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ABSTRACT Rhodopsin is the prototypical G-
protein coupled receptor, coupling light activation
with high efficiency to signaling molecules. The
dark-state X-ray structures of the protein provide
a starting point for consideration of the relaxation
from initial light activation to conformational
changes that may lead to signaling. In this study
we create an energetically unstable retinal in the
light activated state and then use molecular dy-
namics simulations to examine the types of com-
pensation, relaxation, and conformational changes
that occur following the cis–trans light activation.
The results suggest that changes occur throughout
the protein, with changes in the orientation of Hel-
ices 5 and 6, a closer interaction between Ala 169
on Helix 4 and retinal, and a shift in the Schiff base
counterion that also reflects changes in sidechain
interactions with the retinal. Taken together, the
simulation is suggestive of the types of changes that
lead from local conformational change to light-acti-
vated signaling in this prototypical system. Proteins
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INTRODUCTION

Rhodopsin is an excellent system for understanding the
details of G-protein coupled receptors (GPCR) due to the
large amount of experimental information related to both
structure and function (for recent reviews, see Refs. 1–6). It
is also the first GPCR with a measured tertiary structure7

and is thus an excellent candidate for yielding insight into
the molecular details of GPCR function. Explicit, all-atom
molecular simulation can provide a view into the choreo-
graphic details of the structure–function relationship. A
full understanding of these details is difficult, however,
due to the large separation in time-scales between the
photocycle of rhodopsin and current computational limits
in computer simulation of biomolecules. In particular, the
full photocycle occurs on the millisecond time scale,8 while
the state-of-the-art in computer simulation of large pro-
teins is tens of nanoseconds.

Bovine rhodopsin has served as a model system for the
understanding of transduction for many years.8 In partic-
ular, studies of bovine rods have led to initial understand-
ing of G-protein coupled systems, to the first GPCR that
was sequenced,9 and to understanding of the connections
between particular residues and rhodopsin function.3,10

For example, the role of Glu 113 as the counterion,11 the
critical role of certain residues in transduction,12,13 and
initial suggestions for spectral tuning14,15 all began with
rhodopsin. An upcoming frontier is understanding the
connections between the photocycle’s underlying confor-
mational changes that lead to activation and signaling,
and the structures of the G-protein itself.16,17

A key aspect of understanding rhodopsin and other
GPCRs is the dynamic motion of the ligand activation.18,19

In rhodopsin, the cis–trans photoisomerization of retinal is
the activation mechanism. The structural and energetic
consequences of retinal’s isomerization are of great inter-
est. Molecular dynamics (MD) simulations offer a means of
obtaining atomic-scale dynamics of such systems. A main
limitation has been the short time scales attainable in all-
atom MD simulations. However, we have performed a 150-
ns simulation––long enough to examine important
dynamic events along the path from the dark-adapted to
the light-adapted state. The transition to the LUMI inter-
mediate state takes about 150 ns. Thus, we are within
range of an early rhodopsin intermediate and can compare
to corresponding experimental data. By constraining the
C11–C12 dihedral angle of retinal in the simulation, we
force the isomerization. In the subsequent dynamics, the
constraint is turned off. We obtain a single trajectory of the
consequences of the isomerization on the structure and
energetics of rhodopsin. Within this comparison, we recog-
nize that the simulation yields only one pathway to the
state at 150 ns, not the statistical ensemble that actually
exists. However, some aspects of the dynamics are highly
probable and will occur for most trajectories. These aspects
can safely be expected in the dynamics of our simulation.
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The details of the simulation are given in the Methods
section. We then describe the results of the simulation
analysis concerning the structural dynamics and the ener-
getics of our model rhodopsin system that are observed af-
ter the forced photoisomerization, including changes in
retinal’s dihedral angles, a narrowing of the distance
between Ala 169 and retinal’s ionone ring, helix kink and
tilt angle transitions, a switch in the protonated Schiff
base counterion, and changes in retinal’s interaction with
its environment, including disengagement from Helix 6.
These events are connected to other large-scale transitions
in the post-photoisomerized state of rhodopsin and lead
towards coupling with transducin.

SIMULATION METHOD

The present work is a continuation of our earlier simu-
lation of the dark-adapted state of rhodopsin.20 In the ear-
lier work, MD simulations were performed using an all-
atom representation. The lipid and water environment
were explicitly treated. The CHARMM force field was
used (version 22 for protein and version 27 for lipids, both
released in August of 1999),21,22 which includes parame-
ters defined for retinal.23 All calculations started from the
first X-ray structure of rhodopsin (1F88).7 To be consistent
with our previous work, we did not use the new rhodopsin
dark-adapted structures24–27 as our starting point. Analy-
sis of our earlier dark-adapted rhodopsin simulation has
suggested relatively small changes from the original struc-
ture. The total system size (41,623 atoms) consisted of pro-
tein, 99 DOPC lipids, 100 mM salt concentration (14 so-
dium, 16 chloride), palmitylated lipids attached to Cys 322
and Cys 323, and 7441 TIP3 waters.
The LAMMPS28 lammps.sandia.gov molecular simula-

tion package was used to produce a 150-ns trajectory. The
initial state is the final state of the 40-ns simulation of the
dark-adapted rhodopsin.20 Periodic images were used in
all directions. The simulation was performed at constant
membrane surface area of 55 3 77 Å2. The direction per-
pendicular to the lipid bilayer was controlled at a constant
pressure of 1 atm. The temperature was controlled using
the Nose-Hoover thermostat at 307 K. All bonds to H
atoms were constrained using the SHAKE algorithm and
the equations of motion were integrated using the velocity
verlet algorithm with a 2 fs timestep. Electrostatic interac-
tions were treated using the particle–particle particle–
mesh (P3M) method.
In the simulation, the cis–trans photoisomerization

occurs by constraining the C11–C12 dihedral angle. An
MD simulation of 200 fs starts with the C11–C12 dihe-
dral angle constrained in the cis state and ends at the
trans state. Thereafter, the 150-ns simulation does not
constrain the dihedral angle.

RESULTS
C11–C12 Dihedral Transition

We begin by discussing the postisomerization dynamics
of retinal itself. Figure 1(a) shows the dihedral angle of

the C11–C12 dihedral in retinal as a function of time,
including both the 150 ns after isomerization and the
40 ns before the isomerization (from the earlier simula-
tion of the dark-adapted state).20 The time before isomer-
ization is represented as negative in this plot and subse-
quent plots. After isomerization, the dihedral angle does
not substantially change during the 150-ns simulation.
Thus, the C11–C12 dihedral transition is stable. After
isomerization, the self-energy rises by about 7 kcal/mol
[Figure 1(b)], which is primarily due to the C11–C12 di-
hedral transition. In the vicinity of t ¼ 20 ns, there are
fluctuations that bring the energy below the average cis
state energy. By about 30 ns, the self-energy drops sharply
and permanently below the average cis state self-energy
and subsequently slowly decreases to about 4 kcal/mol
below the cis state self-energy. This drop in energy is pri-
marily due to the relaxation of dihedrals other than the
C11–C12 dihedral. The C9–C10 dihedral angle transitions
from 1608 to the lower energy 1808 state. Also, before t ¼
30 ns, the C6–C7 dihedral exhibits oscillatory behavior
between 608 and 1508, but settles near 608 after t ¼ 30 ns,
thus preventing the b-ionone ring from being coplanar
with the retinal chain. In the first 30 ns after isomeriza-
tion, the dihedral angles C12–C13 and C8–C9 have large
fluctuations, although about the average value of the dark
adapted state. These large fluctuations end at about t ¼
30 ns, when the retinal self energy changes, and the aver-
age dihedral angle and the fluctuations return to the val-
ues of the dark adapted state. The effect of the dihedral
motion involving C9 is to move the C19 methyl group to
the same side of retinal as the C20 methyl group.

Fig. 1. (a) Retinal dihedral angles as a function of time. (b) Retinal’s
self energy as a function of time. The gray line represents the dynamics
for the 40 ns run of the dark-adapted rhodopsin, i.e., retinal in the cis
state and the C11–C12 dihedral has angle 0. The black line represent
the dynamics after the cis–trans isomerization, i.e., retinal is in the trans
state with the angle at 180 (¼ �180).
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The net structural changes in retinal can be examined
by calculating a pseudodihedral angle. The N16 and C7
atoms with their respective H atoms are at opposite ends
of the retinal chain. Hence, the H16–N16–C7–H7 dihe-
dral angle is a measure of the linearity of the retinal
chain (up to the ionone ring). In the dark-adapted state,
the average value is 458, which indicates the bend and
twist of the chain, whereas after photoisomerization, a
sudden shift occurs, and the dihedral then fluctuates
between 608 and 1808 for 30 ns. At t ¼ 30 ns, the dihedral
angle changes to 1808 and stays there for the remainder
of the simulation. In this final conformation, the chain is
linear and coplanar. The main relaxation after isomeriza-
tion is the transition to this final flattened all-trans con-
formation.
We have also examined retinal’s bond orientations for

comparison with available deuterium NMR structural
data for retinal in the dark-adapted state of rhodopsin.29

Bond orientation vectors with respect to the bilayer nor-
mal were computed for retinal’s methyl groups bonded to
C5, C9, and C13 for both the dark-adapted state and post-
photoisomerization. Considering the large instantaneous
fluctuations in bond orientation and the limited statisti-
cal sampling achieved within the 40-ns dark-adapted
simulation, results for the dark-adapted state are in good
agreement with the NMR measurements (Table I). The
C5 and C9 bond vector orientations undergo substantial
transitions postphotoisomerization. This observed transi-
tion in the simulation could be compared with future
NMR measurements of retinal’s methyl bond vectors
postphotoisomerization.

Retinal – Ala 169 Gap Narrows

The isomerization of retinal starts a sequence of structural
transformations that ultimately results in the light-adapted
structure. For comparison to our 150 ns simulation, struc-
tural transformations that have occurred in the transition
to the LUMI state are the most relevant. The isomeriza-
tion directly moves the ionone ring. Consequently, the res-
idues neighboring the ionone ring should change after
isomerization. We have examined the distance between
the ionone ring and Ala 169 as a function of the simulation
time. Crosslinking experiments30 find that Ala 169 and

the ionone ring can be crosslinked for rhodopsin in the
LUMI state. Figure 2 shows that in the simulation, the
separation distance decreases after isomerization with
the final separation at about 9 Å. The crosslinking experi-
ments imply a shorter separation, which could be achieved
via rotation of Helix 4 (since Ala 169 is on the side of Helix
4 opposite to retinal), or by further movement of the io-
none ring. One would expect that there is a set of confor-
mations for the LUMI state, and only an (unknown) frac-
tion of them allow the ionone–Ala 169 crosslinking. Our
simulation does show that the separation distance is
reduced significantly, and that if Helix 4 were to rotate, or
if the ionone ring moved further, the crosslinking could
occur. In the following sections, we discuss the structural
transformations of the helices seen in the simulations.
The large-scale motions of helices are naturally slower
than the individual motions of residues or of retinal,
which limits the helical motion that can be seen in nano-
second-time-scale simulations. However, the 150 ns simu-
lation is sufficiently long to observe transitions in some of
the helices.

Helix Tilt and Kink Angle Transitions

An important characteristic of membrane proteins is
the tilt of the transmembrane helices relative to the lipid
bilayer. The tilt is an important mechanism by which the
helix can match the bilayer thickness and the correspond-
ing hydrophobic/hydrophilic regions. Kinks in the helices
play a similar geometric role. Within the membrane pro-
tein, there are internal interactions that also influence the
structure of the transmembrane helices. The isomeriza-
tion of retinal alters the interaction between retinal and
the helices, which can lead to significant changes in the
geometry of the helices. In this manner, the molecular-
scale isomerization event can yield subsequent larger-
scale transmembrane helix structural changes. Because
these are transmembrane helices, the action of the isomer-
ization is propagated across the membrane. Both the cyto-
plasmic ends of the transmembrane helices and the loops,
which interact with the G-protein, are affected. Thus, we
have a basic outline of the mechanism by which rhodopsin
interacts with the G-protein.

We examined the degree of tilt and kink of each helix as
a function of simulation time. Since a kink can split the

TABLE I. Retinal Bond Orientations, h (88)

System C5 C9 C13

Ground state 2H-NMRa 70 � 3 128 � 3 68 � 2
Ground state simulationb,c 75 � 11 129 � 11 59 � 14
Postisomerization
simulationc,d

137 � 15 80 � 35 67 � 15

aNMR data from Salgado et al.29 Note that the bond orientation y
was not distinguished from its supplement p � y in the NMR mea-
surements. Errors correspond to inverse curvature matrix of the v2

hypersurface utilized for the nonlinear regression fits.
b40-ns Dark-adapted state simulation data from our previous work
in Ref. 20.
cErrors correspond to the standard deviation from the average values
given.
d150-ns Postphotoisomerization simulation data from this work.

Fig. 2. The distance between retinal’s ionone ring and Ala 169. The
gray line represents the dynamics for the 40 ns run of the dark adapted
rhodopsin, i.e., retinal in the cis state. The black line represents the dy-
namics after the cis–trans isomerization, i.e., retinal is in the trans state.
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transmembrane helix into more than one part, with vary-
ing tilt angles, we calculate the tilt of each part of the he-
lix. These parts have been defined in terms of the kink
centers (Ref. 20 and the figure captions for details of the
definitions). Figure 3 shows tilt angles as a function of
time for helix segments 5b, 5c, 6b, and 7a. These tilt
angles show significant changes during the simulation
beyond the short time-scale fluctuations of about �58. At
about t ¼ 32 ns, the tilt angles for Helices 5b and 5c start
to shift considerably. For 5b, the tilt angle rises and con-
tinues to slowly rise until the end of the simulation. Seg-
ment 5c reaches a steady state by about t ¼ 70 ns and fluc-
tuates by about an average value of 308. This structural
change in tilt angle is also reflected in the change in kink
angle for 5b–5c (Fig. 4). There is a sudden drop in the kink
angle at t ¼ 32 ns. Ultimately, this kink angle decreases
from 258 in the dark-adapted state to about 58 at t ¼ 150
ns. This small kink angle reflects the fact that the tilt
angles of 5b and 5c become almost identical after the tran-
sition. Thus, the main effect is almost complete removal of
the kink in Helix 5.
The retinal ionone ring is close to Helix 5. In fact, in

the dark state the ionone ring is in contact with Met 207
on Helix 5. The kink in Helix 5 occurs at His 211. In the
dark state, Met 207 is between His 211 and retinal. After

isomerization, the ionone ring and Met 207 switch sides.
His 211 then can and does come in contact with retinal.
Simulations of the single Helix 5 in the membrane have
the same tilt and kink angles as the helix does in the
dark-adapted state.20 This implies that the interactions
of Helix 5 with the rest of the rhodopsin protein do not
affect the kink angle. The fact that isomerization results
in a change in the kink angle implies that the structural
changes resulting from isomerization cause the kink
angle to almost disappear. For this to happen, some resi-
dues or retinal must be influencing the kink. Since His
211 comes into contact with retinal after isomerization,
and since His 211 is the hinge point of the kink, the
obvious candidate for the kink removal is the interaction
of His 211 with the ionone ring. In Figure 5, the interac-
tion energy between His 211 and the ionone ring is given.
Before isomerization, the energy switches between two
states with energies of �6 and �10 kcal/mol, respectively.
After isomerization, the energy drops to �14 kcal/mol.
This confirms that the His 211 interaction with the io-
none ring increases in strength. In the first 30 ns, this
interaction brings His 211 and ionone into position. Near
t ¼ 30 ns retinal completes the transition to a straight
and mostly planar structure. At about the same time,
there is the sharp drop in the Helix 5 kink angle (Fig. 4).
The straightening of retinal and the continued strong
interaction between His 211 and the ionone ring pulls on
the kink’s hinge and reduces the kink angle.

The tilt and kink angles of Helix 6 exhibit a correlated
dynamics. Within 70 ns of the forced isomerization, the
tilt angle of Helix part 6b decreases from its dark state
value of 358 to an average of about 178 (Fig. 3). The kink
angle also decreases for the same 70 ns and thereafter

Fig. 3. Tilt angles as a function of time for Helices 5b (Phe 203–His 211),
5c (His 211–Leu 226), 6b (Pro 267–Thr 277), and 7a (Ile 286–Pro 291).

Fig. 4. Kink angles as a function of time for Helices 5b–5c (kink at
His 211) and 6a–6b (kink at Pro 267).
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oscillates about an average value of 208. In this case, the
tilt angle of section b is the major part of the dynamics;
the kink angle change is a result of just 6b’s tilt dynam-
ics. While the ionone ring in the dark state is in contact
with Ala 269 of Helix 6, this contact does not appear to be
the driver for the change in the tilt of Helix section 6b.
Helix section 6b moves away from the ionone ring and
there is not a strong interaction between the ionone ring
and Ala 269 that would force the whole segment to have
such a tilt (cf. Fig. 5). It is thus more likely that the con-
nection to Helix 7 through the short loop E3 exerts the
pull on Helix 6 that alters the tilt of segment b.
Following retinal’s cis–trans isomerization, interactions

between retinal’s b-ionone ring and the nearby aromatic
side chains of Helix 6 diminish. The distance between
them grows due to the movement of retinal itself. Figure 5
shows that the interaction energies between retinal’s b-io-
none ring and Phe 261, Trp 265, and Tyr 268 on Helix 6
are well below kT after isomerization. This shows the
decoupling of Helix 6 from retinal that will allow subse-
quent large-scale Helix 6 movement,31 which is coupled to
C3 motion and transducin coupling.
Since Helix 7 includes Lys 296, it is not surprising that

its tilt angle is quickly influenced by the retinal isomeri-
zation. Figure 3 shows that after isomerization, the tilt
angle of Helix section 7a increases slightly from about 78
to 158. At about t ¼ 70 ns (where the changes in the Helix
6 tilt angle stop), the tilt angle abruptly returns to the

dark state value. Correlation between the dynamics of
Helices 6 and 7 likewise is not surprising given the
strong interactions between their sidechains.

PSB Counterion Switch

From the helix tilt and kink angle data, it is clear that
some event occurs near t ¼ 70 ns that impacts the helix
dynamics and structure. The event, a switch in the domi-
nant counterion of the retinal protonated Schiff base
(PSB), is itself interesting. In rhodopsin’s dark-adapted
state, Glu 113 acts as the counterion to the PSB. Some
experimental evidence has suggested that Glu 181 is pro-
tonated in the dark-adapted state, but transfers its pro-
ton to Glu 113 via Ser 186 and then replaces Glu 113 as
the PSB counterion.32 Other work suggests that both Glu
113 and Glu 181 are unprotonated and that both act as
the PSB counterion, with Glu 181 dominating in the
Meta I state.33 We have simulated both Glu 113 and Glu
181 in their unprotonated states, and we find that struc-
tural changes occur that could lead to the PSB counterion
switching from Glu 113 to Glu 181. The simulation shows
that the salt bridge between the retinal PSB and Glu 113
breaks near t ¼ 70 ns after photoisomerization and does
not form again (Figs. 6 and 7). Figure 6 also shows that
at t ¼ 146 ns a much stronger (�20 kcal/mol) interaction
between Glu 181 and the retinal PSB is briefly estab-
lished. This occurs because of a dihedral transition in Glu
181 and in Lys 296 simultaneously occurring to shorten
the separation between the two residues.

Important details concerning the breaking of the salt
bridge are indicated in the plot of the interaction energies
of retinal with its environment (Fig. 8). In these calcula-
tions, we take ‘‘retinal’’ to include Lys 296. It does not
make sense to separate the PSB, in particular. After isom-
erization, the energies remain at the same average value
as before isomerization until just before t ¼ 70 ns. At this

Fig. 5. Interaction energies (in kcal/mol) between retinal’s b-ionone
ring and nearby side chains.

Fig. 6. Interaction energies (in kcal/mol) between the retinal PSB
(including Lys 296) and nearby PSB counterion candidates Glu 113 and
Glu 181. Glu 113 acts as the counterion in the dark adapted state and
through the first 65 ns after forced photoisomerization. Near t ¼ 70 ns, the
salt bridge between Glu 113 and retinal breaks. Later, near t ¼ 146 ns,
Glu 181 briefly becomes the PSB counterion, hinting at possible subse-
quent completion of the transition from Glu 113 to Glu 181 acting as the
PSB counterion. The gray lines represent the dynamics for the 40 ns run
of the dark adapted rhodopsin, i.e., retinal in the cis state. The black lines
represent the dynamics after the cis–trans isomerization, i.e., retinal is in
the trans state.
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point, the interaction with the solvent gets much stronger,
while the interaction with the rest of the protein weakens
by about 35 kcal/mol. We have already noted that the salt
bridge between retinal and Glu 113 breaks at t ¼ 70 ns.
This loss of the strong binding energy results in the weak-
ening of the interaction with the protein. The large
strengthening in retinal–solvent interaction energy im-
plies that some water molecules have moved into the pro-
tein close to retinal. This indeed is true as images of the
region for times near t ¼ 70 ns show (Fig. 9).
The changing hydrogen bond network involving retinal,

including nearby water molecules, is shown in Figure 9,
which shows images at t ¼ 64, 65, 66, and 67 ns. At t ¼
64 ns, the Glu 113 salt bridge with the N of Lys 296 is
intact. In addition, there is a hydrogen bond between NH
of Cys 187 and the same O of Glu 113 that is part of the
salt bridge. At t ¼ 65 ns, the NH of Cys 187 switches to
the other O of Glu 113 to form a hydrogen bond. At t ¼
66 ns, a water molecule is visible behind the Glu 113 and
Cys 187. At t ¼ 67 ns, the water breaks the salt bridge by
moving between the N of Lys 296 and the O of Glu 113.
For the rest of the simulation, a water molecule is between
Glu 113 and Lys 296.

C3 Loop

Cytoplasmic loop 3 (C3) is an important loop in the inter-
action between rhodopsin and its G-protein. Without the
presence of the G-protein in the simulation and without
being in the active light-adapted state, direct understand-
ing of how isomerization ultimately results in structural
changes that impact the G-protein is not possible. Instead,
we want to characterize how the structural changes in the
helices affect the C3 loop structure. This gives a sense of
the dynamic connection between isomerization and the C3
loop configuration.
The C3 loop connects Helices 5 and 6, which undergo

substantial structural changes in the 150 ns time period as
discussed earlier. These helix structural transformations

impact the structure of the connecting loop. Figure 10
shows images of the C3 loop, where the final configuration
of our dark-state simulation is compared with the final
state of the 150 ns isomerization simulation. Sections of
Helices 5 and 6 are also shown. Substantial motion has
occurred in the loop, but this is inconclusive since the loop
is primarily within solution and therefore has a large con-
figurational space. The more important aspects of the fig-
ure are the differences in the helix positions and their
effect on the loop. The end of Helix 6, which is attached to
the C3 loop, has rotated significantly, bringing the ends of
the two helices closer together. The bottom image shows
that the C3 loop near Helix 5 is adopting a more helical
structure.

Large-Scale Structural Changes

Figure 11 shows a comparison of the rhodopsin struc-
ture in the dark state and at t ¼ 150 ns. To distinguish
the two states, the dark state helices are gray in the top
image. Otherwise each helix is colored differently to iden-
tify it. The structure of transmembrane Helices 1, 2, 3, 4,
and 7 do not change much within the 150 ns simulation
time. As described earlier, Helices 5 and 6 do undergo sig-
nificant structural changes. The top image of Figure 11
shows retinal in the cis conformation, while the bottom
image shows the trans conformation. The helices that
have substantial structural changes are the ones near
the ionone ring of retinal, i.e., Helices 5 and 6. However,
Helix 4, which is near the ionone ring for trans retinal,
does not undergo a structural change. The difference
being that Helices 5 and 6 are in contact with retinal at
t ¼ 0 and immediately feel the effects of the isomerization
of retinal. The changes for these two helices are complete
by the time retinal has completed its structural transfor-
mations. More specifically, they are complete by t ¼ 70 ns,
after the Glu 113–retinal salt bridge has broken. In con-

Fig. 8. Interaction energy of retinal with the surrounding aqueous sol-
vent, and retinal with the rest of the rhodopsin molecule. Retinal–lipid
interaction was negligible. The large shift near 70 ns is due to the break-
ing of the salt bridge between Glu 113 and the PSB. A water molecule
partially compensates for the broken bridge as is evidenced by the lower
retinal–solvent interaction energy.

Fig. 7. Distance between retinal’s H16 atom (the proton on the PSB),
and the Cd atom of potential counterions Glu 113 (gray) and Glu 181
(black). The minimum value of 2.8 Å in the Glu 181 time series corre-
sponds with the maximum value of 6.3 Å in the Glu 113 time series
(both at t ¼ 146 ns).
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trast, Helix 4 is not in contact with retinal at t ¼ 0 and is
not strongly affected by the retinal transformations.

DISCUSSION

The relatively recent X-ray structure of rhodopsin pro-
vides an essential starting point for detailed consideration
of how tertiary structure is linked to function for this key
protein.7 Important issues for understanding this linkage
concern how the conformational change in the retinal,
induced by light, is coupled into large-scale conforma-
tional changes that ultimately lead to G-protein signal-
ing.1 Further and closely related questions concern the
effects of mutations, the membrane environment, water
molecules, and charges.
Molecular dynamics simulations can begin to address

some of these issues, but also have important limitations
that should be presented along with the advantages. A
particularly important limitation is that the present mo-
lecular dynamics capability can explore events near to the
starting state that are relatively rapid (up to several tens
of nanoseconds). Without a sense of the structure of photo-

intermediates, the method can suggest how these inter-
mediates could form, but cannot predict them with confi-
dence. This is related to the same time-scale issue, since
the number of possible intermediates formed from the
dark-adapted rhodopsin structure is very large. Ideally, it
would be the case that several thousand alternative start-
ing conformational changes in the retinal could be per-
formed and the ensemble set of these changes then used
to determine a relative free energy surface for the transi-
tion. Within that type of framework, the confidence for
prediction of intermediate conformational states would be
considerably greater. Taking advantage of the consider-
able computer resources available through Sandia, we are
able to explore, with low statistical confidence, a key
structural transition within the photocycle. Thus, our sim-
ulations are suggestive of the types of changes that might
occur after photoisomerization, but should not be consid-
ered predictions of intermediate structures.

It might be suggested that the current calculations
should be augmented with detailed quantum calculations
to understand the initial femtoseconds of excitation and the
revised energy surface for the light activated transition.

Fig. 9. Images34 of the rhodopsin protein, Lys 296 (retinal) with Glu 113 and Cys 187, and nearby waters
at different times (a) t ¼ 64 ns, (b) t ¼ 65 ns, (c) t ¼ 66 ns, and (d) t ¼ 67 ns. Helices 3 (orange) and 7
(cyan) are also visible in a cartoon representation. Lys 296 is on Helix 7 and Glu 113 is on Helix 3.
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Multiple research groups are performing quantum chemi-
cal calculations of the initial events in photoisomeriza-
tion.35–40 We wanted to address the longer-time scale
(nanosecond towards millisecond) relaxation of the system
following the initial light activation. While quantum
chemical calculations have advanced significantly in the
last few decades, they continue to be limited by the num-
ber of heavy atoms in the system and to explore very fast

(femtosecond to picosecond) time scales. For this reason,
we accepted the fact that our characterization of the very
early events in light activation are by necessity incom-
plete. The main point is that the excited, light-activated
state will decay quickly, and that how the energy from the
isomerized retinal leads to the relaxation and eventual
signal activation of G-proteins from the rhodopsin protein
are the main targets of our calculation.

Recent work has suggested that rhodopsin may exist in
a homodimer state in the native membrane.41,42 The
implications of that finding are not directly addressed in
these calculations, but we can speculate somewhat, based

Fig. 10. Rhodopsin’s C3 loop in dark state (gray) and after 150 ns of
simulation (blue).34 Bottom image is 908 rotation of top image. The label
5 and 6 identify the respective transmembrane helices.

Fig. 11. Comparison of helix positions in dark state (gray in top
image) and after 150 ns after isomerization (color in top image).34 Top
image shows retinal in cis state. The bottom image shows retinal in the
trans state with the dark and 150 ns state both colored. The helix num-
ber and colors are 1 (blue), 2 (red), 3 (orange), 4 (yellow), 5 (magenta),
6 (cyan), 7 (green), and 8 (purple).
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on the dynamics results, on what might happen within a
homodimer model that differ from the results of the
monomer. In particular, Helix 4 is believed to be involved
in the dimerization. Our results are consistent with ex-
perimental work showing that Ala 169 (in Helix 4) moves
closer to the b-ionone ring during activation. This may
lead to effects on coupling between two monomers.43

While it is less clear how this could impact signaling, it
does suggest that activation of one monomer in a dimer
pair would be communicated to the other monomer. This
could be viewed as a type of allostery, where the activa-
tion mechanism of the second monomer might be shifted
to a more sensitive state due to the initial activation of
the first monomer.
In the remaining discussion, we will start with the

early events of excitation and work our way to the longer-
time scale events. We will conclude the discussion with
more speculative conclusions based on extrapolation of
the results.

Initial Events in Photoactivation

A plausible candidate for the initial changes in retinal
with light has been suggested based on a minimal motional
change induced by light, but still consistent with a cis–
trans isomerization.35–40 Our initial model covers that
change by forcing the main cis–trans isomerization and
then allowing relaxation from that state within the
CHARMM potential function. The response to this change
is then followed throughout the remainder of the simula-
tion. Similar to ideas examining the effects of the initial
velocity distribution on the range of motions examined in
a trajectory, we do expect that the starting point will have
an impact on the relaxation observed in the calculation.
At the same time, there are not sufficient computer
resources available to any biophysical research group to
create an ensemble set of all candidate transitions and
their response properties. Therefore, we took the most
straightforwardly possible approach and forced the transi-
tion to allow the initial change to be consistent with exper-
imental work. We examine the nature of the coupling
between the local conformational change and the larger-
scale conformational rearrangements that ultimately lead
to G-protein activation. While we fully accept that this
candidate starting transition may be inaccurate on the
femtosecond time-scale, we want to emphasize that the
relaxation from this excited state conformational change
can still help us to understand how a local conformational
change (in the retinal) can lead to larger-scale conforma-
tional change (and ultimately to G-protein activation).
It is interesting to speculate, however, on the types of

cis–trans isomerizations that are not allowed––either quan-
tum mechanically or from the molecular dynamics view-
point. In either formulation, the type of large cis–trans
motion that would occur with a rigid retinal moiety would
create very large and unfavorable van der Waals clashes
within the protein cavity. Thus, it makes biophysical sense
that the type of motion adopted by the retinal chain would
be as minimal as possible to allow the sensitivity of the

response to be magnified and coupled to larger-scale mo-
tion. Phrased in another way, the quantum chemical find-
ings suggest that the rapid-relaxation of the retinal mole-
cule is due to the effects of the protein cavity environment
in prepriming the conformation of the retinal such that
the efficiency of cis–trans change is very high. Further-
more, once the trans state has been reached, there is a
very high chance of the energy stored in the initially local
conformational change of the retinal being carried over to
larger changes in the coupling of G-proteins. Thus, we
argue that evolution has created an extremely sensitive
molecular instrument for converting the energy of photon
activation to protein conformational change and signal
activation. That the motional changes in the retinal are
small, is significant, because it creates a system where the
photon energy can be readily and efficiently absorbed and
then the isomerized reaction readily focused on conforma-
tional change.

We emphasize that the dark-adapted state of rhodopsin
was the starting point for the calculations. If structures of
the intermediates are determined, it would be possible to
perform calculations exploring the whole range of confor-
mational change that is initiated by the cis–trans photo-
conversion. In other words, the prediction of intermediate
conformations is not nearly as reliable as the experimen-
tal determination of those intermediates. From the experi-
mentally determined intermediates, simulations would be
possible that create a thermodynamic picture of the molec-
ular changes that occur during the photocycle. Without
X-ray structures for the intermediates, the nature of the
changes are inferred from the current calculations and
those changes should be seen as suggestive, rather than
definitive predictions.

Several other research groups have also performed mo-
lecular dynamics calculations of rhodopsin.44–49 Each of
these studies has something of value to add to our under-
standing of the molecular nature of rhodopsin and its acti-
vation by light. Each group has made different choices
with respect to membrane representation, length of simu-
lation, size of simulation, and treatment of electrostatics.
It is too early to tell whether a subset of these models is
more right or more wrong than others, due to the problem
of sampling that all of the computational groups face. It is
possible to read each paper as a possible molecular story
for how the system might behave. We suggest that the full
set of these papers is very valuable for bringing new
insights into the nature of the molecular behavior, in part
because of the different characterization of the system
(i.e., pK states, environment conditions, etc.).

Nature of Cis–Trans Potential Function

There has been considerable discussion in the literature
about the nature of the changes in the retinal during pho-
toactivation. These changes are likely to be minimal in
overall conformation, but in the absence of a light-adapted
structure, it is difficult to be certain about the scale of the
overall change with light activation. In our simulations,
the change was forced within 200 fs. We emphasize that
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the potential energy surface used during the isomeriza-
tion, as well as for the relaxation, is the ground-state sur-
face defined by the CHARMM potential function. That is,
there is no attempt made to define a light-activated sur-
face for the isomerization reaction and then to determine
the longer-time relaxation process. Papers that examine
the quantum dynamics on a short-time scale and connect
to the FTIR spectra should be examined for this type of
analysis.38

Time-Scale for Isomerization

Experimental work50 with femtosecond stimulated Raman
spectroscopy has shown that there are significant changes
in the retinal spectra during the transition from the dark-
adapted state to the stable bathorhodopsin intermediate.51

The experimental work suggests that the full transition
from dark-adapted to bathorhodopsin state is about 1 ps
in length and that the efficiency of the process, as well as
the capture of the energy for large-scale conformational
change is very high. In particular, the results suggest
changes in C¼¼C, C��C, and C��H regions of the spectra
that relax very quickly while also showing environmental
effects suggestive of a change in interaction between reti-
nal and the protein environment. The bathorhodopsin
state is then reached, the effective starting point for our
calculations. The conformation of this state is not fully
determined experimentally, but may reflect a series of
changes along the retinal structure, supporting a minimal
change in the retinal overall shape. This is consistent with
detailed quantum chemical calculations as well as find-
ings from lipid bilayer simulations that suggest that corre-
lated dihedral changes can be made that prevent very
large conformational changes. As noted earlier, while we
share an interest in determining the details of this batho-
rhodopsin starting stage, we elected not to explore the
quantum details of the excited surface, nor to optimize all
possible starting points. Instead, our starting point (the
bathorhodopsin state) is consistent with experimental in-
formation and is thus plausible as an energy storage state
intermediate to the signaling cascade and thus to M-II.

Initial Relaxation Events

In our simulations, there is a time-delay from the
initial rapid isomerization to the larger-scale conforma-
tional transitions and the relaxation of the retinal confor-
mation. This makes sense, since the excited state surface
for the initial conformational change will act as a trigger
to create the larger-scale conformational changes that
are seen experimentally in later stages of the photocycle.
In order for those longer-term events to occur, there must
be a period of relaxation after the isomerization, during
which the retinal conformational change is adjusted and
adapted to by the protein compartment. In the initial
stages of relaxation (roughly 30 ns in our simulation), the
protein adjusts to the retinal. This can be seen in the
energy changes that occur within the retinal: initially
7 kcal/mol higher in energy than the dark-adapted self-
energy and then a relaxation, after about 30 ns to a lower

self energy state. At the same time, within that 30 ns
window, the coupling of the retinal to other sidechains
near to the dark-adapted cavity is shifting and the b-io-
none ring is moving from being near one location to being
near another. While the nature of these changes is subtle,
the overall effect is very large. This magnification is due
to the hydrogen bonding nature of the protein, resem-
bling a large allosteric network, with the changes in one
location being communicated energetically to other loca-
tions. The net effect is that within 30 ns, in this particu-
lar simulation, the initial relaxation events from the cis–
trans isomerization have already been communicated to
many other parts of the protein.

Changes by End of 30 ns

We find it fascinating that large scale changes occur
from the small scale changes initiated by the cis–trans
isomerization of retinal. The nature of these changes, sub-
ject to our sampling limitations imposed by molecular dy-
namics calculations, suggest a tight coupling within the
rhodopsin–retinal system.52,53 Thus, the large tilt changes
in Helix 6 are well underway by 30 ns, the changes in the
G-protein activation region (Helices 5 and 6 and cytoplas-
mic loop C3) have also started. But, the largest indicator
of the nature of these shifts is the changes in sidechain-to-
retinal coupling. The almost complete decoupling of the
retinal interaction energy between retinal and Phe 261,
Trp 265 and Tyr 268 is already indicative of the types of
changes that occur later in the cycle.

Shift of b-Ionone Ring and Ala 169

Experimental work has suggested that at least part of
the photocycle involves a shift in Helix 4 with Ala 169 and
its interaction with retinal.30 The detailed molecular na-
ture of the distance shift is not resolved in the experimen-
tal work, but it is suggested in the molecular dynamics
simulations. In particular, the shift is initiated by the
decoupling of the retinal from the dark-adapted state side-
chain interactions. This loosening of dark-state interac-
tions enables a relatively modest shift in conformational
space of the retinal and a much larger shift in the packing
of the protein around the trans retinal ring system. The
movement of Ala 169 to increase interaction with the reti-
nal ring and the shift in Helix 4 is thus consistent with a
shift in the overall energetics of the retinal/rhodopsin sys-
tem, following the relaxation from the trans state.

Counterion Switch

Experimental work has suggested that part of the light
activation could involve a switch of the Schiff base coun-
terion from the Glu 113 to Glu 181.11,32,54–65 This would
involve a change in protonation states during the photo-
cycle33 and experimental work has confirmed that Glu 113
is the dark-state counterion and been suggestive, but not
conclusive, that Glu 181 is active during the light-acti-
vated stages.66,67 The simulation results are intriguing in
suggesting that this counterion switch mechanism could
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be present as part of the relaxation mechanism of the pro-
tein to the retinal conformational change. We should em-
phasize that in our calculations there is no change in the
charge state of Glu 181 during or after the forced isomeri-
zation.57,68 Thus, the driving force for the change is not
wholly from charge transfer during the photocycle, but
could also be related to the coupled relaxation of the full
system from the initial events of light activation. In this
regard, quantum calculations about the effect of the coun-
terion switch are also suggestive of the types of changes
occurring with a counterion switch that could underlie
function.35,69

Longer (30–150 ns) Changes

Activation of G-protein coupled receptors will depend on
changes in Helices 5 and 6 along with the C3 loop re-
gions.31,70–76 These locations have been implicated, by mu-
tagenesis studies, as key players in the coupling of the
activated rhodopsin to G-protein signaling.77 For this rea-
son, it is intriguing to note that the simulation results sug-
gest large-scale changes in all three of these locations. He-
lix 5 shows an increased degree of bending between upper
and lower parts of the helices, and that drives further
changes in the C3 loop regions. At the same time, Helix 6
shows a decrease in the kink angle and a shift to a more
perpendicular orientation of the helix axis. These three
sets of coupled changes are all a relaxation response to the
forced isomerization change. It is not hard to imagine that
the nature of these changes could lead to a shift in binding
affinity for a G-protein system and thus to activation.78 At
the same time, we emphasize that the simulations do not
include the G-protein binding, since the details of this
interaction are still not known experimentally, and that
the timescale of activation within this system is clearly
beyond the timescale of the current calculations. Thus,
the nature of these changes should be seen as suggestive
of the types of shifts that are likely to occur with activa-
tion of the system.

Implications for Rhodopsin Function

Rhodopsin has evolved to be highly tuned to converting
light energy to conformational change and signal amplifi-
cation. The simulations that we have performed are sug-
gestive of some of the types of coupling and change that
underlie this tight connection between structure and func-
tion. This underlies much experimental work with
mutants suggesting that disruption of the tight conforma-
tion of rhodopsin will lead to a loss of function.12 An exam-
ple is the Cys 110–Cys 187 pair.79 In particular, if the reti-
nal cis–trans isomerization were not coupled into a protein
cavity setting that adjusted to support the transition, then
the signal amplification and coupling would not be so effi-
cient. In other words, the nature of the coupled set of
changes induced by light activation is amplified by the
design of the retinal cavity to induce a set of protein
changes that lead to activation. In this sense, the rhodop-
sin system is very much like the switch mechanism sug-
gested by experimental work.80–82 The relatively small

change introduced by the retinal conformational change is
then amplified through the hydrogen bond and sidechain
interaction network into a shift in helix orientations,
Schiff base partners, and eventual G-protein coupling.

An emerging frontier is then to understand more about
the nature of the coupling between the rhodopsin protein
and G-protein. Several groups have started to attempt this
model, based on the X-ray structures of G-proteins16,17,83–88

and we believe that the simulation results here may lead
to speculation about the nature of the interfacial coupling
between these domains.89–95 In particular, we suggest
that the shift in the surface properties of the rhodopsin
protein on activation will be found to create a much less
favorable environment for protein–protein interaction. In
this regard, the mutation studies and their effects on the
surface of dark-adapted and light-activated (inferred)
could be interesting96–98 as well as studies of the role of
the cytoplasmic loop region.99 Several groups are working
to understand more about protein–protein interactions
and this could be a model system for understanding how
the modulation of protein–protein interactions lead to
shifts in function.

Implications for Spectral Tuning

While the current molecular dynamics calculations do
not address the changes in the binding cavity that under-
lie spectral response, it is interesting to suggest several
implications for spectral tuning from the results. In partic-
ular, the results strongly underlie the importance of the
protein cavity in forming a part of the solvation environ-
ment dictating the type of conformational change that will
be determined by the light-activated retinal.15,100–108 In
that sense, the nature of these sidechain and main chain
interactions drive a preference for a particular type of
excited state and a particular type of relaxation response.
Experimental work that shifts the nature of retinal fur-
ther supports this type of thinking.109–113 It can also be
inferred that spectral tuning will lead to a similar type of
excited state conformation for retinal and, following that
transition, to a similar set of relaxation events that lead to
G-protein activation.114 It is thus intriguing to consider
the nature of the changes possibly induced by different
environments. An example is the set of mutants looking at
hydroxyl changes.115 We would suggest that by shifting
the energy required for isomerization and forcing a similar
pathway for relaxation from the excited state, the retinal/
rhodopsin system has been engineered for maximum flexi-
bility by evolution.14

Effect of the Membrane Environment

While the current simulations did not directly compare
different models for the membrane with the transition, it
is clear from experimental work that rhodopsin is very
sensitive to the details of the lipid setting.52,116–124 We can
speculate, from our current and previous121 work about
why this may be important. We suggest that the nature of
the coupling from the cis–trans activated state to the
relaxed state will depend on an ability of the helices to
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reorient, the sidechains to shift, and the cytoplasmic loops
to adjust their relative positions. The lipid environment
then provides a resistance to this motion that can be ei-
ther supportive of the change, making the free energy
change for the large-scale motion relatively easy, or pro-
viding a setting that makes the relative shift in conforma-
tion much more difficult, allowing a change, but only with
much greater resistance and thus with a decrease in sig-
nal to noise outcome. We suggest that the effects of DHA
on rhodopsin are to make the transitions between helix
orientations (e.g., the kink changes in Helices 5 and 6)
much easier and thus to support the nature of the large
scale changes underlying function in this system.124–127

Implications for Other GPCR Systems

We believe that study of the rhodopsin system leads to
insights important for other GPCR systems as well.3,128–130

This is especially important due to the large number of im-
portant pharmacological targets within the large GPCR
family.131–142 In our simulation results, the nature of the
coupling between a local conformational change and a
large-scale helix and loop change may be similar across
the GPCR family. This would imply that the effect of
ligand binding to a GPCR is tightly regulated by a coupled
set of energetic interactions, in a similar manner to that
found within the retinal-rhodopsin system.143 The intrigu-
ing result is that the nature of the second extracellular
loop (containing the b-bulge region) may thus be critical
in determining the nature of the coupling between local
conformational binding induced changes and large-scale
signaling induced changes.144–147 We would suggest that
this is similar, in some ways, to the nature of spectral tun-
ing in that adjustments to the binding cavity can support
the relative efficiency and recognition of certain ligands
relative to others.

CONCLUSIONS

The high quantum efficiency of rhodopsin is coupled to an
ability to capture local changes in retinal behavior and in-
duce conformational changes that lead to signaling.1,148–152

How this happens remains a mystery that will require
more computational and experimental work.4,153 The mo-
lecular details of how the stable bathorhodopsin interme-
diate (about 1 ps after light absorption and cis–trans isom-
erization) leads to conformational changes in the Meta II
state were the target of our calculations in this study.
What we find emphasizes the nature of the coupling
throughout the protein that we had found in our previous
simulation result, which is consistent with the general
behavior of other protein systems. In particular, the cis–
trans isomerization leads to a change in the sidechain in-
teractions with retinal, and eventually to large-scale
changes in tilt and conformation of the system. While the
details of these changes may not be fully sampled in the
current simulations, the results that we report are sugges-
tive of the types of compensation that may occur in the
system upon light activation.

The preliminary analysis of the long simulation of rho-
dopsin after isomerization shows that significant struc-
tural changes occur in the 150 ns timeframe. The isomer-
ization results in some of the seven transmembrane heli-
ces undergoing tilt and kink angle changes that are well
beyond their fluctuation range in the equilibrium dark
state. One of the key structural changes is the motion of
the ionone ring of retinal. The ring progressively gets
closer to Ala 169. This is consistent with crosslink experi-
ments30 where a crosslink forms between the ring and
Ala 169.

A strong energetic transition is observed to occur at t ¼
70 ns after isomerization. The majority of the energy of
this transition involves breaking of the salt bridge
between Glu 113 and the protonated Schiff base. Raman
spectroscopy51 has shown that the protonated Schiff base
stretching modes are indicative of very different Schiff
base environments. This implies that the transition from
bathorhodopsin to the LUMI state involves chromophore
relaxation and dramatic changes in the Schiff base
region. Our results are in agreement with these experi-
mental observations. Furthermore, besides the structural
dynamics, we show the connection to the energetics that
drives the changes.
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