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Based on a computer molecular simulation, we have investigated the conformational dynamics of rhodopsin and its free opsin.
A special emphasis was made on the behaviour of the chromophore group — 11-cis-retinal within the rhodopsin molecule in its
dark-adapted state. The molecular dynamics trajectories were traced in the time range of 3000 ps. We have generated 3x10° discrete
states of free opsin and rhodopsin in order to compare the rhodopsin and opsin structural conformation changes. Analysis of the
11-cis-retinal adjustment process in the chromophore site of opsin in correlation with the behaviour of the nearest surrounding
amino acid residues has been carried out. The possible molecular mechanisms of the conformational adaptation of 11-cis-retinal in
the protein binding pocket, which occur during the physiological regeneration of the visual pigment rhodopsin, are discussed.

Rhodopsin is a prototypical member of a large G-protein-coupled
receptor (GPCR) family, which plays a key role in all regulatory
processes of living organisms.!

The signalling pathways regulated by these receptor proteins
determine numerous crucial biological processes, including sen-
sory reception, endocrine regulation and synaptic transmission.
Approximately 5% of the human genome (above 600 genes) con-
tains information about these proteins.2 Over 40% of the currently

Any G-protein-coupled receptor is a heptahelical transmem-
brane protein where seven transmembrane o-helical parts (‘helical
bundles’) are linked by six extramembrane fragments (‘loops’).
A general scheme of the function of G-protein cascade is uni-
versal.*

The visual pigment rhodopsin localised in the photoreceptor
membrane of the photoreceptor cell rod outer segment is a perfect
model for studies of the structure and functions of G-protein-

used drugs aim at G-protein-coupled receptors as the main target.? coupled receptors.
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Rhodopsin triggers the phototransduction process, which has
been studied in sufficient detail. This process involves conver-
sion, transmission and many-fold amplification of the primary
light signal. The first event of phototransduction is photoiso-
merization of the rhodopsin chromophore group — 11-cis-retinal.
This event leads to activation of the entire rhodopsin molecule
and, as a result, its interaction with the G-protein.

In all other G-protein-coupled receptors, the first step of
transduction mechanism involves binding a specific ligand, e.g.,
an odour molecule, neurotransmitter or hormone.# In phototrans-
duction, light rather than a chemical substance is the physio-
logical stimulus triggering a G-protein cascade.’

In this case, a unique feature of rhodopsin as a G-protein-
coupled receptor is that its incorporated ligand, 11-cis-retinal,
acts as a highly efficient antagonist that enables one to maintain
rhodopsin in its dark state inactive.

As a result of photon absorption and 11-cis to all-trans
retinal isomerization, the all-frans-retinal that is still covalently
bound up with the protein part of molecule turns into a highly
efficient agonist. In other words, in case of phototransduction
all-trans retinal chromophore like any chemical substance acts
as an agonist ligand that governs a universal scheme of the
G-protein cascade operation.

A great progress in determination of the rhodopsin tertiary
structure was made in the past five years. Followed by a number
of unsuccessful attempts, the researchers succeeded in crystal-
lising the membrane protein rhodopsin and determining its 3D
structure by X-ray diffraction analysis, first with a resolution of
2.8 A% and then with a resolution of 2.2 A.7-8

This success stimulated theoretical studies that were aimed
to describe the dark (unbleached) state of the rhodopsin molecule
and intramolecular light-induced rhodopsin perturbation.9-12

The computer simulation of the molecular dynamics of 11-cis-
retinal chromophore and its nearest protein environment is of
special importance in this context. Both the influence of the
chromophore group on the nearest amino-acid residues and, vice
versa, the effect of the protein environment on the chromophore
conformation are the main target here. A sufficiently detailed
description of the rhodopsin chromophore domain, namely, the
spatial arrangement of 11-cis-retinal and its interaction with
the nearest surrounding amino-acid residues, is currently avail-
able.5-8.13-15

These data are necessary for understanding the intramole-
cular mechanisms of visual pigments spectral tuning (colour
vision) and for explaining their unique photochemical properties.

Figure 1 Computer model of a rhodopsin dimer (PDB file 1HZX,
Palczewski et al., 2000; Teller et al., 2001). Chain A — left, chain B — right;
11-cis-retinal is represented as balls (side view).
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Figure 2 Molecule of 11-cis-retinal (6-S-cis configuration) with the num-
bering of all carbon atoms. C16~C20 represent methyl groups.
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Figure 3 Molecular dynamics of 11-cis-retinal in the chromophore centre
of the rhodopsin molecule at 7= 300 K: (a) conformational state of the
chromophore at start time; (b) conformational state of the chromophore
after 3000 ps.
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Figure 4 Torsional rotation angles of five methyl groups (C!6—C20) in
11-cis-retinal (Figure 3) during 3000 ps of rhodopsin molecular dynamics.

As to the latter, rhodopsin is characterised by an unusually high
rate of chromophore isomerization (faster than 200 fs)!6-18 and
its high quantum yield (0.67).1920

The rate of 11-cis-retinal isomerization as a rhodopsin chromo-
phore group is about two orders of magnitude higher than in
solution.2! The crucial role of the protein environment is doubt-
less, but the underlying molecular mechanisms have not yet been
studied in full.

The legitimacy and prognostic effectiveness of computer simu-
lation for rhodopsin are supported by recent NMR data.!3:22 The
interaction of the 11-cis-retinal chromophore with amino-acid
residues surrounding has been studied in detail. Many assump-
tions made previously on the basis of computer simulations®:1223
have found experimental confirmation in these works.

In fact, it has been shown??2 that one of the main events that
turn rhodopsin after photon absorption into its physiologically
active state involves conformational rearrangements in helical
‘bundles’ IIT and VI. Salgado et al.!3 confirmed the experi-
mental results and theoretical calculations regarding the 3-ionone
ring of 11-cis-retinal that has a twisted 6-S-cis conformation.
It is no longer doubtful that 11-cis-retinal in rhodopsin exists in
a twisted nonplanar state and the -ionone ring is additionally
turned by about 65° relative to the polyene chain.!3 Tt is also
believed that the twisting of the polyene chain plays an important
role in retinal isomerization upon absorbing a photon.24.25

However, many assumptions concerning the structural charac-
teristics of the chromophore itself and its protein environment
seem inconsistent at present. In particular, this concerns the
conformation state of the B-ionone ring (6-S-cis or 6-S-trans)
relative to the polyene chain of the retinal.!4.26.27 Since confor-
mational reorganization of this chromophore part is deemed to
play an important role in the initiation of subsequent confor-
mation reorganization in the protein part,!528-30 studying the
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Figure 5 (Top) Molecular dynamics of the a-helixes of H-III (Glu122) and H-V (His211): (a) in opsin (thodopsin without the chromophore group); (b) in
rhodopsin with the chromophore group, (11-cis-retinal) at simulation start time (¢ = 0) and end time (# = 3000 ps). 11-cis-retinal is shown as balls and amino
acids are shown as 3D structures. (Bottom) Plots of interatomic distances between different atoms in Glu122 and His211 (the designations of amino-acid
atoms according to the international nomenclature are shown in parentheses): (c) in opsin (rhodopsin without the chromophore group) and (d) in rhodopsin

with the chromophore group (11-cis-retinal).

valid behaviour of the B-ionone ring itself and the nearest amino
acid residues in the dark state and light-activated state remains
an issue of current interest.
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Figure 6 Interatomic distances between C° of the B-ionone ring in 11-cis-
retinal and different atoms of (a) His211 and (b) Glu122.

In this work, we used computer simulations to analyse the
molecular dynamics of 11-cis-retinal and its proper conforma-
tional ‘adaptation’ in the rhodopsin chromophore centre.

Computer simulation methods. The dynamics of confor-
mational changes in rhodopsin was computed for rhodopsin
without chromophore group, i.e., free opsin, and rhodopsin with
the 11-cis-retinal chromophore.

The initial configuration of the visual pigment was chosen
by analogy with other reported computer simulation studies.®23
The rhodopsin molecule from the rhodopsin dimer model was
used (PDB file 1HZX, chain A) (Figure 1).6-14

Since the initial configuration of the molecule was incom-
plete (some parts of the PDB file were empty), preliminary cal-
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Figure 7 Molecular dynamics of the H-VI a-helix and its amino acid
residues located near 11-cis-retinal at simulation start time (# = 0) and end
time (z = 3000 ps). 11-cis-retinal is shown as balls and amino acid residues
are shown as 3D structures.
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Figure 8 Interatomic distances between C of the B-ionone ring in 11-cis-
retinal and different atoms of (a) Trp265 and (b) Tyr268, as well as (c¢)
between C3 of the B-ionone ring in 11-cis-retinal and different atoms of
Leu266.

culations were carried out in order to determine the complete
tertiary structure of the rhodopsin molecule before the simula-
tions. Based on the primary rhodopsin structure,3! we found
and minimised the missing fragments of amino-acid sequences
236240 and 331-333, which were embedded in the initial
structure (PDB file 1HZX, chain A) using the MOE software

t=0 11-cis retinal t=3.0ns

10A

_;‘f‘teuz% \‘I’u‘ Leu266

Figure 9 Molecular dynamics of 11-cis-retinal and Leu266 in a rhodopsin
molecule at start time and after 3000 ps. View from the side of the mole-
cule cytoplasmic part.
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Figure 10 (a) Interatomic distances between C!8 of the B-ionone ring in
11-cis-retinal and different atoms of Phe261. (b) Torsional rotation angles
of five methyl groups (C'6~C20) in 11-cis-retinal.

package for computer simulations of biomolecules.32 After that,
the entire 1HZX molecule was minimised with missing fragments
already embedded.

The next simulation stage involved the molecular-mechanical
calculation of the molecule energy minimum and heating of the
system from the crystalline state at 7= 0 K to a physiological
temperature of 300 K. The molecular structure that would cor-
respond to the minimum energy at 7 =300 K was searched for
with very slow heating in about 20-degree steps in order to
avoid strong system ‘oscillations’ during the heating. After the
system was brought to 7' = 300 K, it took a few thousand ‘steps’
(50-70 ps) for it to reach an equilibrium state with a minimum
energy at this constant temperature. As a matter of fact, it is in
this equilibrium state with a minimum invariable energy of the
system as a whole where the simulation process started. This
time point of simulation start was considered as 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.33 An integration step of 1 fs was chosen
for Newtonian motion equations; thus, the total simulation time
amounted to 3000 ps.

The simulation of rhodopsin was carried out in an aqueous
solution by means of the AMBER 5.0 (Parm94) software pack-
age3436 and its modified version AMBER 7.0 (Parm96) for the
MDGRAPE-2 special-purpose computer.37-38

The solvation of the system was carried out using the pro-
cedure of solvation by the TIP3P water model in a specified
spherical space.3°

The lengths of the bonds involving only hydrogen atoms
were calculated using the standard SHAKE method.40

All atomic interactions and trajectories were calculated and
the structure of the entire rhodopsin molecule was found. Simu-
lations employed the Cornell atomic-power field method.#! The
energy state of the system or the total interaction potential cor-
responded to the equilibrium state of the system where attraction
forces were equilibrated by repulsion forces. Different types of
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interaction that contribute to the stabilization of the biomacro-
molecule structure were taken into account:

potential of intramolecular
(valence) bonds;

U(r) = ZK(r—ro 2 +

potential of angular bonds
(rotations);

+ 2Ky (00, +
+ Zl/sz[l +cos(ng —y)] +  potential of dihedral (torsion)
rotations;

+ X (AyIri? - BylrD) +

TS potential of nonvalence

(van der Waals) interactions;

+ Z‘li‘/_,'/e”zj electrostatic potential.

Computation of the following values is presented in this work.
(i) Interatomic distances d with coordinates of individual
atoms i and j:

Dy(xy, y1, 21) = Dy(ry) and Dy(xy, ¥3, 25) = Dy(rp),
d= \/()sz)ﬁ)2 + -y + (2 -2)?= |r27 r1|,

at selected time ¢. In other words, r; and r, are the spatial
position vectors of atoms i and j, respectively, at the given time
point ¢ (in the time range from ¢ = 0 to # = 3000 ps).

(ii) Torsional rotation angles for individual segments of the
chromophore, viz., 11-cis-retinal (Figure 2). Angle A between
straight lines DD, and D;D,, the directions of which are deter-
mined by vectors DD, and D;D,, was calculated by the fol-
lowing formula:

d12d34

|dolldsdl
|dol = J(xz =X+ =y + (5 - 2%
|dsgl = J(xzt —x3)2 + (04 = ¥3)* + (24— 23)%.

That is,

COSA = , where

(6 —x)(xg = x3) + (2 = YD Va = ¥3) + (22— 2124 — 23)

COSA = )
|dalldsdl

where d,, is the segment length vector at starting time point
t =0, d;, is the length vector of the same segment at time point
¢t > 0 (in the time range up to 3 ns).

For methyl groups C!, C!7, C18, C19 and C2 in retinal, |d,,|
is the length of segment (C!-C!6) for C!6; length of segment
(C1-C17) for C7; length of segment (C5—C!8) for C'8; length of
segment (C9—C19) for C!9%; and length of segment (C13-C20) for
C20, respectively.

Results and Discussion. It is well known that 11-cis-retinal
in dark-state rhodopsin has a nonplanar, distorted and twisted
conformation.!3-14 This differs its conformational state from that
of the retinal protonated Schiff base in solution.#¢ The role of
the protein environment in the formation of this configuration
of 11-cis-retinal in rhodopsin is doubtless. However, the mole-
cular mechanisms that ‘force’ the chromophore to assume such
an energetically ‘unfavourable’ configuration still remain unclear.
This was a key starting point for present simulations, and we
first build a real-time model for the adaptation of 11-cis-retinal
in opsin. Based on animated pictures and over 3000 ps calcu-
lations of interatomic distances, torsional rotation angles, efc.,
we describe below the model of dark ‘adaptation’ of retinal
incorporated into opsin. The model assumes to explain why
11-cis-retinal exists in the configuration that makes it stable but
ready, at the same time, for efficient ultrafast photoisomerization.

(A) Molecular dynamics of the chromophore group — 11-cis-
retinal.

The simulation results have shown that the B-ionone ring
of 11-cis-retinal in rhodopsin has a 6-S-cis configuration with
respect to the polyene chain (Figure 2). This is in good agree-
ment with experimental data of X-ray diffraction®8:14 and NMR
spectroscopy.13:47

When considering the chromophore molecular dynamics over
3000 ps of simulation, it is easy to notice obvious changes in
the spatial configuration of 11-cis-retinal.

According to our observations, within a short period of time,
that is, from about 300 to 400 ps from the start of simula-
tion, the B-ionone ring turns around the C®~C7 bond by about
60° with respect to the starting configuration of 11-cis-retinal
(PDB file 1HZX, chain A®%14) (Figure 3). This agrees with the
theoretical and experimental data®!3 according to which the
B-ionone ring in dark and non-irradiated rhodopsin is turned by
about 50-65° with respect to the plane of the planar structure
of free 11-cis-retinal, which creates its strained twisted confor-
mation. At the same time, it is worth noting that the spatial
model of the rhodopsin molecule obtained by X-ray diffraction
analysis does not provide an accurate description of the spatial
configuration of 11-cis-retinal in its chromophore section.4643
Analysis of the crystal structure of rhodopsin and the comparison
with the animated molecular-dynamics images clearly show that
at the initial stage of simulation the plane of the B-ionone ring
in 11-cis-retinal is almost perpendicular to the membrane plane,
while the chromophore structure is nearly planar as a whole.
The simulation results meanwhile show also that, after the
B-ionone ring has turned, its plane becomes nearly parallel to
the membrane plane.

It seems that the amino acid residues that surround the chromo-
phore ‘help’ or ‘force’ 11-cis-retinal to ‘adapt’ a proper spatial
configuration, necessary for a rhodopsin molecule to be a highly
efficient trigger of phototransduction (this is possibly the simplest
and, at the same time, might be the proper molecular mechanism
of physiological regeneration of the visual pigment).

Furthermore, it has been reported that the central part, C10-C13,
of the retinal polyene chain has a twisted strained configuration
as well.#950 In order to assess a ‘twisting” degree of different
retinal segments, we computed the torsional angles of all methyl
groups. First, we calculated the torsional angles of methyl groups
Cl16, C17 and C!8 with respect to their positions at the start of
simulation in order to evaluate the rotation of the -ionone ring
plane. Next, we calculated the torsional angles of C!9 and C20 in
order to determine the conformational changes in the polyene
chain central part. Figure 4 shows the diagrams of the rotational
angles of the five methyl groups specified above. It is evident
that the turning of these methyl groups occurs abruptly, that
is, in a very short time interval (approximately, in the range
370-390 ps) and rather simultaneously. The mean rotational
angles of methyl groups in this time interval are 75° for C!8,
60° for C16 and C17, 40° for C19 and 30° for C20. Though the
fluctuation of these groups have a high amplitude (on average,
about 20°), it is still evident that the more distant a methyl
group from the B-ionone ring, the smaller its deviation from the
initial state. It seems that the twisted distorted conformation of
11-cis-retinal in rhodopsin dark state is a result of a turn of the
B-ionone ring that entails the ‘twisting” of the retinal polyene ring.

Note that the methyl group C!8 has the largest rotational
angle. The rotational oscillations of this group at the start of
‘adaptation’ of the chromophore to the protein have the largest
amplitude. Hence, this group probably plays a role of a key in
11-cis-retinal twisting.

Crozier et al.!? have calculated the possible spatial coor-
dinates for all heavy atoms in retinal within which all the
chromophore atoms oscillate. It has been shown that C!® has
the most significant oscillation dynamics among the five most
mobile methyl groups including C!¢, C!7, C19 and C20 (here,
the methyls are arranged in the order of decreasing mobility).
These data are in good correlation with our calculations and
demonstrate a motion dynamics of methyl groups in retinal.

The rotational angles of methyl groups C!° and C?0 are in a
good agreement with experimental NMR-spectroscopic data,>!
where the deviation angles of the C9—C! and C13-C20 vectors
from the axis perpendicular to the photoreceptor membrane are
approximately 42° and 30°, respectively.

Thus, our simulation results on the chromophore dynamics
correlate well with both experimental5-6-8.13.1447 and theoretical
data.%1252 This clearly demonstrates that retinal in dark rhodopsin
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has a twisted distorted configuration. However, note that the
rotation of the B-ionone ring in these studies is incomparable
with changes in the conformation of 11-cis-retinal polyene chain,
and more specifically, its central part C19—C!3. The two chromo-
phore segments are considered in these papers independently.

Our simulation results suggest that all processes related to
11-cis-retinal dark adaptation in the chromophore centre have
probably a common starting point. That is a large rotation of
C!8 methyl group. Presumably, fluctuations of this methyl in
comparison with the others cause the twisting of the entire
polyene chain in 11-cis-retinal.

(B) Molecular dynamics of amino acid residues in the chromo-
phore region.

In order to determine the role of the nearest amino acid
residues surrounding retinal and governing its conformational
transformations over a period of 3000 ps, we calculated changes
in the interatomic distances between the -ionone ring and the
adjacent amino acid residues Glu122, His211, Phe261, Trp265,
Tyr268 and Leu266. For the distance between any heavy atom
of the amino-acid residue and the B-ionone ring, we used the C¢
atom of the B-ionone ring since it had the smallest mobility.

(1) Glul22, His211 and the B-ionone ring. Amino-acid residues
Glul22 and His211 attract much attention due to their proximity
to the B-ionone ring. It is believed that the interaction of Glu122
and His211 determines the mobility of the H-III and H-V
a-helixes, which, in turn, participate in the rhodopsin activa-
tion.53 According to X-ray diffraction data,® there is a hydrogen
bond between these amino acid residues. In other words, the
distance between them should be about 3 A. In fact, the simu-
lation of the rhodopsin dynamics in the absence of retinal
confirmed this fact [Figure 5(a)]. One can see in the figure that
the smallest distance between these amino acid residues is 3 A
throughout the entire simulation. It suggests that a stable hydro-
gen bond actually exists between Glul122 and His211. However,
we obtained unexpected results in the case of dynamics simu-
lation for the rhodopsin molecule with 11-cis-retinal. During the
adaptation of retinal over 3000 ps after the start of the simulation,
the distance between Glul122 and His211 increases [Figure 5(b)].
The shortest distance between Glul122(OE1) and His211(ND1)
increases from 3 to 6-7 A.

In other words, it appears that the hydrogen bond between
Glu122 and His211 breaks, and that undoubtedly 11-cis-retinal
initiates the process. It should be noted that the changes in the
distance occur stepwise rather than smoothly. Approximately
580 ps after the start of the simulation run, the distance between
various atoms of these amino acid residues begun to increase.
Patel et al. claim!! that the bond between H-III and H-V is
cleaved when rhodopsin is activated, assuming that a hydrogen
bond between Glul22 and His211 exists in the dark state of
rhodopsin. According to our results, this bond is already cleaved
in the protein inactive dark state. We may just assume that this
event increases the instabilities in the system as a whole, and
that it is a premise for the ‘alert’ of 11-cis-retinal for ultrafast
efficient photoisomerization.

To understand the role of 11-cis-retinal in this process, we
calculated the distances between these amino acid residues and
the C¢ atom of the B-ionone ring. Analysis showed that His211
does not manifest any noticeable regular dynamics with respect
to the PB-ionone ring [Figure 6(a)]. On the other hand, the
behaviour of Glul22 looks unusual [Figure 6(b)]. First, in the
range from 0 to 350 ps, it slightly approximates the (3-ionone
ring, then Glu122 abruptly becomes farther from 11-cis-retinal.
The interatomic distances increase by 2 A on average. This
result might assume that the interaction between Glul22 and
the B-ionone ring (350 ps) is the reason for the cleavage of the
hydrogen bond between Glu122 and His211 (580 ps).

Note that the interaction between Glul122 and the -ionone
ring precedes the rotation of the B-ionone ring itself (370 ps).
Thus, we suppose that Glul22 participates actively in confor-
mational transformations of the retinal itself and its nearest
environment.

The results on the molecular dynamics of Glu122 and His211
correlate well with the results of a theoretical study!? where the
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interaction energies of amino acid residues in the chromophore
segment with 11-cis-retinal were calculated. The mean interac-
tion energy of His211 with the B-ionone ring is —7.6 kcal mol-!
(i.e., these groups are attracted strongly to each other) and that
for Glu122 is 4+9.1 kcal mol-! (i.e., strong repulsion forces exist
between the B-ionone ring and this amino acid residue).

(2) Trp265, Tyr268, Leu266, Phe261 and the 3-ionone ring.
The B-ionone rings of 11-cis-retinal in rhodopsin are mainly
surrounded by aromatic amino acid residues.03:14 It is believed
that the aromatic cluster plays an important role in maintaining
the twisted strained configuration of 11-cis-retinal in the dark
inactive state of the pigment.>%225% In this case, the main
attention is glven to Trp265 located at a distance of 3.8 A from
retinal, which is quite sufficient for strong electrostatic interac-
tions with the chromophore.5-

It is believed that, on the one hand, the B-ionone ring blocks
the movement of Trp265, thus stabilizing H-VI and preventing
dark rhodopsin from passing to the active state, and, on the other
hand, Trp265 stabilises the energetically unfavourable twisted
configuration of the B-ionone ring. Many authors believe that
Phe261 and Tyr268 also play an important role in stabilising
the B-ionone ring, in determining the spectral sensitivity of the
eye pigments, and in processes of rhodopsin activation.3->5

In this work, we have analysed the dynamic behaviour of
aromatic amino acid residues Phe261, Trp265, Tyr268 and
Leu266 with aliphatic lateral chain and computed changes in the
interatomic distances between these amino acid residues and
the B-ionone ring of 11-cis-retinal (Figures 7 and 8).

The presence of Leu266 in this group is not coincidental.
When analysing animated files, we have noted an unusual
behaviour of this amino acid residue. The functional properties
of Leu266 and its role in both maintaining the dark inactive
state of rhodopsin and rhodopsin activation have almost not
been discussed in the literature. It was reported that Leu266,
like Trp265, is located very close to the B-ionone ring.5¢ Simu-
lation results show that during the adaptation of 11-cis-retinal in
the chromophore region, Trp265 becomes closer to the 3-ionone
ring by about 2 A [Flgure 8(a)]. The smallest distance between
these atomic groups is about 3.8 A, which correlates well with
pubhshed data. The dynamics of the approaching is stepwise in
the region of 380 ps. Tyr268 also becomes closer by approxi-
mately 1-2 A to the B -ionone ring [Figure 8(b)]. The approach
is gradual in comparison with Trp265 and the process is com-
pleted by about 400 ps. However, note that the fluctuation
amplitude on the curves becomes smaller as Tyr268 is approxi-
mating the B-ionone ring. It can be assumed that electrostatic
interaction forces between Tyr268 and the 3-ionone ring decrease
the mobility of both group atoms. One can clearly see in Figure 7
that, in comparison with the initial state (#=0), Trp265 and
Tyr268 more completely ‘enfold’ 11-cis-retinal on two sides
by t=3000 ps of the simulation, whereas their aromatic rings
become almost parallel to each other. These results are in good
correlation with the concept of the role of these aromatic amino
acids in stabilising and retaining the chromophore in a twisted
distorted configuration.

Figure 7 also distinctly demonstrates an abrupt change in the
position of Leu266. Analysis of the dynamics of changes in
the interatomic distances between Leu266 and the -ionone ring
also distinctly shows the unusual behaviour of this amino acid
residue [Figure 8(c)] It is remarkable that the distance between
Leu266 and the B-ionone ring decreases, on the average, by 6 A
in 400 ps, while the smallest distance between these groups is
about 3.5 A.

In other words, a strong electrostatic bond is established
between these groups. It should be noted that the approxima-
tion of Leu266 and the B-ionone ring is observed starting from
almost the zero time of simulation and ends by 400 ps, and
that the mutual arrangement of these atomic groups remains
unchanged during the subsequent simulation.

It is easy to notice while analysing the animation files that the
distance mainly changes due to the rotation of the 3-ionone ring.

The motive force of this process remains unknown. However,
one can discuss the functional role of this conformational trans-
formation. For example, it is assumed that Leu47 is involved in
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the orientation of the side chain of Lys296 along the long axis
of the rhodopsin molecule.’ Leu266 can also participate in the
reorientation of the B-ionone ring. It is evident from Figure 9
that the plane of the B-ionone ring after it has turned (i.e., after
400 ps) is arranged in the same plane with the two symmetric
methyl groups of Leu266. However, no symmetry is observed
in the arrangement of these groups at the start time of the
simulation (¢ = 0).

Presumably, Trp265 and Tyr268 act as ‘clamps’ in this
conformational transformation. If one compares the molecular
dynamics time parameters for these amino acid residues, an
impression appears that the interaction of Leu266 with the
B-ionone ring (360—400 ps) occur faster than the conforma-
tional transformations of Trp265 (380 ps) and Tyr268 (up to
500 ps).

In other words, it can be assumed that approximation of the
B-ionone ring with Leu266 occurs first, followed by its
‘clamping’ by Trp265 and Tyr268.

The molecular dynamics of Phe261 is also unusual. Two
abrupt approximations of this residue to the B-ionone ring are
clearly seen in Figure 10.

They occur within the time ranges from 0 to 50 ps (first) and
from 370 to 600 ps (second). Comparison of this diagram with
the curves reflecting the rotation angles of the methyl groups
in the B-ionone ring on the same time scale (3000 ps) clearly
shows a time correlation between the changes in the interatomic
distances between Phe261 and the B-ionone ring, on the one
hand, and the torsional oscillations of the C!8 methyl group, on
the other hand. An impression arises that, as Phe261 approxi-
mates the B-ionone ring, it attracts C18. It can be assumed that it
is Phe261 that ‘swings’ C!8, thus initiating the rotation of the
entire B-ionone ring. However, it remains unclear what initiates
this dynamics of Phe261 behaviour and why it moves again
away from the B-ionone ring after 600 ps. It cannot be excluded
that the fluctuations of Phe261 force Leu266 to move towards
the B-ionone ring.

Therefore, it can be presumed that Phe261 fluctuations swing
the C!8 methyl group and simultaneously initiate the movement
of Leu266 towards the f-ionone ring. In the instant when
Phe261 approximates the CI!® methyl group and Leu266, in
turn, approximates the 3-ionone ring to a distance sufficient for
electrostatic interactions to appear between them, the B-ionone
ring undergoes turns. Strong electrostatic interactions are estab-
lished between Leu266 and the B-ionone ring; it is these
interactions that define the rotation angle of the B-ionone ring
and fix it in the new position. After that, Trp265 and Tyr268
additionally strengthen this bond. The appearance of uncharged
(neutral) Leu266 in the environment of the f-ionone ring causes
repulsion forces between the B-ionone ring and protonated
(neutral) Glul22, which in turn results in the cleavage of the
hydrogen bond between Glul22 and His211, and eventually,
the H-IIT and H-V a-helixes move apart.

Thus, we summarise that the process of 11-cis-retinal ‘accom-
modation’ (adaptation) in opsin chromophore centre is important
for maintaining the dark inactive state of the molecule (remember
that the chromophore acts as a powerful antagonist ligand) and
for the readiness of 11-cis-retinal to undergo ultrafast efficient
photoisomerization.

It is so far unknown how and in what spatial configuration in
the course of physiological regeneration process the 11-cis-retinal
is delivered to the rhodopsin chromophore site. Probably, the
initial configuration of 11-cis-retinal entering the chromophore
region differs from that of its stable dark-adapted state. It should
be noted that the chromophore domain of the dark-adapted
rhodopsin is not a specific binding site only for 11-cis-retinal.
It is rather spacious and may also adopt other retinal isomers
(e.g., 9-cis-retinal), as well as their modifications.#8-57 This may
serve as an indication that, when 11-cis-retinal enters the chromo-
phore site, it adopts an energetically unfavourable configuration.
This is likely due to interactions with the amino acid residues
that surround it rather than due to a steric hindrance. It might
be true that the primary configuration of 11-cis-retinal is nearly

planar when it enters the chromophore segment, but in sub-
sequence, owing to its interactions with the surrounding amino
acid residues, the -ionone ring turns by 60° and the chromo-
phore polyene chain is twisted.

Though the topography of the rhodopsin molecule in the
photoreceptor membrane has been described in considerable
detail, X-ray diffraction analysis yet does not provide a unique
answer regarding the true configuration of 11-cis-retinal in dark-
adapted rhodopsin.

Using X-ray diffraction data,® in the simulations we next
allowed a crystal structure to find by itself the true and optimum
arrangement, interacting thereby with all rhodopsin segments at
physiological temperature (300 K). It is worth noting once more
that the structure of the molecule in the initial point of the
simulation was completely identical to that derived from X-ray
diffraction data.

Though our model is a protein molecule in an aqueous
environment (rhodopsin is a membrane protein), the rhodopsin
dynamics described is nevertheless in good correlation with many
experimental and theoretical studies, including those with models
in lipid environments.%-1246 This allows one to extrapolate the
simulation results to the in vivo dark physiological regeneration
of rhodopsin.

Most likely, the adaptation time of 11-cis-retinal into opsin
and the initial configuration in our model system do not ideally
match the parameters in vivo. However, the interaction processes
for the chromophore with the surrounding amino acid residues
we believe are the same. The situation might look, of course,
more complex; it might be not like a key (retinal chromophore)
and a lock (opsin protein) matching the key. Not only do the
chromophore and opsin structurally match each other, but the
protein forces 11-cis-retinal to adopt a proper spatial configura-
tion that would match, on the other side, its function as an
antagonist ligand and efficient trigger of phototransduction.

Thus, only during the physiological regeneration process we
have to expect that the mutual structural adaptation and adjust-
ment of the chromophore with its protein environment occur.

In this study, we have only analysed the region of the
B-ionone ring of 11-cis-retinal with the surrounding amino acid
residues. At the next step, we assume to analyse the intramole-
cular interaction mechanisms in the Schiff base region. This
might shed light on how 11-cis-retinal, upon interaction with
opsin, becomes a highly efficient phototransduction trigger (its
photoisomerization rate is less than 200 fs, while the quantum
yield of the reaction is 0.67), unlike free 11-cis-retinalin in
solution (the photoisomerization rate is about 10 ps, while the
quantum yield of the reaction does not exceed 0.20) and an
antagonist ligand, efc.

It is worth noting that the issue of the chromophore function
as an antagonist ligand, we have considered previously8 with
regard to the dynamics of behaviour of hydrophilic ‘loops’ of
the rhodopsin molecule on the cytoplasmic surface of the photo-
receptor membrane.
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