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is found in the all-trans form. Subsequent photointermediates are characterized by the
deprotonation of the Schiff-base linkage. High-affinity interactions with the G protein
transducin (Gt) activate the signaling cascade. Metarhodopsin II (META II) is the first
intermediate capable of initiating signalling.1

Structurally, rhodopsin is the best-characterized GPCR and is considered the prototypical
member of the superfamily. The first X-ray crystallographic structures of rhodopsin reflected
the dark adapted ground state of the bovine receptor, captured in four different crystals, with
resolutions of 2.83, 2.84, 2.655, and 2.2Å6. Molecular dynamics (MD) simulations have been
used extensively to study the dynamic properties of ground state rhodopsin in relation to the
composition of the lipid bilayer7–13. The isomerization of retinal from 11-cis to all-trans was
also simulated to shed light on the structural changes that lead to the LUMI state 14–18.
Furthermore, since until recently direct 3D information was not available for any of the active
states of rhodopsin, different computational approaches were exploited to build models of
META II on the basis of the available experimental information and of proposed activation
mechanisms.16,17,19–23

The first experimental structure of an intermediate of the activation process was published by
Schertler and coworkers, who reported a 2D electron crystallography structure of META I.
24 Solid-state 2H NMR was also recently applied to get insights into the structure of trans-
retinal in META I25,26.

3D crystallographic models of the early photointermediates BATHO (2.6 Å) and LUMI (2.8
Å) were published by Okada et al. 27,28 On the basis of their structures, these authors suggested
that the cis-trans isomerization of retinal affects the interhelical interactions of rhodopsin, that
in turn initiates the process leading to activation.

Determining the structural properties of later intermediates in the rhodopsin photocycle is an
ongoing effort. Recently, a low-resolution (4.15 Å) X-ray structure for a photoactivated
deprotonated intermediate (PDI) of rhodopsin showing absorption maxima consistent with
META II was published by Palczewski et al.29. However, the structure did not confirm the
significant conformational changes or rigid body movement of the TMs expected on the basis
of many published biophysical measurements, including data from electron paramagnetic
resonance spectroscopy (EPR) studies,30–33 UV absorbance spectroscopy,34 zinc cross-
linking of histidines,35 site-specific chemical labeling and fluorescence spectroscopy36. The
constraints of the crystal lattice and the low temperature at which the diffraction data for PDI
were collected may have prevented larger-scale structural rearrangements in this structure.

In this work, we construct a model of the META II structure that incorporates both
crystallographic and biophysical data. We start from the X-ray structure of LUMI28 (pdb code:
2HPY) and apply, in a sequential manner, distance restraints derived from biophysical
measurements. We then compare our META II model with the structures of the ground state
rhodopsin, LUMI and PDI (pdb code: 2I37), and analyze the differences in hydrogen bond
networks. Subsequently, we determine a path leading from LUMI to our model of META II
by using MD simulations, thus generating a dynamic model for rhodopsin activation. We
simulate the transition between the two states for the wild type receptor and various mutants
that have altered activation. The correlation between the ratio of the predicted residence times
of LUMI and META II and the experimental phenotype of the mutations provides
pharmacological support for the model.

Tikhonova et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2009 August 6.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript







hydrogen bond in the various crystal structures and in our META II model. 2D plots of the
hydrogen bond network colored by energy are given as Supporting Information (Figure S3).
The backbone hydrogen bonds remain stable for the intermediates, while appear to be weaker
for PDI and our META II model. In particular, we observed weakening at the conserved motifs
FX2PX7Y of TM5, FX2CW(Y,F)XP of TM6 and X3NPX2Y of TM7 in proximity of the Pro
kinks; however, the changes are small and could at least in part result from residual strain in
the model caused by application of the restraints.

Significant differences were detected in the hydrogen bond network of the sidechains, which
are critical for membrane proteins. On the basis of different experiments,38,47–51 activation
is thought to be associated with significant changes in the interhelical hydrogen bond network.
The changes suggested by the experiments are reflected in our META II model. In particular,
we noted the disruption of the following pairs of interactions: K296(7.43) and E113(3.28), N55
(1.55) of the conserved motif GX3N and D83(2.50) of the conserved motif N(S)LX3Dx7,8P,
W126(3.41) and E122(3.37), R135(3.50) of the conserved motif D(E)RY and E247(IL3). The
breakage of the latter salt bridge is caused by notable outward movements of the extracellular
ends of TM3 and TM6 and results in a higher accessibility to R135(3.50) of the D(E)RY from
the cytoplasmic side (Figure 2). The possibility of an interaction between this residue and the
G protein has been suggested.52 In summary, our META II model captures the experimentally
demonstrated changes in hydrogen bonding.

We also noted the breakage of the hydrogen bonds between Q64(1.59) and T320 of helix 8,
W126(3.41) and H211(5.46), T243(IL3) and S240(IL3), and N55(1.55) and A299(7.46) in all
photointermediates (Supporting Information, Figure S1). In addition, hydrogen bonds broke
between S187(EL2) and E113(3.28), Y74(2.41) and E150(4.39), as well as W175(EL2) and
S202(5.37) in both PDI and our META II model.

The movement of TM3, TM6, TM7 and helix 8 caused the disruption of the hydrogen bonds
between T320 of helix 8 and H65(IL1), Q225(5.60) and Y136(3.51), N78(2.45) and T160
(4.49), Y191(EL2) and Y268(6.51), Y43(1.38) and F293(7.40), N73(2.40) and Y306(7.53), as
well as M183(EL2) and T289(7.36) in our META II model.

Compensating for the loss of these hydrogen bonds, we found that new hydrogen bonds were
formed to stabilize the changed helical packing in the META II structure: N111(3.26) and P171
(4.61), N111(3.26) and V173(4.63), S186(EL2) and T289(7.36), M288(7.35) and E181(EL2),
289(7.36) and E181(EL2), N302(7.49) and D83(2.50), Q312(helix 8) and N73(2.40), as well
as T94(2.61) and E113(3.28).

The observed structural changes are possible factors in G-protein binding to the activated
receptor. The increased flexibility resulting from weakening and breakage of several hydrogen
bonds may cause the receptor to be more prone to interact with the G protein. At the same time,
the formation of new hydrogen bonds especially in the intracellular loops may modify the
surface to facilitate interactions with the G protein. The conformational perturbation of W265
(6.48), a residue located in the binding pocket and implicated as a molecular switch,24,37 could
be an early event of the relaxation process leading to the activation cascade.

Dynamic Model of Rhodopsin Activation

To provide atomistic insights into the activation mechanism, we generated a dynamic model
of rhodopsin activation. In nature, the conformational transition from LUMI to META II takes
over 6 ms1. Thus, to simulate it with a computer time suitable for a rapid analysis of the
dynamics of rhodopsin activation, we performed biased MD simulations by driving the
transition with mass-weighted RMSD restraints. A similar approach was recently taken to study
the conversion of the cholecystokinin receptor 1 from the inactive to the active form53.
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of the force was chosen empirically to keep the helical structure of TMs. In the first step the
distance restraints between TM1 and TM8, TM1 and TM7, and TM7 and TM7 were applied;
this created space for the movement of TM6 and TM7 when the restraints between TM3 and
TM6 were added in the second step.

Geometric Analysis of Transmembrane Helices

The TRAJELIX module45 of the program SIMULAID46 was used to calculate helix axes,
angles of tilt between METAII and LUMI helix axes, and angles of helix rotation. The residue
ranges of the helices were defined as follow: 34–63 (TM1), 71–99 (TM2), 107–139(TM3),
150–173(TM4), 201–229(TM5), 242–278(TM6), and 284–310(TM7). Changes in geometry
were calculated for the first and last structures along the trajectory from LUMI to METAII.

Calculation of Hydrogen Bonding Energy

Hydrogen atoms were added to the crystal structures and energy minimized using CHARMM.
58 We classified a donor-hydrogen-acceptor interaction as a hydrogen bond if the hydrogen-
acceptor distance was within 3 Å, and the hydrogen-donor-acceptor angle did not exceed 40°.
The energy of the resulting hydrogen bonds was calculated using the DREIDING force field.
75
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