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G-protein coupled receptors (GPCRs) are transmembrane proteins
that play key roles in an array of diverse biological functions, such
as vision, odor, taste, and memory, and have been the targets of
ca. 50% drugs on the market. However, there is very limited
information on the structures of GPCRs due to the difficulty of
protein purification and stability requirement of the phospholipid
membrane environment. To date, the bovine rhodopsin, a light
receptor protein,1,2 is the only GPCR whose crystal structure has
been determined. Rhodopsin consists of an opsin apoprotein and
an 11-cis retinal chromophore, which is covalently bonded to
Lys296 via a protonated Schiff base linkage. The photoactivation
cycle of rhodopsin is triggered by thecis-to-trans isomerization of
retinal and ends with the release of all-trans retinal. The crystal
structures show a 7-helix bundle in the transmembrane segment
and that the chromophore binds in a pocket enclosed by the
transmembrane helices and theâ-hairpin loop connecting helix 4
and helix 5 on the extracellular surface.

Despite the diverse functions, GPCRs are believed to share the
7-transmembrane helix bundle structure as in rhodopsin. Therefore,
rhodopsin structure has been used as the template to model a large
number of GPCR proteins, including those as drug targets.3 Because
the binding pocket is buried inside the transmembrane domain, a
very interesting question is how the chromophore enters and exits
the protein. This question is of great interest because understanding
ligand entrance routes may help to improve drug efficacy since
many of the drugs bind to the same pocket. Although the uptake
and release of retinal can be detected by monitoring the intrinsic
protein fluorescence,4 direct evidence of the channeling routes is
unavailable. The recent crystal structures showed no obvious
channel through which the ligands can pass into the binding sites.
Thus, the question regarding the paths for the uptake and release
of retinal remains open.

In this work, we simulated the egress of all-trans retinal from
the rhodopsin protein by applying the random acceleration molec-
ular dynamics (RAMD) method,5 implemented by modification of
the AMBER8 program.6 In the RAMD approach, a small randomly
oriented force is added to the center of mass of retinal to enhance
the dynamics, thus exploring the weakness of the binding pocket
and allowing the retinal to exit in a computationally feasible time.
The direction of the random force is kept for a certain period of
time. If, during this time, retinal moves more than a certain distance,
the direction of the force is maintained, otherwise a new direction
is chosen randomly.

The rhodopsin molecule was embedded in a phospholipid bilayer
of palmitoyloleoyl phosphatidylcholine (POPC) and solvated in
water. From the X-ray structure (PDB entry 1U19),2 after the
simulation ofcis-to-trans isomerization followed by manual hy-
drolysis of retinal and 2.0 ns of standard molecular dynamics (MD)
simulation with the free all-trans retinal aldehyde in the binding
pocket (see Supporting Information), the protein structure remained
similar to the dark state, consistent with the results of a much longer

simulation.7 We then performed 38 RAMD simulations and
obtained 36 egress trajectories as summarized in Table 1.

The predominant egresses, in 28 out of 36, were near the
extracellular side, which can be classified into five pathways
according to the helices around the egresses (Figure 1). Retinal
exited either from the clefts between helix 4 and helix 5 (pathway
A) or between helix 5 and helix 6 (pathway B) in 21 out of 36
egress trajectories, with theâ-ionone ring passing out first. The
egress opening was made by transiently breaking the interhelical
hydrophobic interactions, which were recovered immediately after
retinal passed through (Figure 4 in Supporting information). In seven
other simulations, retinal exited by first moving up toward the
extracellular site and then passed out from the cleft between helix
1 and helix 7 (pathway C), the cleft between theâ-hairpin and
helices 6 and 7 (pathway D), and the cleft between helix 1 and
helix 2 (pathway E), with the aldehyde group passing out first.
Similar to pathways A and B, only hydrophobic interactions were
involved in the channel opening. These pathways indicated that,
although the rhodopsin protein structure is rather stable, the
weakness in local interactions between the helices can be exploited
and broken temporarily to allow ligands to pass through. Since most
of the egress routes are near the extracellular side, they also suggest
that ligands and drugs may enter the binding pocket without passing
through the membrane.

In addition to the direct egress near the extracellular side, retinal
was observed in two trajectories to make a long detour deep into
the cytoplasmic side before its exit from the protein near the
extracellular side. The path of retinal’s center of mass is shown in
Figure 2 for one of the two trajectories. In eight other trajectories,
retinal moved toward the cytoplasmic side by 5-10 Å and passed
out from the interhelical clefts there (Figure 2). The egress opening
was made by breaking the hydrophobic interactions between the
residues in helices 5 and 6 or helices 6 and 7, located before the
charged residues at the very end of the helices. These results suggest
the possibility for retinal to egress near the cytoplasmic side through
channeling in the transmembrane domain, although limited. Fur-
thermore, if retinal is released by this way, it can be enzymatically
converted to all-trans retinol in situ, as suggested by Schadel and
co-workers.4 However, this may not be the preferred drug entrance
route into GPCR proteins because it requires the passage of the
membrane and long distance channeling to the putative binding
site near the extracellular side. As our observations from the
simulations indicate, this route is notably less preferred than egress
pathways A-E from the extracellular side.

Although several different egress routes were identified in the
simulations, none of the routes was through the interhelical clefts
between helix 3 and other helices or the cleft between helix 3 and
the extracellularâ-hairpin loop. Unlike other helices, helix 3 inserts
into the transmembrane domain and forms extensive contacts with
other helices, including helices 2 and 4 on the extracellular side,
and helices 4, 5, and 6 on the cytoplasmic side as well as the
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extracellularâ-hairpin. Thus, the observation reinforces the high
stability in the vicinity of helix 3 and the structural rigidity of the
regions, as suggested in the thermal unfolding simulation study by
Rader et al.8 The high stability is also consistent with the results
of Martinez-Mayorga et al.7 who observed that rhodopsin remains
stable until the completion of a 2000 ns simulation.

An important structural feature of rhodopsin is the highly
conserved Cys110-Cys187 disulfide bond bridging helix 3 and
the extracellularâ-hairpin. Because of the disulfide bond, the
â-hairpin is difficult to open and it effectively blocks a direct access
channel to the binding pocket from the extracellular side. To
investigate whether the Cys110-Cys187 disulfide bond plays a role
in ligand egress, we carried out 10 RAMD simulations without the
disulfide bond. In all 10 simulations, despite the removal of the
disulfide bond, retinal did not exit from theâ-hairpin route, instead
it exited from the cleft between helix 5 and helix 6 (pathway B)
similar to the exit paths when the disulfide bond was present.
Therefore, irrespective to the lack of the disulfide bond, the main
egress routes of retinal were the clefts between the helices rather
than through the extracellularâ-hairpin, suggesting that the highly
conserved disulfide bond in GPCRs may serve to stabilize the
tertiary structure of the protein9 and a stable binding cavity to
facilitate high specificity binding.

It should be noted that the protein structure in our simulation
was similar to the dark state of the rhodopsin and changes in helix
clefts during the decay of the activated state to opsin may affect
retinal egress pathways. However, this should not affect the
implication of our results to drug entry routes because drugs initially
populate on the extracellular side and typically access the GPCRs
at their inactivated states.
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Table 1. Retinal Egress Pathways Identified in RAMD Simulations
(See Text and Figures 1 and 2 for Details)

pathway no.b
acceleration
(kcal/Å〈g)

trajectory
length (ps)

A 12 0.30-0.40 56-748
B 9 0.30-0.40 72-898
C 4 0.30-0.40 38-864
D 2 0.30, 0.40 110, 942
E 1 0.38 462
othera 8 0.30-0.40 272-1652
no egress 2 0.3, 0.35 5000, 1000

a Retinal moved toward the cytoplasmic side and passed out of the protein
there.b Number of trajectories.

Figure 1. Retinal egress pathways near the extracellular side (out of the
page toward the reader). They are classified into five (A, B, C, D, and E)
pathways according to the helices around the egresses. The arrow widths
represent the relative frequencies. See Figure 3 in Supporting Information
for a stereoview.

Figure 2. Paths of the center of mass of retinal in two of the trajectories.
The center of mass of the retinal is indicated by the colored spheres, and
the color scale is from yellow (start) to blue (end), indicating the trajectories
of retinal. The protein is shown in cartoon and colored by residue types
(charged residues are in red or blue and non-charged are in white or green).
Left: Retinal made a long detour to the cytoplasmic side (the lower side)
before it passed out of the protein from the cleft between helix 4 and helix
5 near the extracellular side (the upper side). Right: Retinal passed out of
the protein from the cleft between helix 6 and helix 7 near the cytoplasmic
side.
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