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Transmembrane Helical Domain of the Cannabinoid CB; Receptor

Joong-Youn Shim*
J. L. Chambers Biomedical/Biotechnology Research Institute, North Carolina Central University, Durham, North Carolina

ABSTRACT Brain cannabinoid (CB,) receptors are G-protein coupled receptors and belong to the rhodopsin-like subfamily.
A homology model of the inactive state of the CB; receptor was constructed using the x-ray structure of 8»-adrenergic receptor
(62AR) as the template. We used 105 ns duration molecular-dynamics simulations of the CB, receptor embedded in a 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer to gain some insight into the structure and function of the CB;
receptor. As judged from the root mean-square deviations combined with the detailed structural analyses, the helical bundle
of the CB; receptor appears to be fully converged in 50 ns of the simulation. The results reveal that the helical bundle structure
of the CB, receptor maintains a topology quite similar to the x-ray structures of G-protein coupled receptors overall. It is also
revealed that the CB; receptor is stabilized by the formation of extensive, water-mediated H-bond networks, aromatic stacking
interactions, and receptor-lipid interactions within the helical core region. It is likely that these interactions, which are often
specific to functional motifs, including the S(N)LAxAD, D(E)RY, CWxP, and NPxxY motifs, are the molecular constraints imposed
on the inactive state of the CB, receptor. It appears that disruption of these specific interactions is necessary to release the

molecular constraints to achieve a conformational change of the receptor suitable for G-protein activation.

INTRODUCTION

According to the well-known two-stage model of integral
membrane protein (IMP) folding (1), individual helical
segments, upon insertion into the membrane, form stable
a-helices in the first stage and then associate into a helical
bundle in the second stage. This model was extended to
include additional stages for loop association, ligand
binding, or domain insertion (2). In support of this model,
it was demonstrated that the entire structures of bacteriorho-
dopsin and rhodopsin are reconstructed from the individual
helical segments (3,4). Thus, it appears that helical bundles
are largely stabilized by interhelical interactions (1,5).
However, failure in refolding into the helical bundle in
some other cases (6,7) suggests that other interactions with
neighboring structural elements, such as the interconnecting
loops, surrounding lipids, and solvents, are also important
for the folding of multispanning IMPs (8—10).

G-protein coupled receptors (GPCRs) are IMPs that are
composed of seven transmembrane (TM) helices (H1-H7)
interconnected by three intracellular loops (I1-13) and three
extracellular loops (E1-E3) (11). GPCRs are known to be
among the most important drug targets (12). Despite of the
overall low sequence homology (13), highly conserved
amino acid residues in the TM helical domains (14) are
indicative of common structure or functions in GPCRs
(15,16). Recent publications of the x-ray crystal structures
of opsin (17), rhodopsin (18), 8;AR (19), and §,AR (20)
have helped greatly to elucidate the GPCRs’ function,
showing that these x-ray structures share a quite similar
topology overall but also distinct local structural differences.
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Brain cannabinoid (CB;) receptors with a total of 472
amino acid residues (21) have seven TM helices, like other
GPCRs (22), and belong to the rhodopsin-like subfamily
(11), which suggests that they have a molecular mechanism
for G-protein activation similar to that in rhodopsin or 3,AR
(11). The CB; receptor is known to mediate numerous phys-
iological processes in response to marijuana and other
psychoactive compounds (23). In the CB,; receptor, many
functional motifs are conserved as in rhodopsin and §,AR
(Table 1).

In the study presented here, a long molecular-dynamics
(MD) simulation was used to explore the helical bundle
structure of the inactive form of the CB; receptor to deter-
mine the molecular determinants of inter- and intrahelical
stabilization. The results revealed that interhelical interac-
tions specific to many of the functional motifs exist within
the bilayer. It appears that disruption of these specific inter-
actions would be necessary to release the molecular
constraints imposed on the inactive state of the receptor to
achieve a conformational change of the receptor suitable
for G-protein activation. Thus, this study of the inactive
form of the CB; receptor helps to lay the foundation for
future studies on the molecular mechanism of G-protein
activation in comparison with the active form of the CB;
receptor. In this work, a numbering system similar to the
Ballesteros-Weinstein system (15) is used for all of the
amino acids.

MATERIALS AND METHODS
Homology model building

The sequence alignment program T-Coffee (http://www.tcoffee.org/) (24)
was used to align the CB, receptor sequence to 19 subgroups (25) of
rhodopsin-like GPCRs according to the highly conserved residues within
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TABLE 1
to construct the homology model for this study

Shim

Helical boundaries of the x-ray structure of 3,AR (20) and the aligned, corresponding sequences of the CB, receptor used

Helix Receptor Start residue Sequence End residue
H1 BZAR 30 EVWVVGMGIVMSLIVLAIVFGNVLVITAIAK 60
CB, 113 PSQQLATAVLSLTLGTFTVLENLLVLCVILH 143
HIEI : Koo okpkko xo
H2 BzAR 67 VINYFITSLACADLVMGLAVVPFGAAHILM 96
CB, 151 PSYHFIGSLAVADLLGSVIFVYSFIDFHV 180
H :** * % % ***: . '* .

H3 BZAR 103 NEFWCEFWTSIDVLCVTASIETLCVIAVDRYFAIT 136
CB, 186 RNVFLFKLGGVTASFTASVGSLFLTAIDRYISTH 219

. * . . ..***: :~k *:***::*
H4 B,AR 147 KNKARVIILMVWIVSGLTSFLPIQM 171
CB; 230 RPKAVVAFCLMWTIAIVIAVLPLLG 254

RO A

HS5 BZAR 197 QAYATIASSIVSEFYVPLVIMVEVYSRVFQEAKRQ 229
CB, 272 DETYLMFWIGVTSVLLLFIVYAYMYILWKAHSH 304

: : * KoKrrixoL* HEE
Ho6 BAR 266 LKEHKALKTLGIIMGTFTLCWLPFFIVNIVHVI 298
CB, 336 RMDIRLAKTLVLILVVLIICWGPLLAIMVYDVF 368

HE S S S S R S
H7 B,AR 305 KEVYILLNWIGYVNSGFNPLIYC 327
CB, 376 KTVFAFCSMLCLLNSTVNPIIYA 398

* % B B . B B * % . * % R * % .

HS8 B,AR 330 PDFRIAFQELL [C] 340
CB, 402 KDLRHAFRSMF [ PSC ] 412

Kok Kk e

The secondary structure was assigned by STRIDE (26). The C-terminal Cys residues of §,AR and the CB; receptor, which are known to be palmitoylated in the
lipid membrane environment, are represented in brackets. Conservancy of the aligned sequence by CLUSTALW (http://www.ebi.ac.uk/Tools/clustalw/) (65) is
represented by consensus symbols: “** for identical residues; *“:” for conserved substitutions; and *“.”” for semiconserved substitutions. Highly conserved
residues in the rhodopsin family of GPCRs reported by Baldwin et al. (14) are in bold.

the TM helical domain (14). Structural information from the x-ray structures
of rhodopsin (PDB code: 1U19) (18) and 8,AR (PDB code: 2RH1) (20) was
also included. For construction of the helical bundle of the CB; receptor, the
helical boundaries, not TM boundaries, of the x-ray structure of 3,AR (20)
(Table 1) were used to extract the secondary structural information as much
as possible. The helical boundaries were assigned by STRIDE (26). For loop
12 with the same residue length as $,AR, the backbone coordinates were
taken directly from the template x-ray $,AR structure (20). For the loops
similar in length (I1, El, and E3) to the corresponding loops of (,AR,
a loop search method implemented in InsightIl (Accelrys, San Diego, CA)
was used to select a loop conformation resembling the corresponding loop
in the B,AR structure (20). For the long loops (E2 and 13), the comparative
loop-building program Modeler (http://www.salilab.org/modeler/) (27) was
used. These long loops deserve much attention in determining their confor-
mations, but that was beyond the scope of this study. However, to obtain
a more stable, realistic receptor model, all of the loops were included in this
study because of the importance of the interconnecting loops in stabilizing
the helix termini, as described in a recent study (28). For the N-terminal
end, the first 10 residues from the N-terminus of H1 were retained to cover
the extracellular side of the receptor, assuming that the N-terminal residues
would not play a significant role in structure or function. For the C-terminal
end, H8 right after H7 up to C*'* was retained. Because it is known that this
residue is palmitoylated in the lipid bilayer, the palmitoyl (PAL) moiety
coordinated to C*'> was included as part of the homology model of the
CB,; receptor to position near the intracellular membrane layer. All of the
side chain conformations were determined by SCWRL (http://www1.jcsg.
org/scripts/prod/scwrl/serve.cgi/) (29). An acetyl group and an N-methyl
group were attached to the N-terminus and C-terminus, respectively, of
the receptor model. The side chains of E1.49'** and D2.50'* were neutral-
ized, whereas all other ionizable residues were in their ionization state at
physiological conditions.

Biophysical Journal 96(8) 3251-3262

Simulation of the CB, receptor in a POPC
lipid-bilayer

For construction of the CB; receptor within a lipid bilayer, the receptor was
embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer guided by the innermost residues (V1.47'', A2.49'2 §3.39%03
M4.49%%° $5.487%4 16.45°3, and T7.47°°") of individual helices predicted
by ZPRED (http://www.cbr.su.se/zpred/) (30). A typical size of the lipid
was determined such that the receptor was surrounded by enough lipid mole-
cules, typically with a space of ~20 A between the protein and the cell
boundary. The system was solvated using the SOLVATE plug-in in VMD
(http://www.ks.uiuc.edu/Research/vmd/) (31) with a layer of 48 A on both
sides of the lipid bilayer. Then, sodium chloride molecules were used to
ionize (0.5 M) and neutralize the system to satisfy electrostatic calculations.
A total of ~68,000 atoms, including 14,625 water molecules, 140 lipids,
62 Na*, and 77 CI, resulted in a system of 80 A x 98 A x 98 A for the
protein-embedded POPC (Fig. 1 A).

Simulations were performed by the NAMD simulation package (version
2.6b2 for Linux-Power-MPI, http://www ks.uiuc.edu/Research/namd/) (32),
using CHARMM?22 force-field parameters for the protein and the TIP3
water model (33,34), and CHARMM27 force-field parameters for the lipids
(35). The required parameter set to describe the palmitoylated Cys was
found in the literature (36). The temperature was maintained at 310 K by
the use of Langevin dynamics (37) with a damping coefficient of 5/ps.
The pressure was maintained at 1 atm by using the Nosé-Hoover method
(38) with the modifications described in the NAMD User’s Guide (http://
www.ks.uiuc.edu/Research/namd/2.6/ug/). The van der Waals interactions
were switched at 10 A and zero smoothly at 12 A. Electrostatic interactions
were treated using the particle-mesh Ewald method (39). A pair list for
calculating the van der Waals and electrostatic interactions was set to
13.5 A and updated every 10 steps. A multiple timestepping integration
scheme, the impulse-based Verlet-I (r-RESPA) method (40), was used to
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efficiently compute full electrostatics. The timestep size for integration of
each step of the simulation was 1 fs.

The system of the CB; receptor model embedded in a POPC bilayer was
carefully equilibrated using a sequence of steps modified from the published
procedure (41), as described below.

Step 1: After 2500 steps of minimization, the system was simulated at
310 K for 3 ns in the constant volume (NVT) ensemble, allowing only the
lipid tails to be freed while other components were held fixed with a force
constant of 2 kcal/molA? to obtain a fluid-like lipid bilayer (42).

Step 2: After 1000 steps of minimization, the system was simulated at
310 K for 1.5 ns in the constant pressure (NPT) ensemble with the protein
constrained with a force constant of 2 kcal/molA® while other components
were freed. For the first 0.5 ns of the simulation, an external force was
applied such that water molecules were pushed out from the lipid hydro-
phobic region for better packing of the lipid tails. For the remaining
1.0 ns of the simulation, the external force applied for water was removed.

Step 3: After 1000 steps of minimization, the system was simulated
at 310 K for 1.0 ns in the NPT ensemble with only the protein backbone
constrained with a force constant of 2 kcal/molAz. At the end of this stage,
the lateral area became ~63 A%, which appeared to be in agreement with
the experimentally measured values in the range of 63-68 A? of the
liquid-crystalline phase (43,44), which is the most biologically relevant
phase (45).

Step 4: After 1000 steps of minimization, the system was simulated at
310 K for 100.0 ns in the NPT ensemble.

rhodopsin, X-ray

%
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FIGURE 1 (A) Simulation system consisting of the CB;
receptor, 140 POPC molecules, 14,625 water molecules,
62 Na™, and 77 Cl~. The PAL moiety that is covalently
bonded to C*' is represented by space-filling. Lipid heads,
water molecules, and ions are represented by space-filling,
and lipid tails by sticks. Lipid hydrogen atoms are omitted
for clarity. The system at 105 ns of the simulation is shown.
Color coding: C, cyan; O, red; N, blue; P, orange; Na™,
cyan; Cl, yellow; and H, white. (B) The RMSDs, calcu-
lated by RMS fitting to the initial coordinates with respect
to the backbone heavy atoms of the residues as defined in
the helical boundaries, of the CB; receptor: TM helices
(black), extracellular loops (blue), intracellular loops
(green), and H8 (red). (C) Superposition of the CB;
receptor (green) to the x-ray structures of opsin (17)
(orange), thodopsin (18) (blue), 31AR (19) (purple), and
B62AR (20) (red), with respect to the Ca atoms of the TM
helical domain.
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Step 5: The entire system was free to equilibrate and the lateral area of the
box was kept fixed while the z dimension of the box was allowed to move
freely. The structures taken every 100 ps of the simulation were used for
the analysis.

RESULTS AND DISCUSSION

Convergence of the helical bundle
of the CB, receptor

The CB, receptor in a POPC bilayer at the end of 105 ns
simulation is shown in Fig. 1 A. To measure the structural
stability of the CB; receptor model, the root mean-square
deviations (RMSDs) were calculated over the performed
simulation. As judged from the RMSDs shown in Fig. 1 B
combined with the detailed structural analyses (see below),
the helical bundle of the CB,; receptor appears to be fully
converged in 50 ns of the simulation. This study demon-
strates the importance of performing longer simulations for
enhanced conformational sampling (46) to ensure the recep-
tor’s full convergence. The finding that the RMSDs for the
helical backbone are ~2.0 A suggests that the helical bundle
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Shim

TABLE2 Frequently observed CB, receptor interactions contributing to the helical bundle stabilization at the late stage of the 105 ns

MD simulation

Receptor interaction Residues involved van der Waals* Electrostatic™* Nonbonding* Interhelical stabilization
Interhelical H-bond' T1.46'%%/17.47°1 —5.67(1.92) —0.57(1.08) —6.24(1.51) H1/H7
E1.49'33/T7.47%" —6.14(2.44) —0.34(1.02) —6.48(2.02) H1/H7
N1.50"%%/57.46>%° —1.06(1.31) —0.60(0.59) —1.66(1.07) H1/H7
$2.45'58/83 42206 —6.72(1.66) 0.09(1.05) —6.63(1.21) H2/H3
D2.50'%%/83.39%% —2.12(2.10) —0.43(0.36) —2.55(2.12) H2/H3
D2.50'%3/N7.49% —6.57(2.32) 0.02(1.08) —6.55(1.79) H2/H7
D2.50'%%/57.46>%° —2.63(1.68) —1.87(0.61) —4.50(1.61) H2/H7
$2.54197/87.46%° —2.58(1.70) —0.22(0.86) —2.80(1.32) H2/H7
T1.46"3%/82.54'%7 —0.70(0.90) —0.68(0.45) —1.38(0.94) H1/H2
N1.50"3%/D2.50'63 —1.68(1.03) —1.29(0.31) —2.97(0.99) H1/H2
$2.45'38/W4.50%4! —2.99(1.70) —1.17(0.58) —4.16(1.48) H2/H4
Y3.51215/Y5.56%%% —2.76(2.76) —1.29(0.80) —4.04(2.50) H3/H5
H3.55%'9/Y5.60%° —0.49(2.17) —1.37(0.55) —1.86(2.02) H3/H5
W6.483%/C7.4238¢ —3.06(1.08) —2.24(1.03) —5.30(1.14) H6/H7
W6.48%6/N7.45%% —2.14(1.65) —1.93(0.95) —4.07(1.64) H6/H7
Water-mediated H-bond*  N1.50'**/WAT1/ D2.50'% 0.57(1.17) —6.29(2.84) —5.72(2.27) H1/H2
WAT2/T3.37%°Y/ T5.47°%/WAT3 0.80(1.63) —13.64(5.53)  —12.84(4.89) H3/H5
Y5.39°5 /WAT4 —0.75(1.50) —5.96(3.87) —6.71(3.39) —
T3.33'"7/WAT5 0.75(1.75) —10.42(4.83) —9.67(4.07) —
C6.4733WAT6/ C7.38%82/C7.4238¢ 0.79(1.46) —9.73(2.39) —8.94(1.99) H6/H7
WAT7/Y7.53%7/WATS —0.07(2.13) —18.07(5.37)  —18.14(4.53) —
Salt bridge’ D2.63'7¢/K3.28'% —29.23(19.06) 0.07(1.07)  —29.16(18.32) H2/H3
R3.50%'%/D6.30%38 —69.54(18.40) 1.24(1.99)  —68.30(17.17) H3/H6
Aromatic stacking¥ F3.44°°%/F5.53%%9 —0.09(0.19) —1.37(0.58) —1.46(0.57) H3/H5
Y3.51%1%/ F5.53%° —0.08(0.25) —1.49(0.44) —1.57(0.55) H3/H5
Y3.51215/Y5.56%%2 —2.73(2.84) —1.02(0.80) —3.75(2.58) H3/H5
Y3.51%15/Y5.60%%° 0.38(0.42) —2.56(0.75) —2.18(0.71) H3/H5
F5.53%%97Y5.56%% —0.27(0.18) —1.33(0.40) —1.60(0.51) —
Y5.56*%%/Y5.60%¢ —0.44(0.41) —1.25(0.48) —1.69(0.74) —
F2.57'7°/F3.36°% —0.06(0.07) —0.58(0.30) —0.64(0.32) H2/H3
F2.57'7%/W6.48%° —0.04(0.14) —1.50(0.45) —1.54(0.48) H2/H6
F3.362°°/W6.48%¢ —0.20(0.32) —2.11(0.79) —2.30(0.91) H3/H6
Lipid insertion® W2TO L8728 py 291 )1 3523531 360 —0.84(1.12) —10.60(1.59)  —11.45(2.10) H5/H6
L1367y 137 1y 1407 147 /p394 395 A 398 A 407 —2.73(0.87) —14.93(1.99) —17.6(2.50) H7/H8

*The energy values with the standard deviation of the values in parentheses were averaged over the last 50.0 ns of the simulation.

Estimated by the nonbonding interaction energy between the residue pairs.

¥Estimated by the nonbonding interaction energy between the residue and the coordinated water molecule(s).
IEstimated by the nonbonding interaction energy between the side chain aromatic rings.
$Estimated by the nonbonding interaction energy between the protein side chains and the lipid tails.

of the CB, receptor shows rather minor changes in structure.
As shown in Fig. 1 C, superimposition of the helical bundle
of the CB; receptor on the x-ray opsin (17), rhodopsin (18)
B1AR (19), and $,AR (20) reveals that the helical bundle
of the CB, receptor maintains a topology quite similar to
that of other GPCRs overall.

H-bond networks

To examine the role of H-bonding interactions in the helical
bundle of the CB, receptor, the numbers of the hetero atom
contacts between the helical residues and the water molecules
(a distance of <3.5 10\) were counted over the course of the
simulation. The results revealed that the residues frequently
involved in these interhelical H-bonds are T1.46'7/
T7.47%', E1.49'3/T7.47%", and N1.50'*%/57.46*° for H1/
H7; S2.45'%/S3.42°%, and D2.50'%%/$3.39°%* for H2/H3;
D2.50'%/N7.49°%%,  D2.50'%%/S7.46*°, and S2.54'°7/
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S7.46°° for H2/H7; T1.46'°%/S2.54'®" and N1.50"*%/
D2.50'% for HI/H2; S2.45'%%/W4.50°*" for H2/H4;
Y3.5171%/Y5.56*%% and H3.55%'°/Y5.60*° for H3/HS; and
W6.48%36/C7.427% and W6.487°°/N7.45%% for H6/HT. 1t is
revealed that most of the residues involved in the interhelical
H-bonds are known as the highly conserved residues of
GPCRs (14). However, H2/H4, H3/H4, H3/H6, H3/H7,
H4/HS, and H5/H6 show scarce or no H-bonding inter-
actions. As shown in Table 2, the interhelical H-bonding
energies between the H-bond pairs indicate that these inter-
helical H-bonds contribute significantly to interhelical
stabilization.

Water molecules are often identified inside the helical core
region near the polar or charged residues, or the surrounding
backbone carbonyl O atoms that are unable to participate in
the helical backbone H-bonding due to helical kinks. It
appears that a water molecule on the extra- or intracellular
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FIGURE 2 (A) H-bond networks, viewed from the intra-
cellular side, of the helical bundle of the CB; receptor at the
intracellular side. (B) H-bond networks, viewed from the
extracellular side, of the helical bundle of the CB; receptor
at the extracellular side. The H-bonds are represented by
broken lines (white), whereas the water-mediated, clustered
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surface of the receptor is initially attracted through the long-
range electrostatic interactions, presumably by the charged/
polar residues within the receptor helical bundle, and enter
into the receptor core region along the path transiently
formed by the electrochemical gradient during the dynamic
equilibrium process of the intermolecular interactions
between the protein and waters. Indeed, the present MD
simulation of the fully hydrated POPC bilayer with the
embedded CB, receptor shows that a few water molecules
form a stable coordination to specific residues within the
helical bundle (see below), whereas most of the water mole-
cules remain as bulk solvents. In this study, several well-
developed H-bond networks and their closely associated
water molecules, defined as WAT1-WATS, were identified
inside the helical core, as described below.

Near the S(N)LAXAD motif

In the middle of the interhelical region of H1/H2/H7, a large,
complex H-bond network is formed: N1.50"%*/D2.50'% via
WAT1 for an indirect, water-mediated H-bonding pair, and

T1.46"°%/N1.50"*, T1.46"°/T7.47%°', E1.49'%/17.45%"
N1.50"*%/87.46>°, D2.50'°%/S2.54'", D2.50'%%/S3.39>*,
D2.50'%%/S7.46°"°, D2.50'%/N7.49°7, $2.54'°7/7.46°,
and N7.45%%/N7.49°% for direct H-bonding pairs (Fig. 2 A).
It is very surprising to note that this H-bond network includes
many highly conserved residues at H1, H2, and H7 of
GPCRs (14). This H-bond network resembles the reported
H-bond network of rhodopsin, connecting N1.50%,
D2.50%, and N7.49°%, that has been proposed to modulate
ligand binding to G-protein coupling (47). Existing deep
inside the helical core, WAT1 appears to be similar to
watlb, which has been identified as one of the coordinated
water molecules in the rhodopsin x-ray structure (48).
Energy stabilization by WAT1 in forming two H-bonds to
N1.50"* and D2.50'%* is estimated to be —5.72 kcal/mol
(Fig. 2 C and Table 2). Extended from this H-bond network,
$2.45'5% of the S(N)LAXAD motif forms H-bonds with
$3.42°% and W4.50%*' (see Table 2) and stabilizes the inter-
helical interaction between H2 and H3/H4 close to the
membrane-water interfacial region (Fig. 2 A).

Biophysical Journal 96(8) 3251-3262



3256

Near the extracellular side of H3/H5

It is shown that at least four water molecules (WAT2-
WATS) that mediate a large H-bond network exist in the
extracellular core region of H3/HS5 (Fig. 2 B). WAT2 and
WAT3 form four H-bonds to T3.37%°! and T5.47%*. Energy
stabilization by WAT2 and WAT3 in forming these H-bonds
is estimated to be —12.84 kcal/mol (Fig. 2 C and Table 2).
Similarly, energy stabilization by WAT4 in forming two
H-bonds to Y5.39%"° is estimated to be —6.71 kcal/mol
(Fig. 2 C and Table 2). Extended from this water-mediated
network, T3.33'"7 forms a direct H-bond to Y5.39%7° and
an indirect H-bond to H5.34%*7" mediated by a water mole-
cule. WATS5, located rather close to the extracellular surface,
forms H-bonds with T3.33'"7 and H5.34”’°. The energy
stabilization by WATS5 in forming two H-bonds to
T3.33'7 is estimated to be —9.67 kcal/mol (Fig. 2 C and
Table 2).

Near the CWxP motif

Of interest, a water molecule (WAT6) is identified that is
trapped in a space surrounded by C6.47°%°, C7.38%*%, and
C7.42%*° (Fig. 2 B). WAT6 appears to be quite similar to
the x-ray wat3 that forms H-bonds to C6.47264, Y6.51268,
and P7.38%! of thodopsin (48). Apparently, WAT6 is coordi-
nated to the backbone oxygen of C6.47>>, which is not able to
form the backbone H-bond due to P6.58%%, It is revealed that
C7.38% forms a direct H-bond to C7.42°*® and an indirect
H-bond to C6.47%> mediated by WAT6. The energy stabili-
zation by WATG6 in forming two H-bonds to C7.38%%* and
(C7.42%%¢ is estimated to be —8.93 kcal/mol (Fig. 2 C and
Table 2). In considering the importance of the highly
conserved CWxP motif, as the rotameric toggle switch (49),
WAT6 appears to have a role in modulating the receptor
during the G-protein activation process. It is revealed that
a water molecule, not far away from the CWxP motif, is
frequently coordinated to S2.60'7%, which forms H-bonds
with D** and $7.39°* (Fig. 2 B). A recent mutation study
suggested that $7.39°* was important for the binding of clas-
sical cannabinoids (50). According to the CB; receptor model
presented here, the breakage of the H-bonding of $7.39%* to
$2.60'"* would affect the H2/H7 helical interaction such that
the proposed ligand-binding pocket (51) at the extracellular
side might be disrupted.

Near the NPxxY motif

The above-mentioned H-bond network near the S(N)LAxxAD
motif includes several H7 residues, most of which are in close
proximity to the NPxxY motif, one of the most highly
conserved motifs of many GPCRs (52). WAT7 and WATS
are directly coordinated to Y7.53%7 of the NPxxY motif.
The energy stabilization by WAT7 and WATS in forming
four H-bonds to Y7.53%7 is estimated to be —18.14 kcal/
mol (Fig. 2 C and Table 2). Because the backbone oxygen
atom of T7.47°°! cannot form the backbone H-bond due to

Biophysical Journal 96(8) 3251-3262

Shim

P7.50*, it instead forms an H-bond to the side chain carbox-
ylate hydrogen atom of E1.49'%, which leads HI and H7 in
this region to be quite closely packed (Fig. 2 A).

Conserved water contact sites

Located close to the highly conserved residues (14), the
identified coordinated water molecules, whose contact sites
are often conserved (53), appear to have structural and func-
tional significance (50,54). The results presented here indi-
cate that unless a water molecule has the perfect orientation
to satisfy all the required H-bonds in forming coordination
inside the helical bundle, it will not be retained within the
bilayer. For example, a water molecule initially approaches
D2.50'% in 20.0 ns of the simulation and occupies a space
between D2.50'%* and N7.49*** transiently due to a misfit.
In 50.0 ns of the simulation, WAT1 approaches a space
between N1.50"3* and D2.50163, forms a very stable coordi-
nation to them, and stays for the rest of the simulation (Fig.
3 A), as indicated by two H-bonds to N1.50'* and D2.50'%
(Fig. 3 B). Such stable coordination of WAT1 would be
important for maintaining the H-bond network in H1/H2/H7,
centered at highly conserved D2.50'% of the S(N)LAXAD
motif and N7.49°%* of the NPxxY motif.

Similarly, a water molecule occupies a space between
L7.43%7 and N7.45%° around the CWxP motif transiently
during 5-25 ns of the simulation, and then another water
molecule (WATO6) enters in 40 ns of the simulation, mediating
H-bonds to C6.47°>, C7.38°%?, and C7.427*°. WAT6 at the
CWxP motif appears to assist in stabilizing H6/H7 such that
C7.38%** and C7.42°% maintain H-bonds to W6.48°%,
securing the side chain tryptophan ring of W6.48°°° in a
specific orientation (i.e., the x; angle ~ —60°) as the inactive
form of the receptor (49).

Other protein interactions
Salt bridges

It has been proposed that the salt bridge between R3.50'°
and E6.30%* of rhodopsin, as the ionic lock, maintains the
inactive state of the rhodopsin class of GPCRs mainly
through H6 stabilization (55). Such a salt bridge is identified
in the rhodopsin x-ray structure (18), but not in either the
opsin (17) or 8,AR (20) x-ray structure. It is quite interesting
to see that the present CB; receptor model using the x-ray
structure of 8,AR forms the salt bridge between R3.50%!
and E6.30°*. It should be noted that the finding that
D2.63'7° forms salt bridges with K3.28'%% is in agreement
with a recent mutation study suggesting that D2.63'7° of
the CB, receptor contributes to the receptor structure and
function through the charge interaction (56). These salt
bridges contribute significantly to interhelical stabilization
as estimated by the nonbonding interaction energies of
—68.30 keal/mol for R3.50%'*/E6.30°*® and —29.16 kcal/mol
for D2.63'7°/K3.28'9% (Table 2).
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FIGURE 3 (A) Snapshots of the conserved water contact
site in the middle of the helical core of HI/H2/H7 near the
S(N)LAxAD motif at 0.0 ns, 20.0 ns, 75.0 ns, and 100.0 ns
of the simulation are represented. (B) WAT1 coordination
to both N1.50"** and D2.50'® during the simulation.

N13¢-WAT1
111 W

1020 30 30 50 60 70 80 90 100
lime / nsec

Aromatic stacking

Aromatic interactions are known to be one of the major forces
that stabilize protein complex association (57) and are consid-
ered to enhance helix-helix association for IMPs (58). It is
shown from the present CB,; receptor model that some
aromatic residues inside the helical core form both intra-
and interhelical aromatic clusters, For example, the cluster
formed by the aromatic residues around Y3.51%"°, including
F3.44°% F5.53%° Y5.56*°%, and Y5.60*°°, appears to be
important for stabilizing H3/H5 association at the intracellular
region, as indicated by the fact that stacking of these aromatic
residues is achieved as the simulation proceeds (Fig. 4 A).
With the energy contribution of —12.25 kcal/mol by six stack-
ing interactions (Table 2), the individual aromatic-aromatic
residue pairs are ~1.5~2.0 kcal/mol, which is in agreement

time / nsec

with reported interaction energy values for the benzene dimer
(59). Compared with the other aromatic-aromatic residue
pairs showing that the major source of aromatic stacking is
van der Waals forces, the Y3.51%'%/Y5.56%°% pair provides
amuch higher energy contribution due to an increased contri-
bution of the electrostatic component by the ring hydroxyls
(Fig. 4 B).

Another example of the aromatic stacking interaction is
illustrated by an aromatic cluster around W6.48*, including
F2.57'7° and F3.36%, of the CWxP motif that has been
proposed as the toggle switch (49) crucial for G-protein
activation. It is revealed that the energy contribution of the
F3.362°°/W6.48%° pair is higher compared to the other pairs,
which is in agreement with a recent study suggesting the
importance of the F3.36°°°/W6.48>° interaction in receptor
activation (60).

Biophysical Journal 96(8) 3251-3262
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FIGURE 4 (A) Development of the aromatic cluster near
the D(E)RY motif by F3.44°%, Y3.51'% F5.53%%

Y5.56*2, and Y5.60°% is shown by a comparison of the
snapshots taken at the time of 0.0 ns and 100.0 ns of the
simulation. D3.49*" (red) and R3.50°"* (blue) are also
represented. (B) Energy stabilization by the aromatic stack-
ing interactions between the individual aromatic stacking
pairs. Only the side chain was considered for nonbonding
interaction energy.
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Protein-lipid interactions inside the helical core
region

Lipid interaction with the hydrophobic pocket-forming
residues in the middle of H5 and H6

This study shows that HS and H6 in the middle of the helical
bundle are rather loosely packed due to the kink of H6
induced by P6.50°® of the CWxP motif, and form a pocket
by hydrophobic residues, including W5.43%*7°, 15.51%%7,
L5.52%%%, v5.55%', L6.44° 16.45°, and L6.52°%,
together with F3.36°% and V3.40°** (Fig. 5 A). It is revealed
that this hydrophobic pocket is quickly (in 20 ns) occupied
by a lipid tail that remains in the pocket for the rest of the
simulation, with its tail penetrating into the pocket as deep
as ~10 A from the receptor/lipid interface. As a result, the
lipid can reach the ligand-binding pocket in the core region
(Fig. 5 A), implying its potential role in ligand binding and
receptor function. The stabilization of H5/H6 by this lipid
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tail is rather significant (>—10 kcal/mol) (Table 2) when
compared with the earlier structures with an unoccupied or
partially occupied hydrophobic pocket (see Fig. 5 B). This
example demonstrates that lipids play an important role
in stabilizing IMPs by directly interacting with the protein
residues.

It has been proposed that the molecular constraints
imposed on the inactive state of the receptor by some of
the functional motifs need to be released for receptor activa-
tion (61). In the same context, a rotamer toggle switch by
C6.47/W6.48/F6.52 of 8,AR (49) or by W6.48/F3.36 of
the CB; receptor (60) that modulates the pro-kink of H6 in
association with the receptor activity has been proposed.
Based on the present CB; receptor model, the rotameric
angles of W6.48%¢ appears to be extremely well conserved
throughout the simulation: the x; angle maintains about
—60° (i.e., g"), in agreement with the y; angle of W6.48
of the x-ray structures of rhodopsin (18) and 3,AR (20). It
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appears that W6.48%¢ of the CB, receptor is stabilized not

only by the neighboring aromatic residues, such as
F2.57"7° and F3.36%%, but also by an H-bond to N7.45*%°
(see Table 2). Thus, it is likely that ligand binding would
disrupt the aromatic stacking of W6.48%¢ with F2.57'7°
and F3.362°0, and at the same time the H-bond of
W6.48%° with N7.45%%°, causing the tryptophan ring moiety
of W6.48°*® to become flipped around. Ultimately, H6
would be able to move around to make the necessary
rigid-body rotation required for G-protein activation (62).
It has been proposed that V6.43%°'/16.46°%* as a BXX0
motif forms a hydrophobic groove as an initial interaction
site of the CB; receptor for the endogenous cannabinoid
ligand N-arachidonylethanolamine (AEA) (63). The MD

3259

FIGURE 5 (A) The hydrophobic pore-forming residues,
including F3.36°%, V3.40%%, W543°°, 15.52%%8,
V5.55%", L6.44>%, 16.45°%, and L6.52°%, at the H5/H6
kinked region in the middle of the helical bundle are repre-
sented by white space-filling. The kink-causing P6.50%%®
and part of the residues (L6.51°*°and C7.38%?) that form
H-bonds to WAT®6 are represented by sticks. The coordi-
nated water WATG6 is represented by space-filling. The
lipid, whose tails are inserted into the hydrophobic pore,
is represented by pink sticks. The nonbonding interactions
between these hydrophobic pore-forming residues and the
lipid tails are traced along the simulation at: 0.0 ns, 20.0 ns,
100.0 ns (side view), and 100.0 ns (extracellular view). For
the snapshot of 100.0 ns (extracellular view), the intracel-
lular half of the lipid bilayer and L6.52*%° are omitted for
clarity. Color coding for the TM helices (ribbons) is the
same as in Fig. 2 A. (B) Nonbonding interaction energy
(in kcal/mol) between the hydrophobic pore-forming
residues, including F3.36°°, V3.40%*, w5437,
L5.52%%, v5.55%!, 1L6.44°%, 16.45°>, and L6.52°%, and
a lipid that is found to be in close contact. Color coding
for the TM helices (ribbons) is the same as in Fig. 2 A.

simulation and the lipid-protein contact analysis reveal that
the V6.43°°'/16.46°>* pair, together with L6.39** of H6
and L7.44°%%, Vv7.48°°% and 17.52%° of H7, where the
kink induced by P7.50*** exists, forms a recessed edge for
good hydrophobic interactions with lipid tails. It appears
that the V6.43°%!/16.46°3* pair alone would not be sufficient
to form a groove and function as the interaction site for AEA.

Lipid interaction with the hydrophobic pore-forming residues
at the H7/H8 junction

The NPxxY (x)s ¢F motif of rhodopsin has been proposed as
one of key structural motifs in providing constraints to stabi-
lize the H7/HS8 junction area through the aromatic stacking
interaction between Y7.53°%¢ and F7.60°"* (52). Although
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such aromatic interaction is impossible in the CB; receptor
due to the 7.60 position being replaced by a Leu residue
(i.e., L404), a recent mutation study of L% of the CB;,
receptor demonstrated that this residue is necessary for
maximum activity of the receptor (64). Thus, it appears
that L*** has a unique pattern of interaction other than
aromatic stacking. Our analysis of the CB; receptor model
reveals that L*** interaction with A7.54°%® is well maintained
throughout the simulation and its interaction with the lipids
increases significantly over the course of the simulation.
A closer examination reveals that L***, together with neigh-
boring hydrophobic residues, including L1.52'%¢, V1.53"37,
V1.56'°, L', P7.50°%, 17.51°, A7.54°%% and A*",
forms a hydrophobic pocket at the H7/H8 junction (Fig. 6 A).
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Shim

FIGURE 6 (A) The hydrophobic pore-forming residues,
including L1.52"¢, V1.53'%, v1.56'%°, L'Y7, P7.50%,
17.51%%%, A7.54%% L% and A*"7, at the H7/H8 junction
are represented by white space-filling. The two lipids,
whose tails are inserted into the hydrophobic pore, are
represented by orange and red sticks. The helical bundle
is represented by the green cartoon. The PAL moiety that
is covalently bonded to C*'° is represented by sticks. The
nonbonding interactions between these hydrophobic
pore-forming residues and the lipid tails are traced along
the simulation at 0.0 ns, 10.0 ns, 30.0 ns, and 100.0 ns.
Color coding for the palmitoylated 3. C, cyan; O, red;
N, blue; P, orange; and S, yellow. (B) Nonbonding
interaction energy (in kcal/mol) between the hydrophobic
pore-forming residues, including L1.52'%, V1.53'%7,
V1.56'°, L', P7.50%*, 17.51°%, A7.54°%, L**, and
A% and the two lipids in close contact.

It appears that this pocket is so hydrophobic that it attracts
hydrophobic tails of the surrounding lipids at the early stage
of the simulation and retains strong hydrophobic interactions
throughout the simulation (Fig. 6 A). It is revealed that the
stabilization by the lipid-protein hydrophobic pocket interac-
tion is —17.6 kcal/mol (Table 2). Thus, it appears that the
lipid interactions with the hydrophobic residues at the H7/HS
junction play an important role in stabilizing H8 at the
membrane-water interface.

CONCLUSIONS

This study on the helical bundle of the CB, receptor reveals
that the receptor residues, most of which are highly
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conserved and form functional motifs in many GPCRs (14),
are involved in several of the distinct types of molecular
interactions that maintain the inactive state of the CB;
receptor. Within the bilayer exist several extensive, water-
mediated H-bond networks, where the coordinated water
molecules play crucial roles in minimizing the exposure of
the polar or charged residues, which is unfavorable in the
extreme hydrophobic environment within the bilayer (2).
Several well-developed aromatic stacking interactions that
are important for stabilizing the helix-helix association are
identified. It is also found that several lipid tails interact
tightly with the hydrophobic residues in the gap of H5/H6
and at the H7/H8 junction. It is likely that the flexible,
dynamic nature of these lipid-protein interactions would be
advantageous for a prompt adjustment of the associated
helices when their rigid-body motions are required for trans-
ferring the molecular signal to the coupled G-proteins. In
summary, the results presented here suggest that all of these
specific interactions among the protein, water, and lipids that
stabilize the helical structure can be considered as the
molecular constraints that maintain the inactive state of the
CB, receptor. Disruption of these specific interactions would
be necessary to release the molecular constraints to achieve
a conformational change of the receptor suitable for
G-protein activation.
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