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Abstract—The seven transmembrane helices (TMH) G-protein-coupled receptors (GPCRs) constitute one of the largest superfamily
of signaling proteins found in mammals. Some of its members, in which the cannabinoid (CB) receptors are included, stand out
because their functional states can be modulated by a broad spectrum of effector molecules. The relative ligand promiscuity exhib-
ited by these receptors could be related with particular attributes conferred by their molecular architecture and represents a moti-
vating issue to be explored. In this regard, this study represents an effort to investigate the cannabinoid receptor type 1 (CB1) ligand
recognition plasticity, using comparative modeling, molecular dynamics (MD) simulations and docking. Our results suggest that a
cooperative set of subtle structural rearrangements within the TMHs provide to the CB1 protein the plasticity to reach alternate
configurations. These changes include the relaxation of intramolecular constraints, the rotations, translations and kinks of the
majority of TMHs and the reorganization of the ligand binding cavities.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The so-called marijuana, Cannabis sativa, or hemp is
one of the oldest psychoactive plants known by human-
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ity. It has been used for delight and medical purposes,
with early records of therapeutic applications in oriental
cultures since �3000 BC. Its physiological effects are
mediated by the interaction of structurally diverse can-
nabinergic compounds1 (see Fig. 1) with the CB1 and
CB2 cannabinoid receptors.2 Both proteins belong to
the G-protein-coupled receptors (GPCRs), one of the
largest and more studied superfamily of transmembrane
proteins.3 Due to their wide distribution among different
body tissues, their involvement in several metabolic
pathways, together with their exposition to the extracel-
lular environment, GPCRs represent the most impor-
tant target class of proteins for drug discovery.4

Available evidence supports the notion that all GPCRs
share a common fold. Their general architecture is
defined as a counterclockwise arrangement of seven
transmembrane alpha-helices (TMHs) of �25 to 35
residues long (TMHs 1 to 7), which span the cellular
membrane connected by three extracellular (EC 1 to 3)
and three cytoplasmatic loops (IC 1 to 3).5–7 The N-ter-
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Figure 1. Structural diversity of some cannabinergic compounds. Representative ligands used in dockings experiments appear marked with an

asterisk (*). Abbreviations for ligands functional groups are shown in italics.
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minal region, which varies in length and function, is lo-
cated on the extracellular side of the membrane, while
the C-terminal region is on the intracellular side. In addi-
tion to the characteristic 7 TMHs, some GPCR class A
family members like rhodopsin, b1/2-adrenergic and CB
receptors have a short C-terminal helix (helix 8) that lays
on the cytoplasmatic side of the lipid bilayer.8–11

At present time, the existence of crystallographic X-ray
data of the bovine rhodopsin has allowed the develop-
ment of a broad spectrum of comparative models for
other GPCR family members.12,13 This approximation
has been successfully used to identify functional or
structural characteristics of other GPCRs, and in some
cases has contributed in the understanding of their acti-
vation mechanism.12,14 In this regard, most accepted
hypotheses support the notion that most GPCRs exist
as a collection of states in the conformational space de-
scribed by several multi-state ensembles.15,16 The con-
formational plasticity exhibited by these receptors
permits their interaction with an extraordinary diversity
of ligands in the extracellular regions, whereas confor-
mational rearrangements take place in the cytoplasmatic
regions near the G-protein binding domain during the
activation process.17

In this study our primary motivation is to expand the
current knowledge regarding CB1 ligand recognition
plasticity, through the use of biophysical computational
tools. In accordance with our results, it is possible to
produce alternative conformations of a CB1 molecular
model derived from the inactive rhodopsin that conserve
the affinity for ligands in docking experiments. Differ-
ences between these conformations reveal a reorganiza-
tion of ligand binding sites that could be used to define
separate functional modules within this protein; the
cytoplasmatic and extracellular subdomains, and the
aromatic and polar microdomains.
2. Methods

2.1. Development of a CB1 molecular model (R)

In order to produce a CB1 inactive molecular model
(R), the 2.8 Å crystal structure of bovine rhodopsin
was used as template for comparative modeling.8 CB1
and rhodopsin sequences were aligned using the avail-
able information of highly conserved residues shared
within the GPCRs.18 The N-(amino acids 1–105) and
C-terminus (amino acids 415–472) residues of CB1 se-
quence were the only omitted regions (see Discussion).
The produced alignment was similar to the one reported
by Salo et al.19 This alignment was used as input to
MODELLER v8 20 to develop a total of 100 compara-
tive models that were evaluated using PROSA II21 and
Verify 3D.22 The best evaluated structure was selected
for further refinement. Loops regions were optimized
through a MD Simulated Annealing (SA) protocol.
For this purpose, backbone residues of TMHs and helix
8 were constrained and loops conformation were opti-
mized in 3 (SA) cycles of heating up to 700 K and slowly
cooling down to 300 K in successive 10 K, 20 ps steps
followed by a conjugate gradient (CG) energy minimiza-
tion using CHARMM22 forcefield.23

2.2. The CB1 (R*) model

To generate a second conformation (R*), which could
be associated to a putative active state of CB1, the
TMH3 and 6 of the R model were perturbed using
the rotating constraint (RC) module implemented in
NAMD v2.5.24 The procedure was conducted by the
harmonic constraint of TMHs 3 and 6 Ca atoms to
reference axes that were rotated with a constant angu-
lar velocity (X) of 0.001 degrees/timestep. The rotation
axis for TMH3 was defined as a tilted vector in the z-
axis passing through the helix center of mass. For
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TMH6, we used a vector sum between the two helix
axes defined by the CWGP6.50 kink region. To achieve
a uniform rotation and to avoid alpha helical distor-
tions, the procedure was repeated adjusting the magni-
tude of the constraint forces applied in a range of 0.2
to 1 kcal mol�1 Å�2 relative to each atom distance
from the rotation axes until a regular rotation was
achieved.25 During the simulation, backbone atoms
of the remaining helices were held fixed and loops
were free to move. The simulation was carried out
using the CHARMM22 forcefield during 1 ns in vac-
uum with a dielectric constant value of 2, followed
by a CG energy minimization until convergence.

2.3. Membrane simulations

The R and R* models were independently embedded in a
pre-equilibrated lipid bilayer consisting of 128 molecules
of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcho-
line (POPC).26,27 Insertion of the alpha helical bundle into
the lipid core was adjusted to obtain both the TMH4 and
the cytosolic half of TMH6 perpendicular to the mem-
brane plane8,28 and protein-overlapping lipids were re-
moved. Final POPC-R (see Fig. 2) and POPC-R*

systems dimension resulted in a box of 62 · 62 · 97 (Å)
with a total of 26,272 atoms. Simulations were carried
out using GROMACS v3.0 MD package.29 Lipid param-
eters were taken from Berger et al.26 combined with the
SPC water model. Long-range electrostatic interactions
were calculated using the particle mesh Ewald method
(PME) to get a uniform density average area per lipid dur-
ing simulation.30 Lennard-Jones and short-range neigh-
bor list for Coulombic interactions were set at 1 nm.
Simulations were performed applying a constant pressure
in all directions of 1 bar with a coupling constant of
p = 0.5 ps and a compressibility of 4.5 · 10�5 bar�1. To
Figure 2. POPC-CB1 molecular system. Lateral (a) and extracellular (b) vi

appears in golden ribbons and lipids in gray licorice. A solid blue surface r

appear in the lower right corner.
compensate for net charge of the systems, 15 Cl� ions were
added. Temperature was controlled by independently
coupling the protein, lipids, solvent and counter-ions to
a 310 K temperature bath using Berendsen algorithm
with a coupling constant of 0.1 ps.31 Energy minimization
to reduce close contacts was achieved through the steep-
est-descent algorithm, until the maximum force decayed
to 100 [kJ mol�1 nm�1]. Final energy minimized systems
were then pre-equilibrated as shown in Table 1. Later,
the three resulting systems were subjected to a 10 ns
MD simulation run at 310 K with 1 fs timestep.
2.4. Conformational changes analysis

The minimized, post-MD R and R* structures were used
to carry out structural comparisons. Helix boundaries
were defined according to DSSP program32 using as refer-
ence the initial R model. The root mean square deviation
(RMSD) between R and R* was calculated both globally,
using an all-residue Ca RMSD fit, and locally, by fitting
secondary structure elements separately, as shown in Ta-
ble 2. A displacement profile (CaR*-CaR) was also com-
puted for the global and local RMSD superimpositions.
Global Ca displacement profile was used to measure the
overall differences within the models, while the local dis-
placement profile was used to discriminate between ri-
gid-body movements or TMHs disruption. TMHs
displacement angles were calculated as the angle differ-
ence between the least square fit vectors passing through
the helix Ca atoms in each conformation. TMHs move-
ments in z-axis were calculated as the average z-axis dis-
placement of its constituents Ca atoms. RMSDs, Ca
displacements, vector definitions, changes on helices ori-
entation, and z-axis displacements were calculated using
the Tcl scripting capabilities implemented on VMD.33
ews of the POPC-R system after 10 ns MD simulation. CB1 receptor

epresents water molecules and ions are represented in magenta. Axes



Table 1. Pre-relaxations schemes applied to the membrane-protein systems prior to the 10 ns collection phase of MD runs. POPC-R, system

composed by 96 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine molecules, 15 chloride ions, and the CB1 starting model (R) (see Figure 2)

Systems Time (ps) Isotropic force constants (kJ mol�1 nm�2) Constraint forces applied to TMHs

POPC-R (a) 500 1000 Heavy atoms

350 — —

POPC-R** (b) 500 1000 Heavy atoms

350 — —

POPC-R* (c) 500 1000 Heavy atoms

300 1000 Backbone atoms

300 1000 TMHs 3 and 6 backbone atoms

500 TMHs 1, 2, 4, 5, 7 backbone atoms

300 1000 TMHs 3 and 6 backbone atoms

250 TMHs 1, 2, 4, 5, 7 backbone atoms

300 1000 TMHs 3 and 6 backbone atoms

50 TMHs 1, 2, 4, 5, 7 backbone atoms

350 — —

The POPC-R* and POPC-R** systems differ in the releasing of constraints applied to the CB1 model (R*).

Table 2. Structural comparisons between the CB1 R and R* minimized structures after the 10 ns MD run

Structure Residues RMSD (Å) Anglec (degrees) Dz-axisd (Å) SASAe (Å2)

Start End Total Globala Localb R R* DSASA

TMH1 113 142 30 2.3 1.3 3.2 �0.8 1547.0 1631.9 84.8

TMH2 151 179 29 2.6 2.0 4.5 �0.1 721.2 741.1 19.8

TMH3 187 217 31 3.1 2.5 4.0 �0.7 557.0 702.2 145.2

TMH4 229 250 22 1.6 0.5 5.9 �1.0 1414.7 1411.8 �2.9

TMH5 274 297 24 3.3 0.9 5.6 2.4 1285.9 1311.5 25.6

TMH6 338 367 30 3.3 1.3 7.4 2.0 1248.9 1522.1 273.2

TMH7 377 400 24 3.2 2.2 8.2 0.9 782.5 674.8 �107.7

H8 402 411 10 3.4 0.4 29.5 �3.6 464.4 525.6 61.1

a RMSD values after an all-atom RMSD fit.
b RMSD after singly fit each secondary structural region.
c Relative TMHs angles displacement after an all-atom RMSD fit.
d TMHs z-axis displacement after an all-atom RMSD fit.
e Solvent accessible surface areas.
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The change in secondary structure of residue i was calcu-
lated according to the following equation:

DAnglei ¼
ð/R�

i � /R
i Þ þ ðw

R�

i � wR
i Þ

2

�����
�����

where /R�

i and wR�

i are the phi and psi angles of residue i in
the R* model. The change in the number of contacts made
by residue i was computed using the following equation:

Dcontactsi ¼
X308

i¼1
i�1>j>iþ1

cR�

ij � cR
ij

where cR�
ij and cR

ij are the number of contacts between
residues i and j in R* and R, respectively. Two atoms
were considered in contact if they were at most 6 Å
apart.
2.5. Conservation index calculation

A multiple sequence alignment of GPCR rhodopsin-like
superfamily (1883 sequences)18 was used to correlate se-
quence conservation with conformational changes in
CB1 receptor. We calculated a conservation index (Ci),
based on the well-known Shannon’s Entropy34,35 equa-
tion as follows:

Ci ¼ 100� 1þ 1

logð20Þ
X20

k¼1

pik logðpikÞ
 !

where, pik denote the relative frequency of the residue k
in the alignment position i. For conserved positions
(pik � 1) the conservation index is maximum
(Ci � 100). On the contrary, for non-informative col-
umns where all residues are uniformly distributed
(pik � 1/k), Ci reaches a minimum conservation value
(Ci � 0). Backbone angles, contacts, and conservation
calculations were made through Perl Scripts.
2.6. Docking studies

Docking studies were carried out using AUTODOCK
3.0.536 and AutoDockTools using as receptors the R
and R* post-MD models. Ligand molecules were con-
structed using standard bond lengths and angles from
InsightII/Builder module37 and then optimized at HF/
6-31g* quantum mechanical theory level using Gauss-
ian03 program.38 AutoDockTools were used to identify
ligand’s aromatic carbons, to assign the rigid root, ac-
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tive torsions, and to merge non-polar hydrogens to their
parent atoms. For each receptor model, docking grids
comprised the entire extracellular half section of the
TMHs bundle. The Lamarckian genetic algorithm
(LGA) available in Autodock was used to explore the
conformational space accessible to ligands. For each li-
gand, docking simulation was composed of 100 indepen-
dent runs, starting each one from a random
conformation. Ligand–receptor complexes were energy
minimized and evaluated using the empirical scoring
functions available from the Ludi algorithm.39,40 In or-
der to describe ligand binding interactions, the lowest
energy representatives of the different binding modes
were selected for further analysis.
Figure 3. Molecular coordinates displacements for the R (gray line),

R* (black continuous line), and R** (black doted line) during the

POPC MD simulations. (a) The root mean square deviation (RMSD)

of backbone protein atoms during the 10 ns of simulation. (b) The root

mean square fluctuation (RMSF) values for every residue Ca atoms.

The secondary structure alpha helical topology elements are denoted

by gray bars with numerals.
3. Results and discussion

3.1. The CB1 R model

The CB1 extracellular N-terminal domain is uncom-
monly long among the various members of class A
GPCRs and seems to play no role in ligand binding or
receptor activation.41 This region together with the intra-
cellular C-terminal domain constitutes the least con-
served regions of the receptor when compared to the
rhodopsin template and were omitted in the modeling
protocol. The rest of the sequence, including loops, were
modeled and further optimized as described in methods.
Most of the class A GPCRs family members (>90%) have
a disulfide bridge between the TMH3 and the extracellular
loop 2 (EC2), the CB receptor subfamily being an excep-
tion. However, there are evidences of a disulfide bridge
between C257 and C264 residues in CB receptors42,43 and
was included in our modeling protocol.44 As a result of
imposing this restraint, the EC2 loop bends over the
receptor core in a similar way as is found in rhodopsin.

At the cytoplasmatic region, the amphiphatic helix 8
(also called fourth cytoplasmatic loop, residues 402 to
411) lay perpendicular to the TMHs, with polar residues
K402, D403, H406 and S410 facing the solvent and hydro-
phobic residues in close contacts with the lipid phase.10

Later, as a consequence of the SA loop refinement step,
the solvent accessible residues located in helix 8 estab-
lished contacts with R336, D324, E323 and S322 IC3 loop
residues. These interactions were kept throughout the
10 ns MD simulations, leading to the arrangement of
the IC3 C-terminal region (residues 315 to 337) and
the helix 8 in a double-bow structure in which all resi-
dues reported to be involved in G protein sequestration
resulted in close proximity45 (see Fig. 8). Verify-3D re-
sults and PROSA energy evaluation of developed mod-
els were equivalent to those of rhodopsin (see
Supplementary Material), supporting the idea (albeit
differences) that this template structure is a useful start-
ing point to conduct a structural characterization of the
CB1 receptor.13

3.2. The CB1 R* model

Empirical evidence supports the notion that TMH 3 and
6 have an important role in the activation of various
class A GPCRs.46–49 Indications derived from diverse
experiments suggest that activation could include the
breaking of a salt bridge at the intracellular ends of
TMHs 3 and 6,50 the counterclockwise rotations of these
two helices,51 and the straightening of the proline kink
in TMH6.52 This knowledge has been used to produce
active conformations of CB1 molecular models.13,53–55

Thus, an alternative CB1 model (R*) was built from
the initial R model coordinates to reproduce the confor-
mational changes suggested to occur during receptor
activation.13 In order to reproduce these changes,
TMH3 and 6 in the R model were rotated (�20 degrees)
using the RC tool implemented in NAMD. This tech-
nique has the benefit to consider the effect of the sur-
rounding helices during the rotation process and the
option to modify the rotating constraints force in order
to avoid dihedral angles distortions or secondary struc-
ture loss.25 As a result, heavy atoms RMSD (including
loops) was less than 3 Å between the initial (R) and
the final (R*) structures. It is important to mention that
according to the GPCR multi-ensemble theory,15 the
selection of a single structure as a representative of the
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activated form constitutes a simplification. However, for
the scope of this work, the comparison between two
states provides a valuable framework to analyze the
most responsive structural regions to conformational
changes that could occur within the CB receptor as well
as in the ligand binding pockets (see below).
Figure 4. The ‘ionic lock’ residues. Distances between the R3.50

guanidinium group and the D6.30 carboxylic group during the 10 ns

POPC MD simulations. R (gray line), R* (black continuous line), and

R** (black doted line).

Figure 5. The ‘toggle switch’ residues. Cumulative frequency of F3.36 and W6.

simulations for R (a and b), R** (c and d), and R* (e and f). The

g + (v1 = � 60 ± 60) and trans (v1 = 180 ± 60).
3.3. MD simulations in explicit membrane

MD simulations for both R and R* models were con-
ducted in an explicit lipid bilayer environment to repro-
duce a more biologically realistic condition. Tieleman’s
POPC pre-equilibrated membrane patch was selected
on the basis of its good performance in a previous
45 ns simulation on rhodopsin dimer.56 Pre-relaxation
in the membrane environment was carried out as shown
in Table 1. The sequential relaxation scheme applied to
the POPC-R* system (see Table 1c) was designed in or-
der to offset the restriction imposed to the TMHs 1-2-4-
5-7 during the rotation of TMH3 and 6. Thus, helices
constraints were diminished in successive steps to avoid
undesirable structural drifts during production. In addi-
tion, for comparison purposes, an extra simulation was
conducted to the POPC-R* system (named POPC-R** as
shown in Table 1b) using the simplified pre-equilibration
protocol employed on the POPC-R system (Table 1a).
Final relaxation for the three systems was reached close
to the 2 ns simulation (see Fig. 3a).

The POPC-R, POPC-R*, and POPC-R** membrane-
protein systems remained stable after relaxation as no
drift in energy, temperature, or lipids density was ob-
served during the collection stage (data not shown).
The Ca RMSD values below 3 Å during the simulation
time also suggest the overall structural stability of all
models (see Fig. 3a), being the largest RMSF located
48 Chi (v1) angle distributions during the collection phase of POPC MD

torsion space is defined by the rotamer angles g � (v1 = 60 ± 60),



Figure 6. The ‘polar pocket’ residues. Distances between the D2.50

carboxylic and the N1.50/N7.49 carboxiamide groups in the R model

(gray line) and the selected model R* (black line) during the 10 ns

POPC MD run.
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in the loops (Fig. 3b). However, when comparing the
RMSF plots of the R* and R** models, some important
differences can be outlined. R** is the model with the
largest fluctuations showing changes outside the loops
that include a significant distortion in TMH1 (see
Fig. 3b). In contrast, RMSD and RMSF values of R*

did not show any strong distortion along its structure.
This result suggests that the smooth MD relaxation ap-
plied on R* (see Table 1c) was better to circumvent helix
disruptions.

3.4. Analysis of intramolecular constraints

Preliminary evidence suggests that GPCRs activation in-
volves disruption of an ionic interaction between the
cytoplasmatic ends of TMHs 3 and 6.57 These helices
are thought to be constrained by a D/E3.49–R3.50–E6.30

salt bridge that limits their mobility in the inactive state.
This interaction operates as an ‘ionic lock’ that needs to
be broken to reach the active conformation.50 Figure 4
shows the distances between D6.30 carboxylic group
and R3.50 guanidine group during the 10 ns MD simula-
tions in our CB1 models. In R, the distance between
these residues is maintained around 4 Å, consistent with
a salt bridge. On the other hand, this interaction is far
beyond 6 Å in the R* and R** models. This salt bridge
is not mandatory to keep CB1 in an inactive conforma-
tion and it is suggested that a more complex set of intra-
molecular interactions is required.58 In this regard it has
been proposed that the CB1 activation could be related
to the rotameric states of the chi 1 (v1) torsion angles of
the aromatic residues W6.48 and F3.36 located within
TMH3 and TMH6 helices.59,60 This concomitant W6.48

(v1g+! trans)/F3.36 (v1trans! g+) shifting was de-
noted the ‘rotamer toggle switch’ and was also tested
in our models by computation of the average distribu-
tion of the F3.36 and W6.48v1 angles during the MD
experiments (see Fig. 5). As can be noted, the R and
R** models satisfy this hypothesis.

Additional regions within the 7 TMHs bundle have also
been described as significant to the GPCRs functional-
ity. These include the TMH1, TMH2, and TMH7,
where the conserved polar residues N1.50, D2.50, and
N7.49 are highly relevant.61–65 Inter-atomic distances
among these residues during the MD experiments reveal
them as structural constraints in our CB1 modeled
structures (see Fig. 6a and b). In the CB1 R model,
D2.50 resulted close to N1.50 as computed in Figure 6a,
whereas in R* the interaction reorders to bring N7.49

close to D2.50 (see Fig. 6b). Therefore, a dual control
of intermolecular interactions is observed throughout
the structure.66

3.5. Conformational changes analysis

As a following step, a selection between the R* and R**

models was carried out in order to simplify the compar-
ative analysis with the primary R model derived from
the inactive rhodopsin coordinates. In accordance to
Figure 5, the R** model satisfied better than R* the tog-
gle switch hypothesis. On the other hand, during the
MD collection phase, R** resulted the most unstable
model with some helical regions, especially TMH1,
exhibiting large fluctuations (see Fig. 3a and b). Conse-
quently, the more stable R* model was selected in fur-
ther comparisons.

Global and local descriptors were calculated in order to
describe the structural differences between R and R*

post-MD models. Ca atom fit between R and R* gave
a RMSD of 3.4 Å. Most noticeable differences in the
TMHs comprise the counterclockwise/upward displace-
ment of TMHs 5 and 6 together with the clockwise/
downward displacement of TMHs 1 and 2 (see Table 2
and Fig. 7f–h). Global displacement profile values for
TMHs 1, 2, and 4 were smaller than the remaining
TMHs, suggesting that the latter relocate to a higher ex-
tent (see Table 2 and Fig. 7a black profile). Only TMHs
1, 4 and 5 showed a uniform local displacement profile,
indicative of rigid-body movements (TMH1 and 5 lack
helix-kinking proline residues). TMH2 maintains its
overall conformation, but in the R* model, LA-
VAD2.50LLG residues change their backbone dihedral
angles producing a bulge in the middle of the helix
(see Fig. 7b and e). This change seems correlated to
the D2.50–N7.49 polar interaction, since the TMH2 LA-
VAD2.50L motif is facing the NP7.50IIY conserved motif
in TMH7 that also changes during the simulation (see
Fig. 7b and e and Fig. 8). In TMH3 two kinks were pro-
duced toward the extracellular region in R* (residues
NVFLFKLGGVTAS), just before the F3.36 toggle



Figure 7. Structural comparisons between the final R (gray) and R* (cyan) models after 10 ns MD simulation and energy minimization. (a–d)

Residue-based descriptors. (a) Distances between Ca atoms after an all-residue RMSD fit (global profile, black line) and after a secondary structure

RMSD fit (local profile, gray line). (b) Changes in backbone dihedral angles when comparing R* versus R models. Horizontal bars denote (a) the

TMH2 LAVAD2.50LLG motif, (b) the TMH3 extracellular residues NVFLFKLGGVTAS, (c) the TMH4 extracellular residues PLLGWN, and (d)

the P7.50IIYA motif in TMH7. (c) Changes in the number of protein–protein atomic contacts when comparing R* versus R. (d) Conservation index

obtained from a 1883 sequence alignment of the GPCRs class A rhodopsin family members. (e) Structural superposition of TMHs between R* and R

models. Vertical bars correspond to the sequences depicted in the graph insets of b. (f–h) Different views of the R* and R superimposed structures.

Loops are omitted for clarity. Figures were created using VMD v1.8.5.

A. Gonzalez et al. / Bioorg. Med. Chem. 16 (2008) 4378–4389 4385
switch component, while the conformation of cytoplas-
matic residues was maintained (see Fig. 7b and e). A
possible explanation to this result could be attributed
to the absence in the CB1 receptor of the TMH3–EC2
disulfide bridge, and by the presence of two contiguous
glycine residues that adds extra flexibility to the helix in
the extracellular region. Deviations from helical struc-
ture in TMH3 have also been reported in other GPCRs
such as the cholecystokinin CCK1 receptor that also
exhibits two kinks, owing to the presence of proline
and glycine residues.67 In contrast, TMH4 presents the
smallest conformational change (local RMSD of 0.5 Å
shown in Table 2) also exhibiting the small change inside
the receptor (global RMSD of 1.6). This stationary
behavior upholds it as a good candidate to mediate
the oligomerization interface in CB1, as previously pos-
tulated.13,68,69 On the other hand, the TMH6 rotation
was accompanied by a 22� straightening (see Fig. 7e).
This induce TMH6 to expose its cytoplasmatic end out
of the R* core. As a result, a cavity is formed in the cyto-
plasmatic region of R* as can be deduced from the sol-
vent accessibility change depicted in Table 2.70 Then
again, a deviation from a regular alpha helix and bend-
ing is observed in the conserved TMH7 cytoplasmatic
region in the R* model (see Fig. 7e). This feature has
also been previously established71,72 and could represent
the structural feature that regulates the helix 8 orienta-
tion for G-protein activation.73 In addition, as other
authors suggest, the TMH7 bending could be implicated
in the ligand binding process.74

As a rule drawn from the above comparisons it is possi-
ble to separate the conformational changes within
TMHs in cytoplasmatic or extracellular, using the toggle
switch and polar pocket residues as boundaries (Fig. 8,
dash horizontal line and Supplementary Fig. 2). The
existence of two functional zones in GPCRs has been
proposed before,75 showing that changes in hydropho-
bicity and sequence entropy occur close to the core of
the lipid bilayer. As can be seen in Figure 7d, all helices



4386 A. Gonzalez et al. / Bioorg. Med. Chem. 16 (2008) 4378–4389
except TMH4 and 6 show increased conservation to-
ward the cytoplasmatic side of the receptor. Through
this, a separate conservation–function relationship is
envisaged between the extracellular ligand binding re-
gion and the cytoplasmatic G-protein interface. The
location of the trigger residues N1.50, D2.50, F3.36,
W6.48, and N7.49 in close proximity to the center of the
two monolayer lipid inter-phase (see Fig. 8a and b) sup-
ports the notion that membrane fluidity could act as a
Figure 8. Detailed view of the most important interactions and ligand binding

top, lateral view of developed models. ‘Toggle switch’, ‘ionic lock’, and ‘po

yellow ribbons indicate the TMH2 LAVAD2.50L and TMH7 NP7.50IIY resid

terminal residues, the cytoplasmatic side of TMH6 and the short helix 8 residu

interphase. On the bottom, the extracellular view of developed models. Hel

(yellow), TMH4 (green), TMH5 (cyan), TMH6 (dark blue), and TMH7 (ma

cavities formed in the activation process. Selected WIN55,212-2, SR-141716

black colors, respectively (see supplementary information). Some relevant re

Weinstein nomenclature.86 Figures were created using VMD v1.8.5.
driving force to modify their interactions.76 In this
way, they could operate as mechanosensitive switches
in response to lateral pressures on the membrane.77,78

3.6. Ligand binding cavities

With the aim to investigate the binding of cannabinergic
compounds in the R and R* molecular models, prelimin-
ary docking experiments were conducted using three of
modes identified in the CB1 models (R, a and c), (R*, b and d). On the

lar pocket’ residues appear displayed in licorice with labels. Blue and

ues, respectively. In red ribbons, the TMH3 DR3.50Y motif, the IC3 C-

es appear. The horizontal dashed line indicates the two monolayer lipid

ices appear colored as follows; TMH1 (red), TMH2 (orange), TMH3

genta). The vertical dashed line delimits the two major ligand binding

A and CP-55940 docking solutions are displayed in magenta, red, and

sidues for ligands binding appear labeled according to Ballesteros and
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the most well-known CB1 ligands; the non-classical
agonist CP-55940, the aminoalkylindole agonist WIN-
55,212-2, and the inverse agonist SR141716a. These
molecules were selected as initial approximation based
on the broad referred literature in which their binding
modes have been proposed (see references19,44,53,55,79–81).
Selection of binding mode conformations obtained with
Autodock was based on the binding energies derived
from LUDI and their agreement with previously re-
ported binding modes (see Supplementary Material).
The binding sites on the R model were defined by 3 ma-
jor pockets toward the extracellular core of TMHs bun-
dle, analogous to those reported by Shim & Howlett.79

Two of them were located proximal to the EC loops
surrounded by TMHs 1-2-3-7 and TMHs 3-5-6-7 respec-
tively. The third one was located toward the cytoplas-
matic region in a buried cavity among TMHs 3, 6, and
7. The majority of docking solutions occupied two of
these pockets at the same time except for the bulky
antagonist SR141716a, in which the selected solution
occupied the three pockets at once. Conversely, in the
R* model the binding area changes as a consequence
of TMHs rearrangements, moving both extracellular
pockets apart and defining two major cavities. In this
structure, the microdomain constituted by TMHs 3-5-
6-7 is the preferred binding site for WIN-55,212-2 and
SR141716a ligands.53 In contrast, two CP-55940 dock-
ing solutions were found in the TMHs 1-2-3-7 region
close to K3.28, a previously reported critical residue in
the binding of this smaller non-classical agonist.82

On the basis of previous reports, the ‘aromatic microdo-
main’ residues F3.25, F3.36, W4.64, Y5.39, W5.43, and W6.48

within TMHs 3-4-5-6 had been proposed as a ligand
binding region.53 In accordance to our results, all but
W4.64 residues interact with ligands as can be seen in
Figure 8 (a detailed description of interactions is pro-
vided in the Supplementary Material). In addition, it is
possible to define a second binding cavity delimited by
the TMHs 1-2-3-7 as the ‘polar microdomain’. This def-
inition is based on the close proximity of polar pocket
residues to this region and by the presence of the posi-
tive residue K3.28 identified as an important element in
the binding of several ligands.81,82

As a general rule derived from these results, the bind-
ing pockets defined by CB1 TMHs could be grouped in
two major binding cavities or microdomains, as out-
lined in Figure 8 (vertical dashed line in d). These pro-
totypical subsites locations have also been reported for
non-olfactory human GPCRs using chemogenomic
analysis83 and support the allosteric control previously
described for the CB1 receptors.84 This suggests that
small-molecule non-classical agonist and possibly clas-
sical agonists of CB1 receptor may not necessarily
share an overlapping binding site with the most volu-
minous aromatic AAIs and the diarylpyrazoles antago-
nist/inverse agonists. However, we cannot rule out the
possibility that different classes of ligands have par-
tially overlapping binding pockets as suggested by
other authors.85 In this sense, a fine-tuning of the
receptor functional groups would be necessary to deter-
mine ligand specificity.
4. Conclusions

The results derived from this theoretical study suggest
that the CB1 receptor is composed by structural micro-
domains that can reorganize its ligand binding sites in
response to structural changes. These changes comprise
the relaxation of structural constraints and small-scale
rearrangements of TMHs that may act in concert to
drive the transition among alternate receptor conforma-
tions. In this sense, the 7-TMH conformational plastic-
ity constitutes the structural framework that might
explain the diversity of ligands with affinity for CB1
receptor. This knowledge could be used in biochemical
studies to test the hypotheses of possible ligand binding
sites. On the other hand, these experimental findings can
then in turn be used to refine our models for virtual
screening of chemical databases and rational drug de-
sign purposes.
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