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ABSTRACT:. The formation of photointermediates and conformational changes observed in the retinal
chromophore of bilayer-embedded rhodopsin during the early steps of the protein activation have been
studied by molecular dynamics (MD) simulation. In particular, the lysine-bound retinal has been examined,
focusing on its conformation in the dark-adapted state (10 ns) and on the early steps after the isomerization
of the 11eis bond totrans (up to 10 ns). The parametrization for the chromophore is based on a recent
guantum study [Sugihara, M., Buss, V., Entel, P., Elstner, M., and Frauenheim, T. @i@@Remistry

41, 15259-15266] and shows good conformational agreement with recent experimental results. The
isomerization, induced by switching the function governing the dihedral angle for the=C14 bond,

was repeated with several different starting conformations. From the repeated simulations, it is shown
that the retinal model exhibits a conserved activation pattern. The conformational changes are sequential
and propagate outward from the G2C12 bond, starting with isomerization of the G2C12 bond, then

a rotation of methyl group C20, and followed by increased fluctuations di-tbeone ring. The dynamics

of these changes suggest that they are linked with photointermediates observed by spectroscopy. The
exact moment when these events occur after the isomerization is modulated by the starting conformation,
suggesting that retinal isomerizes through multiple pathways that are slightly different. The amplitudes of
the structural fluctuations observed for the protein in the dark-adapted state and after isomerization of the
retinal are similar, suggesting a subtle mechanism for the transmission of information from the chromophore
to the protein.

The rhodopsin-bound retinal is a molecular device for absorbed by the photopigment, rhodopsin, the resulting
converting light into molecular conformational changes. The structural changes induced by the retinal upon photoactiva-
irradiation of rhodopsin at 500 nm isomerizesdidretinal tion produce a series of defined photointermediates (reviewed
to all-trans triggering a chain of conformational changes in in refs 3 and 9). Low-temperature and time-resolved UV/
the protein that induces signal transduction leading to vision vis spectroscopic measurements have shown that photo-
(1—3). The conformation of retinal and its evolution resulting bleaching of rhodopsin involves several intermediates and
from light absorption are crucial to an understanding of the may follow more than one pathwal@—12).
activation mechanism of rhodopsin, which has been the sub-  The initial photoproduct, photorhodopsin, is formed within
ject of intense study4—6). Rhodopsin is the most compre-  a very short time (200 fs). This state is transient and cannot
hensively studied member of the family of G-protein-coupled be isolated 13, 14). A model for the potential energy surface
receptors (GPCR5)because it is the only GPCR that is  of the excited state based on UV/vis femtospectroscopy data
naturally present in high abundance in biological tisse (  shows that the torsion angle of the bound €CI2 is

Rhodopsin provides an environment in whichdg~etinal changed by 75within 30 fs, while the full isomerization
chromophore can undergods to trans isomerization in ~ takes place in 200 fs1§). The initial movements of the
response to absorption of a photon with a very high quantum chromophore are thought to be tightly constrained by the
yield of 0.67 ). When light strikes the rod cell and is surrounding protein, because of the very short time scale of

the photoisomerizationl@).
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Subsequently, photorhodopsin thermally relaxes within a  Rhodopsin is the only GPCR for which accurate structural
few picoseconds to a distorted -lns configuration, information is available. Several crystal structures are
bathorhodopsin1(7). In bathorhodopsin, the chromophore available 86, 37), even indicating the position of hydration
is expected to retain the energy of the photon, because itwater within the protein in the most recent on88-40).
does not have the time to relax. Models for energy storage These structures have been complemented recently by a
in bathorhodopsin suggest that absorbed energy can be storestructure of the active state, metarhodoposin4ll)( The
through (i) structural changes in the retinal chromophore availability of this structural information has enabled various
itself, (i) alterations in the interactions between the retinal theoretical studies, including MD42—45) and quantum
and its protein environment, or (iii) a combination of both. simulations on fragments of the protein [using the Density
Calorimetric, nuclear magnetic resonance (NMR), infrared, Function Theory (DFT), for exampleB9, 46—49).
and Raman studies of bathorhodopsin at low temperature Whereas the crystallographic data reveals a detailed
suggest that the distortion in the conformation of the description of the receptor in the inactive dark state and, until
chromophore accounts for an important part in photon-energyrecently, low-resolution information on the chromophore,
storage {7—24). An early NMR study on bathorhodopsin  solid-state NMR provides accurate structural and electronic
suggested that the energy stored in the primary photoproducinformation on the chromophore, both in the dark-adapted
does not induce any substantial changes in the averagestate and in one of its photointermediate states. Rotational
electron density of the polyene chain, which is similar to resonance has been used successfully to provide selected
the dark-adapted state and to isorhodop2#).(Vibrational internuclear distances or restraints in the dark-adapted state,
spectroscopy studies at low and at room temperature confirmmetarhodopsin | and I50—53). The validity of the method
that the vibrational modes in the Schiff-base region of the was confirmed for the dark-adapted state with data from an
retinal chromophore in the dark-adapted state of rnodopsinimproved X-ray crystal structure39). Furthermore, the
are unchanged upon bathorhodopsin format8)25). The analysis of the chemical shift at various photoactivated states
charge separation between the Schiff base and its counterionand their comparison with Schiff-base models or rhodopsin-
therefore, does not make a major contribution to this part of bound retinal in the dark state can be used to probe the
the energy storage/transduction mechanism. Furthermoreglectronic environment around the isotopic labels selectively
significant changes between the dark-adapted state and bathanserted in the chromophor@4, 34, 54—58).
rhodopsin occur in the polyene chain, indicating substantial Previous MD simulations of bovine rhodopsin have
twisting of the retinal backbone at low temperatuiie < focused mainly on conformational fluctuations at the level
100 K) and at room temperaturé? 21, 23, 25, 26). of the protein, either in the dark-adapted staté, @5) or

On a nanosecond time scate]20 ns 27)], bathorhodop- after isomerization of the chromopho#2( 43). In one using
sin establishes an equilibrium with a blue-shifted intermediate the amber force field, a change in protein structure was
(BSI) before the mixture decays to form lumirhodopsin (in  observed 1.75 ns after the isomerization of the retinal was
~150 ns @7)]. BSI is not observed under cryogenic induced; the protein was in an octanol layer surrounded by
conditions but rather observed by flash photolysis at ambientwater as a membrane mimet#2]. In another, using NAMD,
temperature48). The equilibrium between bathorhodopsin changes in retinal were monitored over 1 ns and more gradual
and BSI is independent of the protein environment but can changes in protein structure were observed over 10 ns. In
be influenced by chemical modification of the retinal, this study, the protein was embedded in a palmitoyl-oleoyl-
suggesting that the bathorhodopsin to BSI only involves phosphatidylcholine bilayer of 108 lipids and surrounded by
conformational changes of the chromophorH)( The water for the MD £43). These studies are based on the 1HZX
proposed barrier for the formation of BSI is the steric crystal structure9) and released before accurate data for
interaction between H8 (hydrogen atom on carbon C8 of the the chromophore were made available. In a recent study,
retinal) and the C5 methyl group of retin&9; 30). Rohrig et al. 60) focused on the first 0.5 ps, using a hybrid

The decay from BSI to reach lumirhodopsin in the quantum mechanical/molecular mechanical MD calculation.
nanosecond time scale can be significantly affected by the Events in the first 0.5 ps were observed in the polyene chain.
amino composition of the binding pocket but not by the Again, 1HZX was used. Here, we present a computational
chromophore 10, 31). Therefore, it seems that this step study of bovine rhodopsin inserted in an explicit membrane
involves the adjustment of the protein matrix to the isomer- environment (Figure 1), focusing on the structural and
ized chromophorelQ). In the lumirhodopsin state, the salt dynamic properties of the chromophore in the protein. Both
bridge between the protonated Schiff base and Glul13 isthe dark-adapted state and the early stages after retinal
broken and retinal is believed to be fully relaxetil) isomerization have been studied. Specifically, this contribu-
Breaking the salt bridge decreases thg pof the protonated  tion endeavors to refine the mechanism for signal propagation
Schiff base, facilitating the transfer of the proton to Glu113 within the chromophore after absorption of a photon and
at a later stage3@, 33). transmission to the protein structure of that light signal based

Lumirhodopsin is then transformed into metarhodopsin | on recent structural information of the protein.
and subsequently to metarhodopsin Il, where important The theoretical study here provides a model reflecting the
conformational changes take place in the protein and thedynamics and conformation of retinal bound to bovine
active conformation for G-protein coupling is reachéa)( rhodopsin in the dark-adapted state and in states after light
The'3C NMR chemical shifts of the retinal provide convinc- activation but before BSI (which MD simulation cannot reach
ing evidence that Schiff-base deprotonation occurs in the because of the excessive computational time required).
transition between metarhodopsin | and34), as suggested  Furthermore, the use of different initial conditions for the
by the pH dependence of the UV/vis spectrum observed for isomerization illustrates the stochastic nature of the activation
the metarhodopsin | stat8%). process at the level of the retinal. It has therefore been pos-
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functionalized amino acid residues, palmitoylated cysteine
and retinal-bound lysine, for which it was necessary to write
a molecular description. The parameters used to simulate the
palmitoyl chains were based on the parameters used to
simulate the lipids.

Retinal.Retinal was carefully parametrized to reproduce
experimental data previously gathered for retinal in the dark-
adapted statés(l, 64—66) in the gromos43a2 force field (see
Tables 1S and 2S in the Supporting Information). The
parametrization was based on a previous DFT theoretical
study on 6s-cisretinal @8) and is in agreement with a recent
0.22 nm resolution crystal structur@d). The bond lengths,
bond angles, and dihedral angles from this model have been
used as parameters for the retinal topology (Table 1S in the
Supporting Information). The partial charges on the nuclei
were approximated on the basis of the Mulliken charges of
the DFT model (Table 2S in the Supporting Information).
The 6s-cisconformer and dihedral angle equilibrium values
(Table 1S in the Supporting Information) proposed by
Sugihara et al.48) were used as the starting conformation
for retinal in rhodopsin and used to replace the chromophore
present in the 1L9H crystal structure. This approach encom-
passes the experimental and other observations of extensive
electron delocalization over the retinal polyene chain [Smith
et al. (1985)Biophys. J. 47653-664; Lee, et al. (2002).
Chem. Phys. 116549].

Ficure 1: (A) Chemical structure of ltis-retinal and alltrans

retinal. (B) Illustration of the simulation box (blue, lysine; green, _Insertion of the Protein into the Bilayer and Equilibration.
POPC; red, lysine-bound retinal; white, tryptophan; yellow, palmi- The protein was inserted in the bilayers using a method that
toylated cysteine; red and white, water). generates a suitable cavity in the interior of the lipid bilayer

i i ) i i (67) based on the solvent-accessible surface of the protein
sible to carry out MD simulations on a physiologically com-  seq as a template during the course of a short steered MD
parable time scale for the isomerization of the retinal chromo- gjmulation (SMD) of a solvated lipid membrane (500-ps
phore and compare the simulation with experimental data. gpp run). The proteirlipid equilibration was achieved
MATERIAL AND METHODS through a three-stage process. Firgt,_ overlapping water

molecules were removed, and then lipid molecules whose

MD Calculations.MD simulations were performed with  headgroups are located within 0.15 nm from the protein
the GROMACS version 3.1.5 package, using gromos43A2, surface were removed; the proteilipid interface was
extended to improve the simulation of the lipid components optimized by applying repulsive forces perpendicular to the
for the force field 61). Simulations were run at a temperature protein surface, to the remaining lipid atoms inside the
of 300 K and a pressure of 1 bar in an isothersriabbaric volume occupied by the protein until it was emptied. The
ensemble (NPT) with periodic boundaries present. Both protein itself was then inserted into the bilayer. Counterions
Berendsen temperature and pressure couplers were chosewere added to maintain the electroneutrality of the simulation
to keep these parameters constant. The time step for thébox. The system was energy-minimized at each step that
simulations was 1 fs in the case of the short 5-ps MD involved the addition or removal of any molecular species
simulations and 2 fs for the others. A LINCS algorithm was (steepest descent algorithm). Finally, the system was equili-
used to maintain the geometry of the molecules. Long-rangebrated in successive short MD simulations (5 runs of 200 ps
electrostatic interactions are calculated with the particle-mesheach), where position restraints were applied to the protein
Ewald (PME) method. PME tends to slow the computation and progressively decreased. The minimum distance between
but increase its quality because it removes any cutoff the protein and its mirror images is at least 2.5 nm at anytime
electrostatic interactions. Lennardones interactions were  of the simulations.
cut off at 1.4 nm. The single-point charge (SPC) water model MD Runs.One 10-ns MD simulation was run for the dark-
(62) was used to describe the water in the simulation box. adapted state, while the isomerization of the chromophore

Lipids. The bilayer consisted of a 1-palmitoyl-2-oleoyl- was studied in a series of six MD simulations (Figure 2):
snglycerophosphocholine (POPC) patch including initially three 5-ps simulations with a 1-fs time step, where frames
288 lipids and 16 337 water molecules. The topology file were collected for every time step of the calculation, directed
for the POPC molecule had been previously described andtoward the first picoseconds of the isomerization, and three
was available from http://moose.bio.ucalgary.ca/Downloads. 10-ns simulations with a 2-fs time step, intended to follow

Protein. A crystal structure of the dark-adapted state the interactions between retinal and its binding pocket.
rhodopsin (chain A, 1L9H from PDB) was used as a starting Photoactivation of retinal was simulated using SMD tech-
point for building the molecular model of the protein. niques previously describediZ, 43), where the dihedral
Missing residues in the intracellular loops were added using parameters for the 1dis bond were switched to describe a
Modeller ©3). The simulation of rhodopsin involves two trans double bond.
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Dark-State Rhodopsin

Retinal/ A T e Ihl l ]l
Rhodopsin PR——+———MD———|===P Analysis i ] 1
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- Steered MD -
Isomerisation of Retinal

FiGure 2: Strategy to study the isomerization of retinal. A 10-ns
MD of bovine rhodopsin is run to generate frames used as the
starting conformation for the isomerization (including starting
velocities). Frames after 500, 1000, and 1500 ps were used as seeds
for SMD simulations, where retinal is isomerized from di$-to
all-trans The interpretation is based on the comparison between
the SMDs, where retinal is isomerized with the MD of bovine LT B B S e
rhodopsin in its dark-adapted state. 0 2000 4000 6000 8000 10000
Time [ ps ]

ComputersMD simulations were run on various comput- B T

ers including a PowerBook G4 running under Mac OS X [
(1.25 GHz, 512 MB RAM) for the shortest MDs and the 0k
data analysis or an 8 processor Beowulf-class cluster made [
of 4 dual processor X-serve G4 rack unitsx21.25 GHz,
1 GB RAM) with GHz switches and UPS, running under a
Mac OS X (10.2.8). MD calculations were run using
simultaneously several processors (2 or 4) with the MPI
middleware distributing the processes over all units.

Data AnalysisFor the analysis (tilt, kink angle, etc.), only [
the core residues of the transmembrane (TM) helices were ~ %95[ ]
included: (Hl) 3564, (H2) 72-98, (H3) 109-138, (H4) [ ~1 1Kl 1z E2 13 E3 cer ]
151-172, (H5) 201225, (H6) 245-277, and (H7) 286 o - -
308. The retinal binding pocket was defined as the amino 0 0 100 l’lgcsidf;’" 030
acids present within 0.45 nm from the retinal as described g &e 3: (A) Backbone RMSD of bovine rhodopsin in the dark-

by Palczewski et al.36). All molecular structures were  adapted state (black) and after isomerization of the retinal (red,

RMSD [ nm ]

=
o

RMSF [ nm |
=

drawn using visual molecular dynamics (VMD3§). starting point= dark-adapted state trajectory, after 500 ps). RMSD
curves of the residues belonging to the binding pocket are also
RESULTS AND DISCUSSION displayed for the dark-adapted state (blue) and after isomerization

(orange). (B) RMSF of rhodopsin in the dark-adapted state. The

Data obtained by vibrational spectroscopy provides infor- secondary structure is highlighted in blue at the bottom to show
mation on the chromophore, which is difficult to translate the position of the TM helices; residues in retinal binding pocket
into an accurate molecular description of interatomic dis- ¢ Mmarked (red = negative, yellow = aromatic, and green =

- positive).

tances, while structural approaches such as X-ray and NMR
provide a few accurate snapshots on the molecular con-(RMSD) of rhodopsin increases quickly to reach an average
formation of the chromophore in various states of the value of about 0.2 nm, around which it oscillates during the
protein-activation pattern. MD simulation is a tool with the remainder of the simulation (Figure 3). The RMSD computed
potential of linking these two important experimental con- for the residues from the binding pocket show a different
tributions, at least on a short time scatelQ ns) and can  value, close to 0.15 nm. The comparison between the two
then be tested. RMSD curves indicates that most of the motion in the protein

The 10-ns MD simulation of bovine rhodopsin in the dark- takes place in the loops. This was confirmed by the root-
adapted state shows a distorted retinal in a relatively rigid mean-square fluctuations (RMSF values) computed for the
binding pocket. The isomerization takes place in a 100-fs protein residues (Figure 3), where the highest values are
scale {L5) and is followed by several conformational changes obtained for the intracellular loop and the C-terminal domain.
within retinal at the pico- and nanosecond time scale. At a Analogous behavior has been observed experimentally by
10-ns time scale, most of the changes deriving from the X-ray crystallography, where high-temperature (B) factors
isomerization take place in the retinal itself. A comparison were reported for the loops and as a result some loop
of the motion of the protein in general and the motion of structures are missing in the earliest crystal structudés (
the residues involved in the binding pocket on a 10-ns time 40, 59).
scale does not show large-amplitude conformational changes Modeling 11-cis-Retinal in the Dark-Adapted Staiée
that can be directly linked with the isomerization of retinal retinal model was parametrized on the basis of a theoretical
and interpreted as the protein response to the retinalcontribution where the conformation of Xisretinal in the
isomerization. binding pocket was determined using DFT for the value at

Rhodopsin in the Dark-Adapted Stafeuring the 10-ns  equilibrium of all parameters and using standard values from
MD in the dark-adapted state, the root-mean-square deviationthe force field 48). The dihedral interactions for all of the
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Table 1: Distance Restraints within Retinal for Rhodopsin in the Dark-Adapted State Determined by MD at 300 K, DFC-&#d
Rotational Resonance NMR at 210 K

atom pair C16-C20 C1:C20 C8-C16 C8-C17 C8-C18
MD distancé (nm) 0.309+ 0.014 0.306+ 0.00F 0.442+ 0.010 0.388+ 0.017 0.308+ 0.012
DFT distance (nm) 0.307 0.309 0.435 0.398 0.300
reference 48 48 48 48 48
NMR distance (nm) 0.304 0.015 0.2934+0.013 0.4054 0.025 0.4054 0.025 0.295+ 0.2%
reference 64 64 51 51 51
X-ray distance (hm) 0.32% 0.00! 0.3254+ 0.00 0.448+ 0.036' 0.4464+ 0.034 0.3284+ 0.008
reference 39 39 39 39 39

a Averages of a set of three MDs of the same duratiddtandard deviation of the fluctuations during the MExperimental errord +Standard
deviation on chains A and B.

Table 2: Distance Restraints within Retinal for Rhodopsin Determined by MD within 10 ns after the Isomerization of Retinal at 300 K and
13C—13C Rotational Resonance NMR for Metarhodopsin | at 210 K

atom pair C16-C20 C11+C20 C8-C16 C8-C17 C8-C18
MD distancé (nm) 0.44440.014 0.3054+ 0.009 0.4394+0.01P 0.3964+ 0.017 0.3324+0.017
0.4444 0.01P 0.3044+ 0.009 0.439+ 0.010 0.398+ 0.017 0.315+ 0.01%
0.4484+0.01P 0.308+ 0.009 0.4424+0.012 0.390+ 0.01& 0.3414+0.012
(0.445+ 0.013) (0.306+ 0.009) (0.440+ 0.011) (0.395+ 0.017) (0.329+ 0.015)
NMR distance (nm) 0.435% 0.01% 0.283+ 0.015 NA 0.405+ 0.025 0.2954 0.02%
reference 64 64 52 52

a Averages of a set of three MDs of the same duratid®tandard deviation of the fluctuations during the 10-ns MBxperimental error.

bonds in the polyene chain were set with the standard values, o5
used for double bonds to give the model the rigidity required
to reproduce accurately information derived from the experi-

T T T T 0.5

—0.45F 4

L
5

- __.,,_,-.,‘W.mw_;mmmi

ment [i.e., interatomic distances measured by solid-state ;0-“' 1 ;”-4
NMR (51)]. This parametrization gave a model for the 20350 3 §[135 i
chromophore that reproduces reasonably well the structural 2 mm Z s L inil .E
information available 39, 51, 52). ;
Rotational resonance solid-state NMR was used for 2% 1 0
distance d_etermmauons within the rhodopsin-bound chro- 02 s P is s ssssTass O 20eshrsdysiysioss
mophore in membranes for the dark-adapted state and Time [ ps ] Time [ ps |
metarhodopsin |51, 64) (Tables 1 and 2). From these B *°
distances, it was shown that the G4013 unit is confor- 045 —0.45k
mationally twisted §4). Rotational resonance solid-state E o4 E |
NMR was also used to provide distance restraints regarding 3 3
the relative orientation between tifeionone ring and the 503 5
polyene chain of the chromophore in rhodopsii)( The A 03 a
distances measured between—@8l6, C8-C17, and C8& 025k ]
C18 show that the major portion of retinylidene in rhodopsin
has a twisted &-cis conformation §1). 02 051152253554 455 20051 152253354455
One of the goals of this study was to implement an os Time [ps ] os Time [ps ]

accurate retinal model to be used for MD simulations of C
bovine rhodopsin in the dark-adapted state. For this purpose, —045

the distance restraints defined by solid-state NMR constitute £ 3
an important block of experimentally derived structural :

information. Table 1 include the averages for the corre-
sponding distances as computed from our theoretical model,
while Figure 4A displays the instantaneous distance as a o023} 1 o025
function of the simulation time. The comparison shows good P 02 bttt i
agreement between the model and the experimental data fron T0051152253354455 T0051152253354455
both NMR and X-ray (Table 1). A further comparison with Time [ps] Time [ ps ]

NMR data shows only one distance that is 0.012 nm at FIGURE 4: lllustration of intramolecular distances within retinal,

; ; ; ; experimentally measured by solid-state NMR in the dark-adapted
variance with the simulation from the error range of the NMR state and in metarhodopsin I: C3G20 (black), C12C20 (red),

determi_nation. Table 3 an_d Figure 5 show an analogouscs_cm (blue), C8-C17 (fuchsia), and G8C18 (green). (A) 10-
comparison of the MD-derived model for selected dihedral ns MD in the dark-adapted state. (B) Example of a 10-ns MD, where
angles, showing a close agreement between the model andhe isomerization of retinal is initiated at tin¥e 0 ps (500-ps MD

NMR-derived distances (note that the temperature betweenin the dark-adapted state was run previously). (C) Same as B with
the experiment and simulation differs by 70 K). The averaged 2 Simulation time of 5 ps.

distances are also fluctuating and are close to the values While setting-up a model for retinal permits a more
defined by the DFT-derived 6<is conformer 48). accurate description of a crucial fragment of rhodopsin for
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Table 3: Dihedral Angles for Selected Bonds for Retinal in the Dark-Adapted State, Determined by MD, DFT, and NMR at 210 K

dihedral angle MD average DFT NMR X-ray
C5-C6-C7-C8 -394 9°b -35° —28+ 7°¢4(51) 38+ 3°¢
C10-C11-C12-C13 —204 11°° -1 +44 4 10°¢4 (64) —3141°¢
C8-C9-C10-C11 166+ 11°° 175 160+ 10°¢(76) —176+ 0.3
C13-C14-C15-Nz 1804 15°® 173 1654+ 5°¢(77) 1724 10°¢

2 Averages of a set of three MDs of the same duratidtandard deviation of the fluctuations during the MExperimental error! NMR-
based estimations are based on thecikIretinal crystal structure for which the bond angle was rotated to mid@h*C rotational resonance
distances® Average+ standard deviation on chains A and B.

anibisil

0.08- T 1 I 1 I 1 T I 1 I 1 I I T 1 I T T I 1
A 0 ﬂ'nrn' m-[r[-’q a'!lvmqunln rrrT w 0075E
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150} ] & 003

Dihedral Angle | degrees |
F
=
E

11| | P T TP TN TP 0.015

7()”(3 40(1” f)(mU 3[3(1(:' 10000 Q-Dl;
Time | ps | 0.005¢

B o . . . . 73

Ficure 6: RMSF for retinal, illustrating the increased vibrations
at the level of selected parts of retinal after isomerization (black,
dark-adapted state; red, after isomerization). Atoms &om the
f-ionone ring (in contact with helix V) and all methyl groups (atoms
-100F . 16—20) show a visible increase of their corresponding RMSF upon
isomerization.

—ISUW within the polyene chain that fluctuate the most around their
average location. The standard deviations of various averaged

-mnl - ’lntm 40(10 6()()0 xtl(ln 5000 interatomic dista_nces and di'hedral angles are al_so good indi-
Time [ ps | cators of the retinal dynamlcs._ F_or the mode_l in the dark-
adapted state, the standard deviations for the distance between
C 0 nondirectly bonded atoms, e.g., €818 (Table 1), were
below 0.02 nm. At the same time, dihedral angles exhibit a
standard deviation around %,Qvhich can significantly affect
the local geometry of the molecules. This model sets the
picture of retinal as a rather twisted and flexible molecule,
-100 while maintaining some interatomic distances relatively
fixed (fluctuations are less than 5% of the average value,

_15()UW Table 1).
The RMSD computed for the lysine-bound retinal (Figure
7A, black) fluctuates around 0.08 nm, which is even lower
T s than the average RMSD for the binding pocket (Figure 3A).
rmsd computed for various fragments shows that most of

Time | ps | S >
Ficure 5: Dihedral angle C5C6—C7—C8 (black) and C16 the deviation from the structure of the reference [retinal

C11-C12-C13 (red) for (A) retinal bound to rhodopsin in the dark-  conformer derived by DFT4@)] occurs in the polyene chain
adapted state, (B) 10-ns MD describing the isomerization of retinal (Figure 7A, blue), while the deformation of the ring geometry
after 500-ps MD in the dark-adapted state, and (C) 5-ps MD s |ess affected, with the exception of the methyl groups
describing the isomerization of retinal after 500-ps MD in the dark- present on the ring (RMSF, Figure 6, black).
adapted state. . . . .
Transition from 11-cis to All-trans-retinalThe isomer-
MD, it also allows a more accurate investigation of the ization of retinal has been studied in two groups of short
dynamics of the chromophore in its binding-pocket and can 5-ps MDs and long 10-ns MDs, each containing three
be applied for the further investigation of rhodopsin mutants simulations starting from a different starting point. The
in the dark-adapted state. starting point for each of the MDs was taken from the 10-ns
Various parameters are useful for characterizing the MD of rhodopsin in the dark-adapted state respectively at
dynamics of the retinal model in the dark-adapted state. Thetime 500, 1000, and 1500 ps (Figure 2).
RMSF is one of them (Figure 6), highlighting among other ~ The choice of two time-scales results from a technical
things that the methyl groups are the most mobile parts of compromise: to follow accurately the isomerization of retinal
the chromophore and that both C11 and C12 are the atomsat the femto- to picosecond level, the output of a large
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Ficure 7: RMSD for the lysine-bound retinal (black) and fragments
of the retinat-$-ionone ring (red),3-ionone ring and C#C8
(green), and polyene tail (blue). (A) Dark-adapted state. (B) 10 ns
after isomerization of retinal after 500-ps MD in the dark-adapted
state. (C) First 5 ps after isomerization of retinal, after 500-ps MD
in the dark-adapted state.

number of frames with a very short time step is required
(time step= 1 fs, frame saved every calculation step). This
approach is not practicable for larger simulations, with the
space for storing the data and the RAM memory required
for the analysis being prohibitive. As a result, these long-
term MDs use a slightly different setup (time step2 fs,

frame saved every 500 calculation steps) to explore longer

simulation times at the expense of time resolution.
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Table 4: Dihedral Angles for Selected Bonds for Retinal after the
Isomerization, Determined by 10-ns MD within 2 ns after the
Isomerization of Retinal at 300 K, and NMR for Retinal in
Metarhodopsin | at 210 K

dihedral angle MD average NMR

—384 9% —28 4 7°¢d
—364 9%
—384 9%

(37+9)
1574+ 12°

—1624+ 12°

159+ 12°b
(1594 12°)P

176+ 13°
171+ 16°
175+ 11°
(174+ 14°)

a Averages of a set of three MDs of the same duratidtandard
deviation of the fluctuations during the MDExperimental error.
9 NMR-based estimations are based on theistetinal crystal structure
for which the bond angle was rotated to matégE—*°C rotational
resonance distances.

C5-C6-C7-C8
NA

C10-C11-C12-C13

C9-C10-C11-C12 180+ 15°¢

all-trans(43), the same partial charges were used to describe
retinal in the dark-adapted and photoactivated states.

A comparison of the rmsd curves for rhodopsin (Figure
3A) shows that the isomerization of retinal leads the protein
on a different path during the MD from the one followed in
the dark-adapted state (note that the reference for all rmsd
curves is the same: the conformation of the protein at time
= 0 of the MD simulation in the dark-adapted state). From
the RMSF plot, most of the motions taking place in the
protein are located near the loops (data not shown), in
particular, the intracellular loops and the C-terminal domain
of the protein, in a scheme similar to the dark-adapted state
simulation.

The results presented here illustrate the path followed by
the molecular model of retinal upon isomerization. The
results strongly suggest that the followed path depends on
both starting coordinates and velocities of the retinal. Only
a few of the many available paths have been followed for a
relatively short time; therefore, this analysis cannot be
exhaustive but should rather be interpreted semiquantita-
tively.

Dynamics of the Isomerization and Pattern of Aation.

The isomerization of the model was followed by monitoring
the dihedral angle of the C+C11-C12—C13 bond as a
function of time (Figure 5C for a detailed description of the
first 5 ps and Table 4). From the three 5-ps MDs, the
isomerization of the chromophore starts within 50 fs after
the isomerization is initiated and takes about +200 fs
depending on the starting conformation for the retinal to

The isomerization was induced by switching the potential jsomerize around the C+1C12 bond in close agreement with
function describing the dihedral interaction for the d- spectroscopic experimentdd). In addition, the different
bond. This approach has been described in detail in previousconformations generated by each of the MD simulations were
reports 43, 69). The force field used can be expected to clustered using a full linkage algorithm (and a cutoff of 0.007
include fully the essential steric and electrostatic effects. nm, Figure 8). This type of analysis simplifies the visualiza-
However, it has some limitations. One of them is the use of tion of the conformation changes within retinal and identifies
united pseudoatoms for aliphatic apolar hydrogen atoms,in all three simulations a short-lived cluster with a lifetime
which are not explicitly described. A consequence of this of about 56-800 fs (range derived from the three MDs),
approach is to attenuate the distribution of partial chargeswhere the C1+C12 bond has been isomerized without the
on the atoms. As previous studies have shown that therest of the polyene chain having the time to rearrange. From
changes in the partial charges upon isomerization are rathetthe time scale and the nature of the conformational change,
small, with a maximum of 0.1 e between the di$-to the it is tempting to associate these clusters with the photor-
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membrane plane), showing a large-scale rotation of methyl group
C20 upon isomerization (700°, depending on the starting
conformation). (A) 10-ns MD of bovine rhodopsin in the dark-
adapted state (black) and after isomerization of retinal (red), after
500-ps MD in the dark. (B) 5-ps MD of bovine rhodopsin after
isomerization of retinal (isomerization initiated after 500 ps in the
dark). (1) Point corresponding to the end of the isomerization of
Uil P npioopa” the C11-C12 double bond, interpreted as being “photorhodopsin”.
(2) Point corresponding to the flip of methyl-C20, interpreted as
W being “bathorhodopsin”. The bond orientation is given related to
the normal to the membrane plane, withddrresponding to a vector
pointing toward the extracellular side and 2&®@rresponding to a

wk i vector pointing toward the cytoplasmic side of the membrane.
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Cluster #

Another important conformational change that occurs
within the first few picoseconds after the isomerization is
initiated is the rotation of the methyl group C20. The rotation
of the methyl group takes place along an axis, which is
approximately normal to the membrane plane. The angle
defined by the bond vector C+X20 and thez axis of the
simulation box is adequate to follow the orientation of the
bond inside the binding pocket. Figure 9B presents an
example of the rotation that the methyl group undergoes,
where it takes about 1 ps for the rotation to be completed.

¢ < The average time needed for the rotation to take place over
Chosterl Chwerld  Chwerd) the three 5-ps MD is 1.33 ps (1.5/1/1.5 ps) and the average

| e e amplitude of the rotation is 95(100°/93°/93°). Further
Ficure 8: Cluster analysis on several 5-ps MD simulations each cluster analysis identifies clusters (Figure 8) that appear

from different starting points. Retinal is isomerized in bovine shortly after the methyl group has flipped over, strongly
rhodopsin initially in the dark-adapted state. Starting conformations - . . .
come from different snapshots of the dark-adapted state. A Suggesting this state is related to bathorhodopsin.

clustering algorithm is used to follow conformational changes in  Altogether, the time scale and the amplitude of the various
the molecule. Conformations are sampled every 1 fs from the conformational changes observed within the chromophore
trajectory, and a full-linkage algorithm with a 0.007 nm cutoff is during the first 5 ps after isomerization suggests that they
used. may be related with the previously identified photointerme-

hodopsin intermediate. Further, the very short lifetime of diates photorhodopsin and bathorhodopsin. In addition, the
these clusters offers an explanation of why it is not possible isomerizations from several slightly different conformations

to isolate this photointermediaté5). for the 1lleisretinal leads to a distribution of the time
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Table 5: Intramolecular Distances lllustrating the Length Extension 400 Tonvp | toesMD | tomeMD | lomeMD ]
of Retinal upon Isomerizatién FDark-adapted state| Isomerization Isomerization Isomerizgiifn ]
X N 350 after 500ps after 1000ps aﬂerl%ﬁ ]
intramolecular dark-adapted after crystallized c - ]
distances state isomerizatiof  all-transretinal 300 . e -
C13-C4 (nm) 0.8810.03F 1.0164+ 0.033 1.148 E /| 3
1.016+ 0.034' w 250F e -
0.992:+ 0.042 5 f o
(1.008+ 0.036) %200 wd . -
C15-C4 (nm) 1.044+0.04F 1.187+ 0.048 1.355 L-—:") r e
1.192+ 0.044 150F e ]
1.150+ 0.055 : i
(1.176+ 0.051) 100F » =
@ The corresponding distances are longer in the crystallizeideais . /
retinal, suggesting that the chromophore can extend nMidveerages 501 / 7
of a set of three MDs of the same duratiéwverage on a single 10- L7 '.I 1 1 | .
ns MD of bovine rhodopsin in the dark-adapted stét&verage on 0 T e T,
the three 10-ns MD of bovine rhodopsin after isomerizaiton of retinal. 0 0000 Sm%imeo[ ps 5]000 0 5000 10000

Ficure 10: Cluster analysis on several of the 10-ns MD simula-
required for transition from one photointermediate to another tions. Conformations are sampled every 20 ps from the trajectory

(le, and the Conformat|0na| Changes that they |mp|y) Th|S (a total of 2000 conformations analyzed), and a fu"'hnkage

s . : . _algorithm with a 0.021 nm cutoff is used. Two main clusters can
is interpreted as the existence of multiple pathways leading be identified, with cluster 2 gathering 78% of the retinal conformers

to the activation of the protein and might explain the i, the dark-adapted state and cluster 106 also gathering 78% of
coexistence of several photointermediate states. Neverthelesshe retinal conformers after isomerization.

the sequence of the observed conformational changes remains
the same in all of the simulations. increased fluctuation in the rmsd plot compared to the dark-
To extend the three short 5-ps MD described in the adapted state (Figure 7A). Furthermore, the RMSD plot for
previous paragraphs, three longer 10-ns MD simulations haveretinal after isomerization (Figure 6) highlights the methyl
been run, starting from the same points of the trajectory groups (C16-C20) and atoms C3C4 from thef-ionone
where rhodopsin was simulated during 10 ns in the dark- ring, as the positions in the chromophore where increased
adapted state, These MDs explore the conformational vibrational activity takes place. This vibration results from
changes taking place in retinal on a much longer time scale.the process of reciprocal adaptation between the chromophore
These changes are not localized, as are the earliest changeand its binding pocket after the isomerization. A transfer of
within the chromophore, but rather involve the entire retinal this vibrational activity could take place between the retinal
molecule and are more subtle. A careful comparison with and its binding pocket. Figure 11B illustrates this at the level
the 10-ns MD of rhodopsin in the dark-adapted state was of the-ionone ring, where the time fluctuations for distance
required to ensure that it results from the isomerization and between the ring and the surrounding residues increase and
not from thermal fluctuations. can possibly act as a way to transfer the signal from the
Among these changes is an extension of the retinal lengthretinal to the protein. The amplitude of these fluctuations,
by about 0.130.14 nm, which can be tracked by following 0.01-0.03 nm, is small and may explain why it takes
the interatomic distance between either C13 or C15 and C4milliseconds for the protein to reach its activated st&®, (
(Table 5). Another conformational change is the increase of with the perturbation induced by the chromophore on the
the interatomic distance between C8 and C18, by a modestprotein being relatively small. Furthermore, fhiéonone ring
0.02 nm, as a result from a slight change in the orientation moves closer to helix V and away from helix VI by a distance
of the ring (Figure 4B). The methyl groups undergo increased of 0.01-0.02 nm. The amplitude of this displacement is
fluctuation (Figure 6), which can affect their average rather small and simply means that the contact between the
orientation (Figure 9). p-ionone ring and helix V is reinforced in the first nano-
Further cluster analysis performed simultaneously on all seconds of the MDs describing the isomerization of retinal.
10-ns MD (Figure 10) shows that retinal in both the dark- It might result either from the extension of the retinal polyene
adapted state and after isomerization is segregated in twotail or from the modest increase of the vibrational level near
distinct clusters. For both states, 78% of the conformation the ring.
can be gathered in one cluster with a cutoff of 0.0021 nm  In this model, not all of the parts of the retinal are affected
(no cluster visible with a cutoff lower than 0.0018 nm). This by the isomerization. The most striking example is the salt
means that, within 10 ns, retinal does not fluctuate more thanbridge between the protonated Schiff base and Glul113, an
~0.02-nm rmsd away from its average conformation. important part of the molecule, that does not seem to be
Furthermore, the amplitude of the fluctuations seems to be affected at all in the early stage of the isomerization, because
the same for retinal in the dark and retinal after isomerization; both the average distance between the two groups and the
i.e., on the nanosecond time scale, conformational changedluctuation around the average are changed by less than 0.01
are driven mainly through thermal fluctuations or perturba- nm upon activation (Figure 11A). This is in agreement with
tions that have a similar amplitude. experimental data because the salt bridge between the
Relaxation of the Binding PockeA general feature of ~ chromophore and Glul13 is not expected to break before
the retinal model after isomerization is an increase in the metarhodopsin I{1 ms after isomerization)36).
vibrational fluctuations of some fragments of the molecule.  Protein Conformational ChangeAt this stage, it is
These fluctuations are highlighted in Figure 7B, with an difficult to identify alterations in the conformation of the
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0.5 ' ' ' T ™ photoactivation is important for the determination of the
mechanism of activatiorbg).

The comparison between computed and measured dis-
tances was not straightforward because, on average, an
evolution of a few milliseconds is required for the chro-
mophore to reach metarhodopsin | after isomerization.
However, these values constitute a valuable point of com-
parison for the distorted atransretinal simulated in the
O ] early stage after isomerization and highlight two points. First,

Residue the C11-C20 distance is very close to the value measured
in the metarhodopsin I, as a result of the rotation of the C20
methyl group following the isomerization. Second, the
agreement with the interatomic distances measured near the
ring is less striking, mainly because of the 0-203 nm
deviation from the C8C18 distance as measured by NMR.
The fluctuations result directly from the isomerization of the
retinal and the stress that it induces on the chromophore and
are likely to persist until the binding pocket has accom-

Distance | nm |

iy

Distance [ nm |

e B T modated the altransretinal (i.e., lumirhodopsin).
Fime [ ps ] Fime | ps ] The slight increase of the G818 distance was also

Ficure 11: (A) lllustration of the stability of the interaction between accompanied by ring fluctuations, resulting in transient

the protonated Schiff base and the counterion (Glu113), both in raqgrientation of methyl C18 away from Trp265. While the
the dark-adapted state (black; averag®.172+ 0.012 nm) and . . P . . Co
in the early stage of the activation (red; averag®.172+ 0.014 ring oscillates between its initial orientation and its new

nm). (B1) Distance betweef-ionone ring and selected residues ~Orientation, where methyl C18 is rotated away from Trp265,
from the binding pocket (carbercarbon distance only): M267 it cannot be interpreted as tifeionone ring moving away
ring (greeg;3a5\/2eia86538'372)i|:(2)'1(§4 an),szoenng (%Iasceké from the binding pocket, as shown in Figure 11, where the
average= 0. : nm), ring (red; average= 0. ; ; i~ hindi

+ 0.030 nm), and W265ring (blue; average= 0.330+ 0.027 averkagtje dlstgnce betWteertl thg rllngtﬁlnd tthe grocrjnaguc p'?dmg
nm). The increased fluctuation in these distances upon isomerization_pOC et remains CQHS ant. nly the _San ar eviations
(B2) illustrates the increased level of vibration of the ring after increase. The amplitude of the fluctuation seems too small
isomerization (left, dark-adapted state; right, after isomerization): to prevent the ring from recovering its initial orientation later
M207—-ring (green; average= 0.372 + 0.026 nm), F208ring once the retinal has relaxed.

g?gaz‘:;;ia‘é%ggﬁr%f?;nid (\),'\?266‘}5223' (ilzulérg‘vgegggfgggg: ~ Mechanism of Actiation. In this present theoretical study,
0.040 nm). it is suggested that the early stages of the activation of
rhodopsin are localized mainly on retinal, where a series of
protein that would arise from photoisomerization of retinal. conformational changes occur in a sequential manner,
The RMSD and RMSF plots point at various small alterations spreading away from the isomerized bond (Figure 9B). First,
in the conformation of the protein during the MD simulations the isomerization of the C£C12 bond occurs within a few
after initiation of the isomerization. Nevertheless, these hundred femtoseconds. A recent hybrid guantum mechanical/
changes, which can account for changes in the tilt angles ofmolecular mechanical approach revealed significant rmsd
the TM helices by a few degrees (data not shown) are increases for the polyene chain in the first 300 fs, with which
difficult to interpret, because they are not consistently our study agrees. However, this study was performed in a
observed along the three simulations and not very different membrane mimetic (octanol in water) rather than in a lipid
from the fluctuations observed for MD simulations in the bilayer ©0).
dark-adapted state. Longer simulation with a time scale of a  The rotation of methyl group C20 relative to Trp265 was
few 100 ns would be required to investigate these confor- observed within +2 ps (Figure 9B). These highly localized
mational changes more thoroughly. changes are then followed by increased fluctuations at the
Simulating All-trans-retinal in the Early Stages of the level of the whole retinal, mainly localized on the methyl
Activation of Rhodopsinin the metarhodopsin | state, the groups and theg-ionone ring. These fluctuations, largely
C10-C20 distance increases by more than 0.13 nm upon localized on the methyl groups and théonone ring, disturb
activation, whereas the C+L20 remains almost unchanged the orientation of the ring and its position relative to helix
(64). In the same photointermediate, the distance measuredv and VI (Table 6), as well with the surrounding aromatic
by rotational resonance5?) and the observation offC residues (Figure 11). The amplitude of these changes is
chemical shift introduced into thgionone ring 62) (at the tenuous and involves changes in the ring that are in terms
C16, C17, and C18 methyl groups) and into the adjoining of a few hundredths of nanometers and cannot be interpreted
segment of the polyene chain (at C8) suggest that theas the ring moving away from the aromatic binding pocket.
orientation of the ring remains unchanged upon isomeriza- The data here suggests that thecidbond relaxes quickly
tion. The only significant chemical-shift change that could after isomerization (C11 and C12 are slightly less mobile
be detected for the ring methyl groups on photoactivation after isomerization according to RMSF, Figure 6), transfer-
was in the C18 resonance, which increased from 22.1 to 22.5ring the mechanical stress to another part of the retinal in a
ppm (2). The large splitting between C16 and C174(3 sequential way, starting at the tis bond and spreading
ppm) describes the unique orientation of these geminal away from the epicenter of the isomerization. The simulations
methyl groups in rhodopsin5(), and its retention on  suggest that thg-ionone ring plays an important role in the
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Table 6: Distance between tifelonone Ring and Neighbor here are compatible with this model and are precise when

Heliceg these changes take place. The results show that C20 moves
dark-adapted after away from the cytoplasmic face and rotates cIOCI§W|se when
state isomerizatiof looking down the polyene from Trp265 toward tfiéonone
ring—helix V (nm) 0322+ 0,026 0312L 0.028 ring. From the MD model, the rotation of the C20 methyl
0.311+ 0.026 group would happen in the first picoseconds, probably a
_ _ 0.3174 0.029 distinctive feature of metarhodopsin, while the progressive
ring—helix VI (nm) 0.293+ 0.021 (;35108% 8'832 extension of the retinal changes during the first 10-18.03

nm) suggests that much more time is required for the motion
— . — - _ of the chromophore, interpreted as a-035 nm translation

i ar\]/vnhm 10ns "ﬂtﬁr I'.SO\Ter'Z""“Of”’ W?]'OIT‘O(‘/‘*P 2”9 only Shfo""s a  toward helix V. From the simulations, further extension of
f,f'%h:ergo,\\,l/eD;O;VfatLe sz'r),(]e aﬁ:’;%nrom clix ViAverages of a set e retinal and translation motions of the polyene tail toward
the position helix V in the dark-adapted state requires
. . . motions of helices V and VI (either translation or a change
change of the protein state through the increased fluctuationsy, ejr orientations), to generate space for the chromophore
in its orientation compared to the dark-adapted state and theyy move.

slight increase of the contact made with helix V (aligned Ring Flip. In this MD study, the3-ionone ring remained
with the polyene chain). Recently, helix V has been suggestedi, e pinding-pocket over the time scale explored, in a
to play an important role in the activation of rhodopssgx conformation very similar to the one observed in the dark-

'tl)'he simulat.ionls sgehml_to show thefincreaied.interﬁctionhsadapted state in agreement with a recent NMR structural
etween retinal and helix V as part of a mechanism through g4y on hovine rhodopsin [dark-adapted st&]( It should

which thg retinal transfers the signal to the protein. The salt be noted that because of the length of the simulations, a ring
bridge with Glu113 at the other extreme of the chromophore flip at a longer time cannot be ruled out solely on the basis

anchors the ring solidly to helix lll, at least during the first ¢ .o D results.
10 ns of the activation (Figure 11). As a consequence, the

only part of the retinal allowed to move is its ring, which M
also reflects a slightly less tight packing [it is known that

0.3084 0.029

The flip of the ring upon activation proposed in a previous
D simulation study 43) was not observed with the model
; ) o used here for retinal. The rigidity of the ring compared to
various retinal conformers can be docked in this part of the this previous study (where the rotation of the ring was
binding pocket 48, 71)]. ) observed) results from two factors: the conformation of the
_ The 10-ns MDs suggest that the small fluctuations of the retinal in the dark-adapted state differs slightly, and the
ring could play a part in the process initiating the activation treatment of the dihedral angles is different (i.e., increasing
of the receptor. Linked with the fact the ring is still be located the rigidity of the polyene tail by increasing the dihedral
at the same location in metarhodopsis2) it would suggest jnteractions on these bonds as if they were as rigid as a
that the small oscillations of the ring, which might be goyble bond). Clearly, the possibility for the ring to flip is
repeated over several hundred nanoseconds, could be enoughoyerned by the choice of one parameter for the potential
to trigger the activation of the protein. This view is based energy function describing the €£6—-C7=C8 (data not
on recent advances in the description of noncovalent interac-snhown). For the chromophore model to fit experimental
tions (mainly driven by atomic-force microscopy), where information available for the orientation of the ring resulting
such interactions are described as having limited lifetimes from 13c—13C distance measurement by solid-state NMR (
and could fail under any level of force if applied for the 52) 5| of the dihedral interactions within the polyene chain
right length of time 72). Consequently, the role of retinal o retinal were treated as double bonds, thus increasing the
would be to apply a localized perturbation at the right rigidity of the molecule and preventing the ring flip. This
amplitude and time scale to initiate the protein activation. chojce is also justified by the bond length recently determined
In such a model, retinal does not need to move away from py X-ray (39) and solid-state NMR@5), where deviations
its binding pocket to achieve its activating task. The model from ideal single G-C bond and double €C bond lengths
would be compatible with both the findings that the orienta- are observed, suggesting bond order to be larger than 1 for
tion of the ring is unchanged in the metarhodopsi®2)(  all bonds in the polyene chaig, 65). This illustrates the
and the motions of the chromophore within the binding difficulties for simulating a system in which the electronic
pocket as interpreted from the comparison of distance delocalization plays an important role.
restraints between the chromophore and selectively labeled |imitations. It is recognized that there are limitations to
residues between the dark-adapted state and metarhodopsithis computational approach, and simplifications are made
I(53. in the building of the model (especially when related to
The recent NMR study of metarhodopsin Bi3j suggests  electrostatic interactions). There are intrinsic limitations to
that the retinal isomerization would disrupt helix interactions MD simulations, which include the classical treatment of the
locking the receptor off in the dark state and propose a system and a static attribution of the electronic charges to
mechanism of activation for rhodopsin, highlighting two the nuclei. The other challenge introduced by rhodopsin for
essential aspects of the isomerization trajectory suggesteccomputational study is the large separation in time scales
from the retinat-protein contacts observed in the active between the steps in the photocycle of the protein with
metarhodopsin Il intermediate. Those aspects include a largerespect to the current limits in computer simulations of large
rotation of the C20 methyl group©0°) toward extracellular ~ proteins. While it takes a few milliseconds for the protein
loop 2 and a 0.40.5 nm translation of the retinal chro- to reach the activated state and much more time before the
mophore toward TM helix V. The MD simulations performed retinal is regenerated7(), the state-of-the-art computer
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simulation of the large protein with an explicit solvent and tion of a clear and defined pattern for the activation of the
membrane description is still limited to £A00 ns 44). protein, in agreement with the time scale required for the
Therefore, MD is not yet able to follow the activation of the receptor activation (ms).

receptor from the dark-adapted state to the active species of

rhodopsin, the so-called metarhodopsin Il, where the binding ACKNOWLEDGMENT
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or its binding pocket. discussions. Prof. Peter Tieleman is thanked for making
CONCLUSIONS available pre-equilibrated POPC bilayer. The Bionanotech-

) i , nology IRC is acknowledged for consumables and computing
The results presented here provide a continuation of theSupport (through the OSC).

previous MD studies on retinal in rhodops#2( 43) in the
sense that the same method is applied with some refinemensyPPORTING INFORMATION AVAILABLE
in the model for the chromophore as well as the protein _ ) _ ) )
conformation (protein model based on &8). The confor- ~ By convention, all of the figures illustrating the isomer-
mation and the molecular description for the chromophore ization of retinal start with the arbitrary time 0 ns, corre-
are based on a recent quantum study that describes most ofPonding to when the illumination takes place (and where
the structural information available for the dark-adapted state the isomerization is started). This means the time frame is
(48). The experimental data regarding the conformation of independent from the amount of time the protein was
retinal were also made available recently. Furthermore, the Previously simulated in the dark-adapted state. The advantage
protein was modeled from a crystal structure with a resolution Of this choice is to allow a direct comparison between
of 0.26 nm (1L9H) including functionally important water Simulations where retinal is isomerized. Note that this
molecules and is simulated in an explicit lipid bilayer. convention was not followed for the figures intending to
The retinal model proposed here is based on recent DFTShow a comparison between the protein in the dark-adapted
calculations 48) that describe the dynamics of the bound State and after isomerization (e.g., Figure 4). For those
chromophore and convergences to the experimental distancdigures, the time frame used is the one corresponding to the
constraints§1, 52, 64). Extrapolation of this model to study ~ Simulation in the dark-adapted state, where the starting time
the dynamics and conformation of the earliest photointer- for the simulations where retinal is isomerized is 500, 1000,
mediates provides a reasonable model for the activation ofand 1500 ps, respectively. Graphs of simulations with
retinal and suggests a possible path for the transfer of thealternate starting points (retinal isomerization after 1OQ0- or
signal to the protein. Clear structural features are suggested.500-ps MD in the dark-adapted state), corresponding to
for both photorhodopsin and bathorhodopsin. It is also found Figures 3,4, 5,7, 9, 11 in the paper. This material is available
that, although several slightly different routes for structural free of charge via the Internet at http://pubs.acs.org.
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