoplasmic domain, which
is well correlated with the X-ray diffraction data [15,40].
This is also supports the well known views on the important
role of the intradisc domain in stabilization of the molecule
in the photoreceptor membrane [45-47]. Based on the details
of the 11-cis-retinal adaptation process, we have expanded
the scope of the rhodopsin model to include the mutated version.
Thus, in the case of the E181K point mutation, there is an
electrostatic interaction disturbance between the 11-cisretinal chromophore and the surrounding amino acid residues
within the chromophore centre of the rhodopsin molecule.
As a result, the stable Schiff base linkage cannot be generated, and the rhodopsin molecule cannot be formed. The
disturbance of the electrostatic interactions of the 11-cisretinal chromophore with the surrounding amino acid residues leads to disorder in cytoplasmic loop packing. Consequently, mutant rhodopsin could be permanently activated,
which leads to cell death. The impairment of PSB stability in
mutant rhodopsin forms was also confirmed by other theoretical data [48].
It was attempted to find inhibitors of mutant rhodopsin
that would be able to inhibit the visual pigment both in the
dark and light. Some modified forms of the 11-cis-retinal
chromophore were applied to get stable PSB [49–51]. However, the medicine has not been found. Our theoretical calculations show that even if the stable PSB in such mutant form
of rhodopsin was obtained, there would be no guaranty of
coupling place blocking for the G-protein transducin. In the
near future, of retinal gene therapy might solve the problem
of retinitis pigmentosa – an inherited degenerative disease of
the retina [52].
CONFLICT OF INTEREST
The author(s) confirm that this article content has no conflicts of interest.
ACKNOWLEDGEMENTS
This work was performed using computer facilities of the
Computational Astrophysics Laboratory (CAL) at the Institute of Physical and Chemical Research (RIKEN), Japan.
The authors are grateful to CAL for providing computer time
and access to a supercomputer and the MDGRAPE-2 special-purpose computer for performing the molecular dynamics calculations of protein molecules, and to the CAL Director T. Ebisuzaki for the support of licensed software and
MDGRAPE-2 computers for protein modeling. The authors
would like to specially thank Mr. Sergei Negovelov (JINR)
for technical assistance and helpful comments.
REFERENCES
[1]
[2]

Mirzadegan, T.; Benko, G.; Filipek, S.; Palczewski, K. Sequence
analyses of G-protein-coupled receptors: similarities to rhodopsin.
Biochemistry, 2003, 42, 2759-2767.
Ovchinnikov, Yu. A.; Abdulaev, N. G.; Feigina, N. Yu.; Artamonov, I. D.; Bogachuk, A. S. Visual rhodopsin. III. Complete
amino acid sequence and topography in a membrane. Bioorg.
Khim., 1983, 10, 1331-1340.

Model of Abnormal Chromophore-Protein Interaction for Е181К
[3]
[4]

[5]

[6]
[7]
[8]
[9]
[10]
[11]

[12]
[13]
[14]
[15]

[16]
[17]
[18]

[19]

[20]
[21]
[22]

[23]
[24]
[25]

Menon, S. T.; Han, M.; Sakmar, T. P. Rhodopsin: structural basis
of molecular physiology. Physiol. Rev., 2001, 81, 1659-1688.
Chen, H.; Chen, Y.; Horn, R.; Yang, Z.; Wang, C.; Turner, M, J.;
Zhang, K. Clinical features of autosomal dominant retinitis pigmentosa associated with a Rhodopsin mutation. Ann. Acad. Med.
Singap., 2006, 35, 411-415.
Dryja, T. P.; McGee, T. L.; Reichel, E.; Hahn, L. B.; Cowley, G.
S.; Yandell, D. W.; Sandberg, M. A.; Berson, E. L. A point mutation of the rhodopsin gene in one form of retinitis pigmentosa. Nature, 1990, 343, 364-366.
Hollingsworth, T. J.; Gross, A. K. Defective trafficking of rhodopsin and its role in retinal degenerations. Int. Rev. Cell Mol. Biol.,
2012, 293, 1-44.
Hamel, C. Retinitis pigmentosa. Orphanet J. Rare. Dis., 2006, 1, 112.
Carrell, R.W.; Lomas, D. A. Conformational disease. Lancet, 1997,
350, 134-138.
Kaushal, S.; Khorana, H. G. Structure and function in rhodopsin. 7.
Point mutations associated with autosomal dominant retinitis pigmentosa. Biochemistry, 1994, 33, 6121-6128.
Rim, J.; Oprian, D. D. Constitutive activation of opsin: interaction
of mutants with rhodopsin kinase and arrestin. Biochemistry, 1995,
34, 11938-11945.
Robinson, P. R.; Buczylko, J.; Ohguro, H.; Palczewski, K. Opsins
with mutations at the site of chromophore attachment constitutively
activate transducin but are not phosphorylated by rhodopsin kinase.
Proc. Natl. Acad. Sci. U S A, 1994, 91, 5411-5415.
Dryja, T. P.; Berson, E. L.; Rao, V. R.; Oprian, D. D. Heterozygous
missense mutation in the rhodopsin gene as a cause of congenital
stationary night blindness. Nat. Genet., 1993, 4, 280-283.
Gross, A. K.; Rao, V. R.; Oprian, D. D. Characterization of
rhodopsin congenital night blindness mutant T94I. Biochemistry,
2003, 42, 2009-2015.
Saam, J.; Tajkhorshid, E.; Hayashi, S.; Schulten, K. Molecular
dynamics investigation of primary photoinduced events in the activation of rhodopsin. Biophys. J., 2002, 83, 3097-3112.
Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima, H.; Fox, B. A.; Le Trong, I.; Teller, D. C.; Okada, T.;
Stenkamp, R. E.; Yamamoto, M.; Miyano, M. Crystal structure of
rhodopsin: a G protein-coupled receptor. Science, 2000, 289, 739745.
МОЕ//MOE (Molecular Operating Environment). Available from
http://www.chemcomp.com. [Used within 2002-2003, by license of
CAL RIKEN].
Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. Molecular dynamics with coupling to an external bath. J. Chem. Phys., 1984, 81, 3684-3690.
Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E.;
Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.;
Stanton, R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.; Radmer, R. J.; Seibel, G. L.; Singh, U. C.; Weiner, P.
K.; Kollman, P. A. AMBER 5. Users Manual, USA: University of
California, 1997.
Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. R.;
Cheatham, T. E.; DeBolt, S.; Ferguson, D.; Seibel, G.; Kollman, P.
AMBER, a computer program for applying molecular mechanics,
normal mode analysis, molecular dynamics and free energy calculations to elucidate the structures and energies of molecules. Comput. Phys. Commun., 1995, 91, 1-41.
Ponder, J. W.; Case, D. A. Force fields for protein simulations.
Adv. Protein Chem., 2003, 66, 27-85.
Narumi, T.; Susukita, R.; Ebisuzaki, T., McNiven, G.; Elmegreen,
B. Molecular dynamics machine: Special-purpose computer for
molecular dynamics simulations. Mol. Simul., 1999, 21, 401-408.
Narumi, T.; Susukita, R.; Furusawa, H.; Ebisuzaki, T. 46 Tflops
Special-purpose Computer for Molecular Dynamics Simulations:
(WINE-2). Proceedings of the 5th Int. Conf. on Signal Processing,
Beijing, 2000; pp. 575-582.
Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D. Comparison of
simple potential functions for simulating liquid water. J. Chem.
Phys., 1983, 79, 926-935.
Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J. C. Numerical integration of the Cartesian equations of proteins and nucleic acids. J.
Comput. Phys., 1997, 23, 327-341.
Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, Jr. K.
M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;

The Open Biochemistry Journal, 2012, Volume 6 101

[26]
[27]

[28]
[29]

[30]
[31]
[32]
[33]

[34]
[35]
[36]
[37]
[38]

[39]

[40]

[41]

[42]

[43]
[44]
[45]

Kollman, P. A. A second Generation forth field for the simulation
of proteins and nucleic acids. J. Am. Chem. Soc., 1995, 117, 51795197.
Kholmurodov, Kh. T.; Fel’dman, T. B.; Ostrovskii, M. A. Molecular dynamics of rhodopsin and free opsin: computer simulation.
Neurosci. Behav. Physiol., 2007, 37, 161-174.
Kholmurodov, Kh. T.; Feldman T. B.; Ostrovsky, M. A. Visual
pigment rhodopsin: molecular dynamics of 11-cis-retinal chromophore and amino-acid residues in the chromophore center. Computer simulation study. Mendeleev Commun., 2006, 1, 1-8.
Salgado, G. F. J.; Struts, A. V.; Tanaka, K.; Fujioka, N.; Nakanishi,
K.; Brown, M. F. Deuterium NMR Structure of Retinal in the
Ground State of Rhodopsin. Biochemistry, 2004, 43, 12819-12828.
Isin, B., Schulten, K., Tajkhorshid, E., Bahar, I. Mechanism of
signal propagation upon retinal isomerization: insights from molecular dynamics simulations of rhodopsin restrained by normal
modes, Biophys. J., 2008, 95, 789-803.
Nathans, J. Determinants of visual pigment absorbance: identification of the retinylidene Schiff's base counterion in bovine rhodopsin. Biochemistry, 1990, 29, 937-942.
Sakmar, T. P.; Franke, R. R.; Khorana, H. G. Glutamic acid-113
serves as the retinylidene Schiff base counterion in bovine rhodopsin. Proc. Natl. Acad. Sci. USA, 1989, 86, 8309-8313.
Robinson, P. R.; Cohen, G. B.; Zhukovsky, E. A.; Oprian, D. D.
constitutively active mutants of rhodopsin. Neuron, 1992, 9, 719725.
Kholmurodov, Kh. T.; Feldman, T. B.; Ostrovsky, M. A. Interaction of chromophore, 11-cis-retinal, with amino acid residues of the
visual pigment rhodopsin in the region of protonated Schiff base: a
molecular dynamics study. Russ. Chem. Bull. Int. Ed., 2007, 56,
20-27.
Lüdeke, S.; Beck, M.; Yan, E. C. Y.; Sakmar, T. P.; Siebert, F.;
Vogel, R. The role of Glu181 in the photoactivation of rhodopsin.
J. Mol. Biol., 2005, 353, 345-356.
Mathies, R.; Stryer, L. Retinal has a highly dipolar vertically excited singlet state: implications for vision. Proc. Natl. Acad. Sci.
USA, 1976, 73, 2169-2173.
Phillips, W. J.; Cerione, R. A. A C-terminal peptide of bovine
rhodopsin binds to the transducin alpha-subunit and facilitates its
activation. Biochem. J., 1994, 299, 351–357.
Yamashita, T.; Terakita, A.; Shichida, Y. Distinct roles of the second and third cytoplasmic loops of bovine rhodopsin in G-protein
activation. J. Biol. Chem., 2000, 275, 34272–34279.
Crozier, P. S.; Stevens, M. J.; Forrest, L. R.; Woolf, T. B. Molecular dynamics simulation of dark-adapted rhodopsin in an explicit
membrane bilayer: coupling between local retinal and larger scale
conformational change. J. Mol. Biol., 2003, 333, 493-514.
Sugihara, M.; Buss, V.; Entel, P.; Elstner, M.; Frauenheim, T. 11cis-retinal protonated Schiff base: influence of the protein environment on the geometry of the rhodopsin chromophore. Biochemistry, 2002, 41, 15259-15266.
Teller, D. C.; Okada, T.; Behnke, C. A.; Palczewski, K.; Stenkamp,
R. E. Advances in determination of a high-resolution threedimensional structure of rhodopsin, a model of G-protein-coupled
receptor (GPCRs). Biochemistry, 2001, 40, 7761-7772.
Gröbner, G.; Choi, G.; Burnett, I. J.; Glaubitz, C.; Verdegem, P. J.;
Lugtenburg, J.; Watts, A. Photoreceptor rhodopsin: structural and
conformational study of its chromophore 11-cis retinal in oriented
membranes by deuterium solid state NMR. FEBS Lett., 1998, 422,
201-204.
Okada, T.; Sugihara, M.; Bondar, A.-N.; Elstner, M.; Entel, P.;
Buss, V. The retinal conformation and its environment in rhodopsin
in light of a new 2.2 Å crystal structure. J. Mol. Biol., 2004, 342,
571-583.
Han, M.; Smith, S. O. NMR constraints on the location of the retinal chromophore in rhodopsin and bathorhodopsin. Biochemistry,
1995, 34, 1425-1432.
Yamada, A.; Yamato, T.; Kakitani, T.; Yamamoto, S. Torsion
potential works in rhodopsin. Photochem. Photobiol., 2004, 79,
476-486.
Cha, K.; Reeves, P. J.; Khorana, H. G. Structure and function in
rhodopsin: destabilization of rhodopsin by the binding of an antibody at the N-terminal segment provides support for involvement
of the latter in an intradiscal tertiary structure. Proc. Natl. Acad.
Sci. U S A, 2000, 97, 3016-3021.

102 The Open Biochemistry Journal, 2012, Volume 6
[46]

[47]
[48]

Feldman et al.

Liu, X., Garriga, P., Khorana, H.G. Structure and function in
rhodopsin: correct folding and misfolding in two point mutants in
the intradiscal domain of rhodopsin identified in retinitis pigmentosa. Proc. Natl. Acad. Sci. U S A, 1996, 93, 4554-4559.
Janz, J. M.; Fay, J. F.; Farrens, D. L. Stability of dark state rhodopsin is mediated by a conserved ion pair in intradiscal loop E-2. J.
Biol. Chem., 2003, 278, 16982-16991.
Hernández-Rodríguez, E.W.; Sánchez-García, E.; Crespo-Otero,
R.; Montero-Alejo, A. L.; Montero, L. A.; Thiel, W. Understanding
rhodopsin mutations linked to the retinitis pigmentosa disease: a
QM/MM and DFT/MRCI study. J. Phys. Chem. B., 2012, 116,
1060-1076.

[49]
[50]

[51]

[52]

Received: June 29, 2012

Revised: July 05, 2012

Govardhan, C. P.; Oprian, D. D. Active site-directed inactivation of
constitutively active mutants of rhodopsin. J. Biol. Chem., 1994,
269, 6524-6527.
Tong, Y.; Snider, B. B.; Oprian, D. D. Synthesis and characterization of a novel retinylamine analog inhibitor of constitutively active
rhodopsin mutants found in patients with autosomal dominant
retinitis pigmentosa. Proc. Natl. Acad. Sci. USA, 1997, 94, 13559–
13564.
Toledo, D.; Ramon, E.; Aguilà, M.; Cordomí, A.; Pérez, J. J.; Mendes, H. F.; Cheetham, M. E.; Garriga, P. Molecular mechanisms of
disease for mutations at Gly-90 in rhodopsin. J. Biol. Chem., 2011,
286, 39993-40001.
Stieger, K.; Lorenz, B. Gene therapy for vision loss – recent developments. Discov. Med., 2010, 10, 425-433.

Accepted: July 09, 2012

© Feldman et al.; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

