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Recent isothiocyanate covalent labeling studies have sug-
gested that a classical cannabinoid, (—)-7'-isothiocyanato-11-
hydroxy-1’,1'dimethylheptyl-hexahydrocannabinol (AM841),
enters the cannabinoid CB2 receptor via the lipid bilayer (Pei,
Y., Mercier, R. W., Anday, J. K., Thakur, G. A., Zvonok, A. M.,
Hurst, D., Reggio, P. H., Janero, D. R., and Makriyannis, A.
(2008) Chem. Biol. 15, 1207-1219). However, the sequence of
steps involved in such a lipid pathway entry has not yet been
elucidated. Here, we test the hypothesis that the endogenous
cannabinoid sun-2-arachidonoylglycerol (2-AG) attains access to
the CB2 receptor via the lipid bilayer. To this end, we have
employed microsecond time scale all-atom molecular dynamics
(MD) simulations of the interaction of 2-AG with CB2 via a
palmitoyl-oleoyl-phosphatidylcholine lipid bilayer. Results sug-
gest the following: 1) 2-AG first partitions out of bulk lipid at the
transmembrane «-helix (TMH) 6/7 interface; 2) 2-AG then
enters the CB2 receptor binding pocket by passing between
TMHG6 and TMH?7; 3) the entrance of the 2-AG headgroup into
the CB2 binding pocket is sufficient to trigger breaking of the
intracellular TMH3/6 ionic lock and the movement of the
TMHB6 intracellular end away from TMH3; and 4) subsequent to
protonation at D3.49/D6.30, further 2-AG entry into the ligand
binding pocket results in both a W6.48 toggle switch change and
a large influx of water. To our knowledge, this is the first dem-
onstration via unbiased molecular dynamics that a ligand can
access the binding pocket of a class A G protein-coupled recep-
tor via the lipid bilayer and the first demonstration via molecu-
lar dynamics of G protein-coupled receptor activation triggered
by a ligand binding event.

The cannabinoid receptors belong to the class A (rhodop-
sin family) of G protein-coupled receptors (GPCRs).” The
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second cannabinoid receptor subtype, CB2 (2), is highly
expressed throughout the immune system (3, 4) and has been
described in the central nervous system under both patho-
logical (5) and physiological conditions (6). All known CB2
ligands are highly lipophilic. In fact, the CB2 endogenous
cannabinoid, sn-2-arachidonoylglycerol (2-AG) (7, 8), is syn-
thesized on demand from the lipid bilayer itself in a two-step
process in which phospholipase C-f hydrolyzes phospha-
tidylinositol 4,5-bisphosphate to generate diacylglycerol,
which is then hydrolyzed by diacylglycerol lipase to yield
2-AG (9, 10). After 2-AG interaction with the membrane-
embedded CB receptor, it is hydrolyzed to arachidonic acid
and glycerol by a membrane-associated enzyme, monoacyl-
glycerol lipase (11).

As revealed by the crystal structures of rhodopsin (12-15),
the B,-adrenergic receptor (AR) (16-18), B,-AR (19), and
adenosine A2A receptor (20), the general topology of a
GPCR includes the following: 1) an extracellular (EC) N ter-
minus; 2) seven transmembrane a-helices (TMHs) arranged
to form a closed bundle; 3) loops connecting TMHs that
extend intra- and extracellularly; and 4) an intracellular (IC)
C terminus that begins with a short helical segment (helix 8)
oriented parallel to the membrane surface. Agonists bind
inside the crevice formed by the TMH bundle and produce
conformational changes on the IC face of the receptor that
uncover previously masked G protein-binding sites (21),
which then lead to G protein coupling. Biophysical studies
using a variety of techniques indicate that ligand-induced
receptor activation produces the following changes: 1) a con-
formational change in the W6.48 “toggle switch” within the
ligand binding pocket (22); 2) a change in the relative orien-
tations of TMH3 and -6 that breaks an IC “ionic lock” (23—
28), with the intracellular end of TMH6 moving away from
TMH3 by hinging and moving up toward lipid (27); 3) the
uptake of two protons (29); and 4) an influx of water (30).

Recent isothiocyanate covalent labeling studies have sug-
gested that a classical cannabinoid, AM841, enters the CB2
receptor via the lipid bilayer (1). However, the sequence of
steps involved in such a lipid pathway entry has not yet been
elucidated. We report here microsecond time scale unbiased

EC, extracellular; IC, intracellular; TMH, transmembrane a-helix; SASA, sol-
vent-accessible surface area.
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MD simulations of the interaction of 2-AG with the CB2
receptor via the lipid bilayer. We show that 2-AG first par-
titions out of bulk lipid at the TMH6/7 interface and then
enters the CB2 receptor binding pocket via a portal that
forms between TMH6 and TMH?7. Furthermore, our simu-
lations reveal that the entry of 2-AG into CB2 produces con-
formational changes in the intracellular domains of CB2 that
are commonly associated with GPCR activation (31).

MATERIALS AND METHODS

Amino Acid Numbering System—The Ballesteros and Wein-
stein (32) amino acid numbering system used here begins with
the TMH number, followed by a locant (.50 assigned to most
highly conserved amino acid in a TMH and other residues
numbered relative to it), and the absolute sequence number in
parentheses. Loop residues are designated by their absolute
sequence numbers in parentheses only.

Model of Inactive State (R) Form of CB2—The CB2 inactive
state (R) model used here includes the TMHs, EC and IC loops,
and the N and C termini, with a putative palmitoylation site at
C(320). Although this model used a rhodopsin template (12),
it has undergone extensive refinements to better reflect se-
quence-dictated differences between CB2 and rhodopsin. A
discussion of these differences as well as model construction
details are provided in our recent paper (33). The resulting
model has been tested via mutation (34), substituted cysteine
accessibility (33, 35), and isothiocyanate labeling studies (1).

Molecular Dynamics Simulations—Fig. 1 outlines the se-
quence of MD runs reported here.

Inactive Receptor—For preliminary calculations, the CB2
model was embedded in a bilayer containing 99 stearoyl-doco-
sahexaenoyl-phosphatidylcholine (SDPC) lipid molecules; the
membrane was generated de novo using a library of lipid con-
formations from previous neat lipid simulations, as described in
Grossfield et al. (36). The system was warmed over the course of
1 ns, using velocity resampling every 5 ps, and then run in the
NVT ensemble for ~300 ns at 310 K with the box size fixed at
54 X 76.2 X 95.5 A. The system was equilibrated for 20 ns
before a 286-ns production run was initiated.

After the 286-ns trajectory of CB2 in lipid (trajectory A,
described above) was complete, production simulations
were initiated that contained the complete CB2 model, using
the final protein conformation from trajectory A, embedded
in a bilayer containing 123 palmitoyl-oleoyl-phosphatidyl-
choline lipid molecules and 38 2-AG molecules. The bilayer
system was solvated by 9965 water molecules, 14 sodium
ions, and 31 chloride ions to yield an electrically neutral
system with roughly 100 mm salt. The CHARMM27 force
field for proteins and lipids was used (37-39). Repulsion-
dispersion interactions were smoothly truncated at 10 A,
and the particle-particle-particle-mesh Ewald method was
used to compute long range electrostatics, using a 128° grid
for the fast Fourier transform, a charge interpolation dis-
tance of four mesh points, and the Ewald « value set to 0.35
A~ The temperature was held at 310 K using velocity resa-
mpling every 1 ns, and the system volume was held fixed at
74.1 X 74.1 X 96.7 A. The dynamics were integrated using
the velocity Verlet integrator (40), with a time step of 2 fs and
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bonds to hydrogen constrained using RATTLE with the
tolerance set to 107 (41). Previous work has shown that
this protocol leads to excellent energy conservation, with
temperature drifts of roughly 1 K over a microsecond of
dynamics (30). Production dynamics was performed on the
Blue Gene/W supercomputer (42, 43) located at the T. J.
Watson Research Center, typically on 4096 dual-core nodes,
using Blue Matter, a simulation package developed at IBM
specifically to take advantage of the Blue Gene architecture
(43, 44).

Production dynamics was performed at constant volume,
using either NVT (performed using velocity resampling every 1
ns) or NVE. This follows our protocol previously applied to
rhodopsin (30, 36, 45—47). In developing the protocol, we have
specifically investigated the consequences of long time con-
stant volume simulations for membrane-GPCR systems, after
the volume has been equilibrated to 1 atm of pressure. We
found, and it has been reviewed in the citations above, that with
an initial equilibration of the system volume under normal
pressure, the volume may be fixed for the production period of
the simulation. This was monitored by the order parameters of
the lipid chains, which respond to changes in pressure by
expansion or contraction, which is reflected by changes in lipid
order. Lipid order parameters remain stable after system equil-
ibration, and therefore NVT or NVE is not problematic in the
present case.

After warm-up and equilibration, two separate simulations
(trajectory B and C) were constructed using identical protein
structures and regenerating the lipid and 2-AG conformations
using different random number seeds (36). Trajectory B
showed no 2-AG partitioning out of bulk lipid. In contrast, in
trajectory C (at 276 ns), one 2-AG molecule partitioned out of
bulk lipid and associated with the TMH6/TMH?7 CB2 lipid face.
This frame was used as the starting point for two separate sim-
ulations (trajectories D and E) begun by randomly selecting new
initial velocities from the Maxwell-Boltzmann distribution at
physiological temperature (37°C). In trajectory E, 2-AG
entered CB2. In trajectory D, 2-AG did not enter CB2; there-
fore, trajectory D is used here as a control.

To generate a protonated form of activated CB2, the tra-
jectory E frame at 127 ns was extracted, and both D3.49(130)
and D6.30(240) were protonated with a corresponding
removal of two sodium ions from bulk to preserve system
neutrality. The initial protonated structure was equilibrated
(NVT) first with velocity resampling at 310 K with a resam-
pling interval of 200 fs for a duration of a few hundred ps (365
ps), followed by a resampling interval of 1 ps for a few nano-
seconds (5.488 ns). Equilibration was followed by production
with a 1-ns resampling for nearly 2 us (1954 ns) NVT. NVE
conditions were then applied to the end of trajectory F, giv-
ing trajectory G (no further velocity resampling). Trajectory
G production resumed for nearly 1.7 us (1668 ns) under NVE
conditions with excellent energy conservation. Consistent
with previous NVE production simulations with the present
conditions, the temperature increased <1 K over the 1.7 us
of NVE for trajectory G.

R3.55-D6.30 Salt Bridge Calculations—Musafia et al. (48)
have reported that the average interatomic N-O distance for a
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Simulation Flowchart

Trajectory A (CB2 + SDPC)

CB2 + POPC + 38 2-AGs

Trajectory B Trajectory C
No 2-AG partitioning 2-AG partitions out of bulk lipid at 40 ns

Opening between TMH6/7 forms at 50 ns

New Initial |Velocities

Trajectory D
No 2-AG Entry

Trajectory E
2-AG Enters CB2

Trajectory E Frame at 127ns Extracted
and D3.49 and D6.30 Protonated

Trajectory F

Trajectory G
W6.48 undergoes y1g+ » trans
HO Fills Binding Cavity

FIGURE 1. Flowchart depicting the sequence of trajectories is given
here.

simple Arg-Asp salt bridge is 2.93 A. All measurements of salt
bridge distances were made using Visual Molecular Dynamics
(49). Trajectory frames for which the N(R3.55)-O(D6.30) dis-
tance was 4 A or greater were considered to lack salt bridge
interactions.

SASA Calculations—Solvent-accessible surface area calcula-
tions were performed with the built in measure commands
available in Visual Molecular Dynamics (49). A 1.4-A probe
radius was used.

2-AG Pathway Calculations—The percent contact data for
2-AG entering CB2 was obtained as follows: a residue was
counted in contact with 2-AG if any of its heavy atoms were
within 4.0 A of the specified 2-AG atoms. This contact was
recorded for each frame in the trajectory, from which a percent-
age was calculated. Hydrogen bonds were calculated using a
3.5-A cutoff for heavy atom distance and a D-H-A angle limit
of 120° (i.e. D-H *+A angle >120°).

Water Density—The water “density” visualizations in Fig. 11
were constructed by first aligning each frame of the trajectory
such that the CB2 transmembrane a-carbons were superim-
posed upon an average structure. A 1-A resolution density grid
was then superimposed over the system. At each time point
(trajectory frame), internal waters were picked out by only con-
sidering water oxygen atoms that were within a 30-A radius of
the principal axis formed from all CB2 a-carbons. There was no
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Trajectory A RMSD
CB2 Transmembrane Region
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Time (ns)
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FIGURE 2. This plot of root mean square deviation (RMSD) versus time for

trajectory A (see Fig. 1) shows that the CB2 inactive state model stabi-
lized within the first 50 ns.

After 2-AG Binds

Before 2-AG Binds

FIGURE 3. Relationship between the intracellular ends of TMH3 and
TMH6 at designated points along the simulation is illustrated here.
The CB2 TMH bundle is shown in ribbon format with phosphorus atoms
of the bilayer highlighted in gold. TMHs shown in color include TMH3
(blue), TMHS5 (green with red intracellular extension), and TMH6 (magenta).
Top and lower left, although we began trajectory A with a salt bridge
between R3.50(131) and D6.30(240) at the IC ends of TMIH3/6, the receptor
rearranged to form a salt bridge between R3.55(136) and D6.30(240), with
Y3.51(132) hydrogen bonding to the exposed backbone carbonyl of
L6.29(239). In addition, the IC-3 loop assumed two additional helical turns
(shown here in red). Lower right, this figure shows the broken R3.55(136)/
D6.30(240) salt bridge and the broken Y3.51(132)/L6.29(239) carbonyl
interaction at 184 ns into trajectory E (compare with lower left).
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height cutoff imposed along the principal axis, so a “cap” of bulk
waters are included to help visualize the bulk water interface. A
2-A sphere of density was then superimposed about the coor-
dinates of each water oxygen that was then averaged into the
grid. The resulting density map was then scaled so all density
values ranged from 0 to 1. All analyses were performed using
the “Lightweight Object Oriented Structure Analysis” pack-
age (or “LOOS”) (50) and available via SourceForge and cus-
tom software.

RESULTS

Molecular Dynamics Simulations—The sequence of tra-
jectories reported here is summarized in Fig. 1. Fig. 2 shows
that the root mean square deviation of the CB2 inactive state
model stabilized within the first 50 ns of trajectory A. Cer-
tain interactions in the CB2 inactive state model input for
the MD runs remained stable, such as the salt bridge between
K3.28(109) and D(275) in the CB2 EC-3 loop. Other interac-
tions that have important implications for both ligand recogni-
tion and activation of CB2 changed early in the simulation.
First, although the simulation was begun with an aromatic
stacking interaction between F3.36(117) and W6.48(258)
(analogous to the CB1 toggle switch (51)), F3.36(117) shifted
toward TMH5 during the equilibration, and W6.48(258)
established a hydrogen bond with N7.45(291). Second,
although the simulation was begun with a salt bridge
between R3.50(131) and D6.30(240) at the intracellular ends
of TMH3/6 analogous to the R3.50/E6.30 salt bridge in the
dark state of rhodopsin (12), the receptor rearranged quickly
to form a salt bridge between R3.55(136) and D6.30(240),
with Y3.51(132) hydrogen bonding to the exposed backbone
carbonyl of 1L6.29(239). This produces a network that rein-
forces the interaction between the IC ends of TMH3 and
TMHS6 (Fig. 3). Third, the IC-3 loop assumed additional
structure by the addition of at least two helical turns to the
original end of TMHS5 (Fig. 3 in red).

Ligand Entry into CB2 and Subsequent Changes in Intra-
cellular Domains—The final protein conformation at the
end of trajectory A (286 ns) was used as input to new simu-
lations. Thirty eight 2-AG and 123 palmitoyl-oleoyl-phos-
phatidylcholine molecules were distributed randomly around
the CB2 receptor bundle (36). After warm-up and equilibra-
tion, two separate simulations (trajectory B and C) were con-
structed using identical protein structures and regenerating
the lipid and 2-AG conformations using a different random
number of seeds (see Fig. 1) (36). Trajectory B showed no
2-AG partitioning out of bulk lipid and is used as a control
here. In contrast, in trajectory C (at 40 ns), a 2-AG molecule
partitioned out of bulk lipid and established a long lasting
direct interaction with the CB2 TMH6/TMH?7 lipid face.

FIGURE 4. Top, at 13 ns into trajectory E, 2-AG (yellow) is poised to enter CB2
between TMH6 (magenta) and TMH7 (cyan) (shown in surface view) via an
opening above W6.48(258) at the level of the 3,, helical region of TMH7,
which formed in trajectory C. Middle, in the control trajectory (trajectory B) for
which no 2-AG partitioning out of bulk lipid occurred, the distances between
the centers of mass on TMH6 and TMH?7 at three different levels show no
major changes. Bottom, in contrast in trajectory C, an increase in distance
between TMH6/7 occurs only extracellular to W6.48.
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FIGURE 5. This figure illustrates the progress of 2-AG into the binding pocket. The color scale repre-
sents the percentage of the trajectory in which any portion of 2-AG is within 4 A of residues on CB2
(defined here as within contact distance). Residues within contact distance are listed on the right and are
color-coded according to this scale. A, in trajectory C (40-275 ns), the 2-AG has partitioned out of bulk lipid
and contacts residues in or near the TMH6/7 interface. Highest contact is with F7.35(281) and C7.38(284). B, in
trajectory E (0-52 ns; up to the point of headgroup insertion), 2-AG interaction with residues in the TMH6/7
interface increases with greater than 80% contact occurring with F7.35(281), $7.39(285), and C6.47(257). G, in
trajectory E, after 2-AG entry into CB2 (53-127 ns), 2-AG begins to contact binding pocket residues on TMH3
(V3.32(113)), TMH6 (W6.48(258)), TMH7 (C7.42(288)), and the EC-3 loop (D(275)). D, subsequent to protonation,
in trajectory G (from 913 to 1668 ns), 2-AG contacts multiple residues on TMH3/6/7 and the EC-3 loop with
formation of hydrogen bonds with D(275) in the EC-3 loop and to a lesser extent with $7.39(285) (see

supplemental Table S1).

Subsequent to this partitioning, at 50 ns (trajectory C), an
opening formed between TMH6/TMH7 above W6.48 and in
the 3,,-helical region of TMH7 (C7.42-M7.47) (Fig. 4, top).
Fig. 4, bottom, shows that this increase in distance between
TMHG6/7 occurs extracellular to W6.48 in trajectory C, and
Fig. 4, middle, shows no corresponding change in TMH6/7
distance in trajectory B.

No 2-AG entry into CB2 occurred in trajectory C. As a result,
a frame from trajectory C (at 276 ns) was used as the starting
point for two separate simulations (trajectories D and E) that
were begun by randomly selecting new initial velocities from a
Maxwell-Boltzmann distribution at physiological temperature
(37 °C). In trajectory D, no 2-AG entry occurred, so this trajec-
tory is used here as a control. In trajectory E, the partitioned
2-AG entered CB2 by passing between TMH6/TMH?7. This
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simulation exhibits many of the ele-
ments associated with GPCR activa-
tion, as will be discussed below.
Ligand Entry—Fig. 5 illustrates
the progress of 2-AG into the bind-
ing pocket at four different time
periods during the simulations,
and supplemental Table S1 details
the 2-AG hydrogen bonding pat-
terns that occur for the same time
periods. In trajectory C (Fig. 54;
40-275 ns), the 2-AG partitioned
out of bulk lipid and spends the
highest percentage time within 4 A
of residues in or near the TMH6/7
interface, particularly, F7.35(281)
and C7.38(284). The headgroup
hydroxyls of 2-AG are engaged in
hydrogen bonds predominantly
with water and also with each other

D(275)

F7.35 (i.e. intramolecular hydrogen bond-
ing). In trajectory E (0—52 ns; Fig. 5B)

S7.39 up to the point of headgroup inser-

tion, 2-AG interaction with residues
in the TMH6/7 interface increases
with 2-AG in greater than 80% of
the trajectory interval within 4 A
of F7.35(281), S7.39(285), and
C6.47(257). Intramolecular hydro-
gen bonding and hydrogen bonding
with water remain predominant
interactions for the headgroup
hydroxyls, although the ester oxy-
gens form few hydrogen bonds. At
54 ns into trajectory E, the head-
group of 2-AG inserts into the CB2-
binding site crevice. In trajectory E
after 2-AG entry into CB2 (54-127
ns; Fig. 5C), 2-AG is in close prox-
imity to binding pocket residues
on TMH3 (V3.32(113)), TMH6
(W6.48(258)), TMH7 (C7.42(288)),
and the EC-3 loop (D(275)). Hydro-
gen bonding to water and intramolecular hydrogen bonding
remains a predominant interaction for the headgroup
hydroxyls, with some hydrogen bonding to D(275) and
$6.58(268) occurring. The ester oxygens form few hydrogen
bonds. A discussion of Fig. 5D is given below for the proto-
nated trajectories.

Changes in Intracellular Domains—Five ns after ligand entry,
at 59 ns into trajectory E, both the D6.30(240)/R3.55(136) salt
bridge and the Y3.51(132)/L6.29(239) hydrogen bond break
(Fig. 3, lower right). The IC helical extensions of TMH5 and
TMHSG6 (IC-3 loop) then hinge and move away from the TMH
bundle and up into lipid. Fig. 6a shows the receptor before
2-AG entry at 1 ns into trajectory E. Fig. 6b shows the receptor
after 2-AG entry at 184 ns into trajectory E, which is 130 ns after
2-AG entry. Fig. 6¢ was taken from trajectory E saved at 10-ps
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FIGURE 6. Effect of 2-AG entry into CB2 is illustrated here. The CB2 TMH bundle is shown in ribbon format. TMHs shown in color include TMH3 (blue), TMH5
(green), and TMH6 (magenta). The IC-3 loop is shown in red. g, receptor before 2-AG entry at 1 nsinto trajectory E; b, 130 ns after 2-AG entry; and ¢, 131.14 ns after
2-AG entry. The C-a distances between Y3.51(132) and D6.30(240) (yellow balls) are 7.56 A (a), 12.05 A (b), and 13.86 A (c). The hinge points for the movement

of the IC3 loop, G5.53(204), and G6.38(248) are shown as red balls.

intervals. This shows that the widest opening at the intracellu-
lar ends of TMH3/6 occurs at 185.14 ns into trajectory E. This is
131.14 ns after 2-AG entry. The Y3.51(132) to D6.30(240) C-«
distances are as follows: (a) 7.56 A, (b) 12.05 A, and (c) 13.86 A.
The hinge points for the movement of the IC helical extensions
of TMH5 and TMHS6 are G5.53(204) and G6.38(248) (shown in
red in Fig. 6). The opening created at 185.14 ns into trajectory E
(Fig. 6C) approaches the size of the opening on the IC side of the
bovine opsin*-Ga C-terminal peptide complex which is 14.5 A
(52).

Fig. 7 (top) shows that the widening between TMH3/6 is
not due to a general separation of the helices as the distance
between residues away from the TMH3/6 IC ends do not
change substantially over the trajectory (e.g. V3.40(121) to
A6.42(252) distance (red) or 1L.3.44(125) to G6.38(248) distance
(green)), but the distance between residues near the TMH3/6 IC
ends (ie. A3.47(128) to A6.34(244) distance (blue) and
Y3.51(132) to D6.30(240) distance (black)) shows a significant
widening from time point 59 ns into trajectory E, which is 5 ns
after 2-AG enters CB2 (a purple arrowhead marks this entry
time point). In contrast, Fig. 7 (bottom) shows that in the con-
trol trajectory (trajectory D), there are no significant changes in
the TMH3/6 distance.

Ionic Lock—As mentioned above, during the equilibration
phase, the CB2 receptor model rearranged to form a salt
bridge between R3.55(136) and D6.30(240), with Y3.51(132)
hydrogen bonding to the exposed backbone carbonyl of
16.29(239). This ionic lock was broken 5 ns after ligand entry, at
59 ns into trajectory E (Fig. 3, lower right). R3.55(136) is
intracellular to the arginine typically involved in the ionic
lock, R3.50(131). R3.50(131) has been shown to be protected
from the cytoplasm in the inactive state of the GnRH recep-
tor by an “arginine cage” that includes the hydrophobic res-
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idue 13.54 that shields R3.50 from water and thereby
strengthens the ionic lock salt bridge (53). Fig. 8 illustrates a
comparison of the SASAs of CB2 residues R3.50(131),
R3.55(136), and R(229), the latter being a CB2 IC-3 loop
residue. In Fig. 8 (top), the SASAs of these three arginines are
shown for trajectory C + D in which no ligand binding event
occurred. It is clear here that the SASAs of R3.50(131) and
R3.55(136) are comparable when no ligand entry occurs and
that, consistent with its location on the IC3 loop, the SASA
for R(229) is higher than that of R3.50(131) or R3.55(136). In
Fig. 8 (bottom), these SASAs are shown for trajectory C + E
in which ligand entry occurred at 54 ns into trajectory
E (marked by purple arrowhead). 1t is clear here that the
SASAs of R3.50(131) and R3.55(136) are comparable
before ligand entry, and after ligand entry in trajectory E, the
R3.55(136) SASA increases due to the intracellular move-
ment of TMH6 away from TMH3 and resultant increased
exposure of R3.55(136) to solvent.

Protonated Receptor Trajectory—As illustrated in Fig. 7
(top), 133 ns after the intracellular end of CB2 opened (with
2-AG entry), the salt bridge between D6.30(240) and
R3.55(136) re-formed and the IC-3 loop hinged back to its
original position. It has been shown for rhodopsin that sub-
sequent to the movement of TMHS6, an uptake of two protons
occurs (54). We reasoned that the R3.55(136)/D6.30(240) salt
bridge restoration was because this protonation step had
not occurred. Therefore, a frame (in which the salt bridge is
broken) was extracted from trajectory E (at 127 ns; indicated by
the orange arrowhead in Fig. 7(top)). Both D3.49(130) and
D6.30(240) were then protonated, and a new trajectory, trajec-
tory F, was initiated. Equilibration was followed by production
with velocity resampling every 1 ns for nearly 2 us (1954 ns)
NVT. NVE conditions were then applied to the end of trajec-
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FIGURE 7. Top, change in the distance between TMH3/6 in trajectory E is
illustrated that occurs near the IC side of the receptor (A3.47(128) to
A6.34(244) distance (blue) and Y3.51(132) to D6.30(240) distance (black))
starting at 59 ns into trajectory E, which is 5 ns after 2-AG enters CB2 (ligand
entry time point marked by purple arrowhead). The distance between resi-
dues more EC do not change substantially (V3.40(121) to A6.42(252) distance
(red) or L3.44(125) to G6.38(248) distance (green)). In contrast, bottom shows
that in the control trajectory (trajectory D), there are no significant changesin
the distance between TMH3/6. The orange arrowhead in top marks the time
point frame used for protonation studies.

tory F, giving trajectory G (no further velocity resampling). Tra-
jectory G production resumed for 1.668 us under NVE condi-
tions. Fig. 9 is a plot of the N(R3.55(136))-O(D6.30(240))
distance versus time for the sequence: trajectory C — E (up to
protonation point) — trajectory F — G. The purple arrowhead
in Fig. 9 marks the point of 2-AG entry, and the orange arrow-
head marks the point at which CB2 was protonated. Here tra-
jectory frames for which the N(R3.55(136))-O(D6.30(240)) dis-
tance was 4 A or greater were considered to lack salt bridge
interactions (48). As illustrated in Fig. 9 at the orange arrow-
head and beyond, the salt bridge between R3.55(136) and
D6.30(240) remained broken (except for some random fluctu-
ations) throughout both trajectory F and G.

2-AG/CB2 Interactions in Protonated Receptor Trajectories—
Fig. 5D illustrates the position and contacts for 2-AG in tra-
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FIGURE 8. This figure illustrates a comparison of the SASAs of R3.50(131),
R3.55(136), and R(229), the latter being a CB2 IC-3 loop residue. Top,
SASAs of these three arginines are shown for trajectory C + D in which no
ligand binding event occurred. Bottom, these SASAs are shown for trajectory
C + E in which ligand entry occurred at 54 ns into trajectory E (marked by
purple arrowhead).

jectory G (from 913 to 1668 ns), and supplemental Table S1
details the hydrogen bonding patterns that occur for this
time period. Subsequent to protonation, in trajectory G
(from 913 to 1668 ns), 2-AG contacts multiple residues on
TMH3/6/7 and the EC-3 loop (see Fig. 5D). Although
intramolecular hydrogen bonding and acceptance of hydro-
gen bonds with water continues to occur, the primary donor
of hydrogen bonding to the 2-AG headgroup hydroxyls is
D(275) in the EC-3 loop, and S6.58 also acts as a hydrogen
bond donor with the headgroup hydroxyls but to a much
lesser extent. Overall, in the sequence trajectory C — E (up
to protonation point) — F — G, the most commonly seen
hydrogen bonds are an intramolecular hydrogen bond
between the two hydroxyl groups in 2-AG, hydrogen bonds
with water, and frequent interaction with D(275) after 2-AG
enters CB2. It is clear in Fig. 5D that a portion of the 2-AG
acyl chain remains in lipid. This is true to the end of trajec-
tory G.
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FIGURE 9. This figure provides a plot of the N(R3.55(136))-O(D6.30(240))
distance versus time for the sequence trajectory C — E (up to protona-
tion point) — trajectory F — G. The purple arrowhead marks the point of
2-AG entry, and the orange arrowhead marks the point at which CB2 was
protonated. The ionic lock salt bridge between R3.55(136) and D6.30(240)
was considered broken if the N(R3.55(136))-O(D6.30(240)) distance was 4 A or
greater. Distances greater than or equal to 4 A were plotted at 4 A.

Toggle Switch— An important conformational change within
the ligand binding pocket that has been documented to
occur upon light activation of rhodopsin is a change in the
W6.48 x, torsion angle from g+ to trans (22, 56). In the dark
(inactive) state of rhodopsin, the B-ionone ring of 11-cis-
retinal is close to W6.48(265) and acts as a linchpin, con-
straining W6.48 in a x; = g+ conformation (12). In the light-
activated state, the B-ionone ring moves away from TMH6
and toward TMH4, where it resides close to A4.58(169) (57).
This movement releases the constraint on W6.48(265), mak-
ing it possible for W6.48(265) to undergo a conformational
change. Lin and Sakmar (25) reported that perturbations in
the environment of W6.48(265) of rhodopsin occur during
the conformational change concomitant with receptor acti-
vation. This suggests that the conformation of W6.48(265)
when rhodopsin is in its inactive/ground state (R; x; = g+)
changes during activation (i.e. W6.48(265) x; g+ — trans).
In many other GPCRs, this change is part of a concerted
movement of W6.48 and adjacent residues with this set of
residues called the “rotamer toggle switch” (51, 58). Fig. 10
illustrates that 15.47(198)/F3.36(117)/W6.48(258) may con-
stitute the rotamer toggle switch for the CB2 receptor. In Fig.
10A at the start of trajectory G, 15.47(198) has a g+ x,. This
places a methyl group (dashed circle) adjacent to W6.48(258)
and fills the space needed for a W6.48(258) x, g+ — trans
change. At 912 ns into trajectory G (Fig. 10B), 15.47(198)
undergoes a x; g+ — g— transition that creates an open space
(circled) adjacent to W6.48(258). At 913 ns into trajectory G,
W6.48(258) undergoes the x; g+ —> trans change, and
F3.36(117) undergoes a x, trans — g+ change concomitantly.
This change in F3.36(117) effectively prevents the movement
of the W6.48(258) back to its original position in the bundle,
even when at 988 ns into trajectory G (Fig. 10D) the x, of
W6.48(258) returns to g+ and its y, moves to trans.

Water Density—Fig. 11A illustrates the location of water
(shown in green) before 2-AG entry from the beginning of tra-
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jectory C up to 53 ns in trajectory E. Fig. 11B illustrates the
water location (shown in orange) after 2-AG entry and the sub-
sequent W6.48 conformational change (913-1668 ns, trajec-
tory G). Before ligand entry, there is some water in the binding
pocket. However, ligand binding and the subsequent W6.48
conformational change results in a continuous channel of
water from the extracellular domain through the binding
pocket to the intracellular domain of the receptor.

DISCUSSION

Ligand Binding via the Lipid Bilayer—Our results suggest
that 2-AG (which contains the polyunsaturated arachidonic
acid chain (20:4, n-6)) can enter CB2 from the lipid bilayer
after partitioning out of bulk lipid at the TMH6/7 interface
and encouraging the subsequent formation of an opening
between TMHG6/7 (Fig. 4, top and bottom). This association
with the TMH6/7 interface appears to be very specific,
because although 38 2-AGs were placed in bulk lipid around
the CB2 bundle, partitioning occurred only at the TMH6/7
interface. "H magic angle spinning NMR experiments have
shown that the surface of rhodopsin has sites for specific
interaction with lipids (59), and MD simulations have shown
that the polyunsaturated fatty acid docosahexaenoic acid
(22:6, n-3) routinely forms tight associations with rhodopsin
in a small number of specific locations. Furthermore, the
same calculations showed that the presence of tightly packed
docosahexaenoic acid molecules tends to weaken interheli-
cal packing (36).

The orientation of both classical and endogenous canna-
binoid ligands in the lipid bilayer has been established by
small angle x-ray diffraction/differential calorimetry exper-
iments (60), as well as by NMR (61, 62). These studies have
shown that the C-3 side chain of classical cannabinoids is
aligned parallel with the membrane acyl chains (60, 62) and
that the fatty acid chain of endogenous cannabinoids orients
parallel to membrane acyl chains with terminal methyl near
the center of the bilayer (61). Cannabinoid ligand entry at the
TMHG6/7 interface is supported by isothiocyanate labeling
studies of CB2 using the classical cannabinoid, AM841 func-
tionalized at the C-3 dimethylheptyl side chain terminal car-
bon (1). Despite the fact that C7.42(288) faces into the CB2
binding pocket and would be a likely covalent attachment
site if the ligand entered the CB2 binding pocket in the tra-
ditional way (from extracellular), AM841 was found to selec-
tively label only one Cys residue, C6.47(257) (1). This residue
is located in the TMH6/7 interface, facing lipid in our CB2
model. This residue also faces lipid in the rhodopsin (12-15),
B,-AR (16-18), B,-AR (19), and adenosine A2A receptor
(20) crystal structures. Furthermore, CB2 receptor substi-
tuted cysteine accessibility method studies have indicated
that C6.47(257) is not accessible from within the CB2 ligand
binding pocket (35). This suggests that AM841 may co-
valently label the outside-facing C6.47(257) as it is gaining
entrance to the binding domain. Interestingly, AM841 has also
been shown to selectively label C6.47 in the cannabinoid CB1
receptor, suggesting that a lipid pathway for ligand entry may
also exist for the CB1 receptor (63).
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FIGURE 10. This figure illustrates that 15.47(198)/F3.36(117)/W6.48(258) may constitute the toggle
switch for the CB2 receptor. A, at the start of trajectory G, 15.47(198) has a g+ x; This places a methyl group
(dashed circle) adjacent to W6.48(258) and fills the space needed for a W6.48(258) x, g+ — trans change. B, at
912 ns into trajectory G, 15.47(198) undergoes a x, g+ — g— transition that creates an open space (dashed
circle) adjacent to W6.48(258). C, at 913 ns into trajectory G, W6.48(258) undergoes the x, g+ — trans change
and F3.36(117) undergoes a x, trans — g+ change concomitantly. This change in F3.36(117) effectively pre-
vents the movement of the W6.48 back to its original position in the bundle, even when D at 988 ns into

trajectory G, the x, of W6.48(258) returns to g+ and its x, moves to trans.

In the rhodopsin/opsin literature, there is evidence that
11-cis-retinal may enter opsin via the lipid bilayer. Park et al.
(64) identified two openings in the retinal-binding pocket in
opsin as follows: an entry site opening between TMH5/6 and an
exit site between TMH?7/1. Recent computational studies of
retinal release and uptake suggest that the TMHS5/6 portal may
serve both as the uptake and release site (65).

Ionic Lock in CB2— At their intracellular ends, TMH3 and -6
in rhodopsin are constrained by a E3.49(134)/R3.50(135)/
E6.30(247) salt bridge that limits the relative mobility of
the cytoplasmic ends of TMH3/6 in the inactive state (12)
and acts like an ionic lock (66, 67). This ionic lock is not
present in other GPCR crystal structures (16 —20, 22) possi-
bly because of modifications made to the IC-3 loop to facil-
itate crystallization. Recent molecular dynamics calculations
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suggest that inactive 3,-AR exists
in equilibrium between conforma-
tions with the R3.50-D6.30 lock
formed and the lock broken,
whether or not the co-crystallized
ligand is present (68), and MD sim-
ulations of the 3;-AR and 3,-AR in
a lipid bilayer under physiological
conditions show that the equili-
brated receptors recover this ionic
lock (69).

A charge-neutralizing CB2
D6.30(240)N mutation has been
reported that resulted in normal
ligand binding but a decrease in
maximum response of the mutant
compared with wild type CB2, sug-
gesting that D6.30(240) is essential
for full activation of CB2 (70). Muta-
tions of the CB2 TMH3 DRY motif
(71) showed that a Y3.51(132)A
mutation had the greatestimpact on
signal transduction. Our CB2 R sim-
ulation results are consistent with
both of these mutation studies as
they suggest that a reinforced inter-
action involving both D6.30(240)
and Y3.51(132) is important to
maintain the inactive state TMH3/6
interaction in CB2.

Changes in Internal Hydration—
Recent microsecond time scale
MD simulations of rhodopsin have
shown a dramatic increase in
internal hydration upon activation
(30). Along the same lines, simula-
tions of apo-B,-AR also showed
very high internal hydration, under
conditions where the protein is
expected to show some degree of
activation (72). The degree of core
hydration seen after W6.48(258) in
CB2 undergoes its conformational
change (Fig. 11B) is comparable with that seen for rhodopsin.

CB2 Activation—Trajectory E shows the first two major
occurrences upon ligand entry that are associated with
GPCR activation as follows: 1) the D6.30(240)/R3.55(136)
salt bridge (along with the Y3.51(132)/1L6.29(239) hydrogen
bond) breaks (Fig. 3, lower right), and 2) the IC helical exten-
sions of TMH5 and TMHS6 (IC-3 loop) then hinge and move
away from the TMH bundle and up toward lipid. In trajec-
tory E, however, the simulation does not achieve a full acti-
vated state as the putative toggle switch, which involves a
W6.48 x, g+ — trans change (22, 51, 58) has not yet
occurred. 133 ns after the intracellular end of CB2 opened
(with 2-AG entry) in trajectory E, the salt bridge between
D6.30(240) and R3.55(136) re-formed and the IC-3 loop
hinged back to its original position.
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FIGURE 11. A, water location (shown in green surface display) before 2-AG entry 53 ns into trajectory E. B, water
location (shown in orange surface display) after 2-AG entry (913-1668 ns, trajectory G). Here, the TMHs have
been assigned the following colors: TMH1 (pink), TMH2 (gray), TMH3 (dark blue), TMH4 (gold), TMH5 (green),
TMH6 (magenta), TMH7 (cyan), and Hx8 (brown). Insets illustrate the position of the phosphorus atoms (colored

gold) of the lipid bilayer relative to the TMH bundle in both A and B.

It seems likely that this salt bridge reformed because the pro-
tonation step had not occurred. pH-dependent activation stud-
ies in B,-AR (29) and flash photolysis experiments on rhodop-
sin (73, 74) have shown that activation is linked to a rapid
uptake of two protons. Those studies indicate that E/D3.49 is
likely one of the sites, although the second site has been sug-
gested to be E3.28 (55) for rhodopsin and E/D6.30 for the 3,-AR
(66) and 5HT-2A (67) receptors. A study of the sequence of
late molecular events in the activation of rhodopsin suggests
that the movement of TMH6 precedes proton uptake from
solution and transducin binding (54). Consistent with this
result, the conformational changes that occur upon rhodopsin
activation have been reported to occur before the protonation
of E3.49(134) (31). Thus, it appears that trajectory E captured
the beginning of ligand-initiated CB2 activation.

To effect the proton uptake, we took the frame at 127 ns into
trajectory E, a frame at which the CB2 IC domain remained
open, and protonated D3.49(130) and D6.30(240). A new
(NVT) simulation was begun from this point, trajectory F. This
trajectory was run for 1.954 us. Trajectory G (NVE) was begun
from the last frame of trajectory F and was run for 1.668 us. At
913 ns into trajectory G, the W6.48 x, g+ — trans change in the
ligand binding pocket occurred and was followed by a large
influx of water. Thus, over the sequence, trajectory F — G, the
simulation achieved the two additional changes associated with
GPCR activation as follows: 1) W6.48 toggle switch conforma-
tional change and 2) water influx.

Itis interesting that the W6.48 toggle switch was triggered
at a latter stage in the CB2 simulation. For rhodopsin, this is
an early occurrence because it is triggered by the isomeriza-
tion of 11-cis-retinal inside the ligand binding pocket in
response to light. The CB2 receptor requires a diffusing
ligand to enter its ligand binding pocket. Because 2-AG
approaches CB2 from the bilayer in the simulations reported
here and enters CB2 between TMH6 and TMH?7, 2-AG is
able to cause changes in the TMH3/6 ionic lock before
enough of its bulk has entered the binding pocket to effect
changes within. Thus, the toggle switch change occurring at
a later stage here would be expected.
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Time Scale for GPCR Activation—
In the work reported here, ligand-in-
duced CB2 receptor activation was
observed on a microsecond time
scale. This is a much shorter time
scale than the millisecond time scale
reported for light activation of rho-
dopsin (74) or the seconds reported
for B,-AR activation in living cells
(28). It is important to emphasize
the following. 1) The simulations
reported here were begun with the
ligand near the receptor, signifi-
cantly reducing ligand diffusion
times. 2) 2-AG did not enter the
receptor in every simulation. 3) The
protonation changes, which are
likely to be a rate-limiting step in
activation, were applied manually.
4) What is observed here are conformational changes known to
occur during GPCR activation; however, the G protein coupling
step is not simulated here.
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