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Abstract
The G-protein coupled receptor (GPCR) second extracellular loop (E2) is known to play an
important role in receptor structure and function. The brain cannabinoid (CB1) receptor is unique
in that it lacks the inter-loop E2 disulfide linkage to the transmembrane (TM) helical bundle, a
characteristic of many GPCRs. Recent mutation studies of the CB1 receptor, however, suggest the
presence of an alternative intra-loop disulfide bond between two E2 Cys residues. Considering the
oxidation state of these Cys residues, we determine the molecular structures of the 17-residue E2
in the dithiol form (E2dithiol) and in the disulfide form (E2disulfide) of the CB1 receptor in a fully
hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer, employing a
combination of simulated annealing (SA) and molecular dynamics (MD) simulation approaches.
We characterize the CB1 receptor models with these two E2 forms, CB1(E2dithiol) and
CB1(E2disulfide), by analyzing interaction energy, contact number, core crevice and cross-
correlation. The results show that the distinct E2 structures interact differently with the TM helical
bundle and uniquely modify the TM helical topology, suggesting that E2 plays a critical role in
stabilizing receptor structure, regulating ligand binding, and ultimately modulating receptor
activation. Further studies on the role of E2 of the CB1 receptor are warranted; particularly
comparisons of the ligand-bound form with the present ligand-free form.
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INTRODUCTION
Brain cannabinoid (CB1) receptors are G-protein coupled receptors (GPCRs)1 and belong to
the rhodopsin-like subfamily.2 Members of this integral membrane protein (IMP) family are
characterized by seven transmembrane (TM) helices (TMH) (H1-H7) connected by three
intracellular loops (I1-I3) and three extracellular loops (E1-E3). Located in the highly polar
environment of the membrane-water interfacial region of a lipid bilayer,3 the GPCR loops
are not restricted by the membrane4 and are known to be important for stabilizing the multi-
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spanning receptor,5–7 most likely in a sequence-specific manner.8 In particular, E2, as part
of the binding pocket, is known to play a central role in integrating ligand binding into
receptor activation.7,9–13

Even within the rhodopsin family of GPCRs, E2 structures vary. The X-ray structure of
rhodopsin14 shows that E2, containing a β-sheet lid, is deeply inserted into the receptor TM
helical core and completely covers the binding pocket thereby restricting solvent access. In
contrast, the X-ray structures of the β-adrenergic receptors (βARs)15,16 and the adenosine
A2A receptor (AA2R)17 show that E2, containing a short α-helical segment, is displaced
away from the receptor core and partially covers the binding pocket thereby allowing
solvent access. Further, it has been shown that E2 can achieve distinct conformations upon
agonist and antagonist binding for modulating receptor function.18,19

Several studies on the cannabinoid receptors20,21 demonstrate that E2 is important for ligand
binding and receptor function. However, with little structural information available the
structural determination of the 17-residue E2 of the CB1 receptor is quite challenging due to
its conformational flexibility,22 location in the membrane-water interface, and
conformational sensitivity to its anchoring positions at the TM helical ends. This challenge
is partially ameliorated by several popular secondary prediction programs, including
PSIPRED,23 JPRED324 and APSSP2,25 that correctly predict the presence of the E2 helical
segment found in the X-ray structures of βARs15,16 and suggest the presence of a helical
segment within E2 in the CB1 receptor (Table I).

Of interest, the CB1 receptor is unique in that it lacks the inter-loop disulfide bond between
E2 and H3, common to many GPCRs, which is known to be important for maintaining the
correct receptor structure and function26–28 through the coupling between the extracellular
loop and the TM helical core domains.29 The absence of the inter-loop disulfide bond in the
CB1 receptor, due to the absence of the H3 Cys residue, makes E2 less inserted into the
receptor core region and the TM helical bundle more closely packed thereby limiting water
access to the crevice.30 Recent mutation studies of the CB1 receptor, however, suggest the
presence of an alternative intra-loop disulfide linkage between two E2 Cys residues.21,31

In the present study, we determine E2 structure of the CB1 receptor by employing a
combination of simulated annealing (SA) and molecular dynamics (MD) simulation
approaches. We use the recently developed homology model of the CB1 receptor TM helical
bundle,32 which provides the precise boundaries of the TMH, to aggressively explore the E2
conformations in detail, and the predicted E2 secondary structure (Table I) as a molecular
constraint to reduce the conformational space. Considering the reduced state and the
oxidized state of E2 (i.e., E2 with two Cys residues in the dithiol form (E2dithiol) and in the
disulfide form (E2disulfide)) separately, we determine the CB1 receptor structures with these
two E2 conformations, named CB1(E2dithiol) and CB1(E2disulfide), in a fully hydrated 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. The results show that the
distinct E2 structures, interacted differently with the receptor bundle, uniquely modify the
TM helical topology: E2dithiol, with two helical turns, isolated from TMH, which interferes
less with the packing of the TM helical bundle, leading to the attachment of H5 to H3; and
E2disulfide, with one helical turn and a cyclic ring enclosed by the disulfide linkage, closely
packed to TMH, which interacts more with the TM helical bundle, leading to the detachment
of H5 from H3. The results of the present studies suggest the critical role of E2 in stabilizing
the receptor, regulating ligand binding by allowing or preventing access to the crevice, and
ultimately modulating receptor function. In the present manuscript, a numbering, similar to
the Ballesteros-Weinstein numbering is used33; TM helical residues and the loop position
for every loop residue are indicated by superscription.

Shim et al. Page 2

Proteins. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
MD simulations

For the CB1 receptor system necessary for exploring the E2 conformation, we used the
recently developed homology model of the CB1 receptor in a fully hydrated POPC bilayer,32

which resulted in a system size of 80 Å × 98 Å × 98 Å. All simulations of the CB1 receptor
in a POPC bilayer were performed by the NAMD simulation package
(http://www.ks.uiuc.edu/Research/namd/)34 using CHARMM22 force field parameters with
the CMAP correction for the ϕ/ψ angles35,36 for the protein and the TIP3 water model,37,38
and CHARMM32 force field parameters for the lipids.39 The topology definitions and the
parameters for the palmitoylated Cys residue (CYP), including the parameters around the
bond connecting C415 of the CB1 receptor and the carbonyl carbon of the palmitoyl moiety,
as used in the literature,40 were found in the NAMD ParameterTopologyRepository site
(http://www.ks.uiuc.edu/Research/namd/wiki/index.cgi?ParameterTopologyRepository).
The temperature was maintained at 310 K through the use of Langevin dynamics41 with a
damping coefficient of 1/ps. The pressure was maintained at 1 atm by using the Nosé-
Hoover method42 with the modifications as 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 Å and zero smoothly at 12 Å. Electrostatic interactions were treated using the
PME method.43 A pair list for calculating the van der Waals and electrostatic interactions
was set to 13.5 Å and updated every ten steps. A multiple timestepping integration scheme,
the impulse-based Verlet-I (r-RESPA) method,44 was used to efficiently compute full
electrostatics. The timestep size for integration of each step of the simulation was 1 fs.

Conformational searches of the CB1 receptor E2
Two separate conformational searches of the CB1 receptor E2 in a POPC bilayer were
performed: one of E2dithiol; and the other of E2disulfide. Employing an SA approach similar
to the protocol by Fiser et al.45, we sampled the conformation of E2dithiol (i.e., W255E2-
I271E2) by constraining the predicted consensus sequence (C257E2 – C264E2) (Table I) to be
an ideal α-helix by applying torsional constraints (ϕ = −57 degrees and ψ = −47 degrees)
using adaptive biasing force46 as implemented in NAMD.47 To save CPU time, a
rectangular box (40 Å × 40 Å × 35 Å), large enough to accommodate any change associated
with the conformational change of the targeted E2, was defined and only atoms inside the
box were simulated while the atoms outside the box were held fixed. Further, the backbone
atoms of E1 and E3 as well as the TM helical residues other than the side chain atoms within
one helical turn from the extracellular boundaries were also held fixed. The simulation was
performed in the constant volume (NVT) ensemble.

The SA cycle consisted of the following steps: energy minimization using 1,000 steps;
heating to 2,510 K in 15 ps; MD simulation at 2,510 K for 20 ps; cooling down gradually to
310 K within 60 ps; MD simulation at 310 K for 20 ps; and then energy minimization using
2,000 steps. By repeating the SA cycle, a total of 166 energy-minimized E2 conformations
were collected, for which a hierarchical (pairwise average linkage) cluster analysis, using
MaxCluster (http://www.sbg.bio.ic.ac.uk/~maxcluster/index.html), was performed resulting
in 16 clusters with a maximum inter-cluster distance of 0.7. By visual inspection, seven
clusters that showed similar positions for the E2 helical segment and a cluster in which the
E2 helical segment stayed far off the helical bundle were eliminated. For the remaining eight
clusters, representative conformations were selected for further exploration: the number of
the conformation in each cluster was 5, 4, 2, 1, 1, 1, 1, and 1, respectively, which in part
reflected their relative abundance in the cluster. The number of the structure at each step of
the conformational search procedure is summarized in Table II.
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The CB1 receptor model32 whose E2 was replaced by each of these sixteen E2
conformations was embedded in a POPC bilayer and subjected to a 5 ns to 20 ns MD
simulation in the constant pressure (NPT) ensemble without any constraint to relieve any
poor geometry on the E2 anchor regions connecting H4 and H5 and to examine the stability
of the E2 helical segment. Any of the resulting E2 conformations for which the helical
segment became unstructured or stayed far off the helical bundle was dropped from further
examination. The E2 C-terminal residues of the remaining four distinct conformations were
then remodeled by ModLoop (http://modbase.compbio.ucsf.edu/modloop/modloop.html).45

The resulting structures were subjected to an additional MD simulation and the validity of
the modeled E2 structures was examined by WHAT IF (http://swift.cmbi.kun.nl/whatif/).48

The conformational search protocol for E2disulfide was almost the same as for E2dithiol. For
this conformational search, two E2 Cys residues were connected to form a disulfide bond.
By the fold recognition program GenTHREADER (http://bioinf.cs.ucl.ac.uk/psipred/),49 a
suitable fold containing the disulfide-enclosed cyclic segment (i.e., C257E2-C264E2) and the
α-helical segment (C257E2 – C260E2) was identified from the X-ray structure of the human
NOTCH2 (PDB code: 2OO4).50 During the SA simulation, this fold was constrained by
using adaptive biasing force46 as implemented in NAMD.47 A total of 115 energy-
minimized E2 conformations were collected from the SA simulations during which the
disulfide-enclosed cyclic segment was constrained. These 115 conformations were then
grouped into twenty eight clusters. Seventeen clusters were then eliminated due to the
disulfide-enclosed cyclic segment either straying too far off of the helical bundle or
occupying too similar a position. For the remaining eleven clusters, representative
conformations were selected for further exploration: the number of the conformation in each
cluster was 2, 1, 1, 1, 1, 1, 1, 1, 1, 1, and 1, respectively (Table II). The CB1 receptor
model32 whose E2 was replaced by each of these twelve E2 conformations was embedded in
a POPC bilayer and further refined by MD simulation as described for E2dithiol.

Data analysis
The MD analysis software g_correlation
(http://www.mpibpc.mpg.de/home/grubmueller/downloads/GeneralizedCorrelations/
index.html)51 was used to create cross-correlation matrices from ~ 12,000 coordinates
recorded every 2 ps from the last 24 ns MD simulations of CB1(E2dithiol) and
CB1(E2disulfide), respectively. Both the least square fit and the non-linear generalized
correlation were calculated using the Cα atoms of the receptor residues. To minimize any
loss of the detail of interest from the full protein, the N-terminal end residues before H1 and
the C-terminal end residues after H7 were not considered in this analysis.

Aromatic stacking was defined as any two aromatic residues (i.e., Phe, Tyr, Trp, or His) for
which the distance between the two aromatic ring centroids was less than 8 Å. To determine
the concentration of stacking within a range along the z-axis, the z-coordinate of one of the
residues participating in the interaction was used; the remaining residue’s coordinates were
not considered.

The binding core crevice diameter was calculated using the HOLE program
(http://hole.biop.ox.ac.uk/hole), developed to measure the pore radius of ion channels.52

Sampling was done every 0.5 Å along the z-axis and a midpoint (i.e., c-point) between H2,
H3, and H7 that was dynamically determined for every coordinate was used to define the
core crevice at the extracellular region.
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Circular dichroism spectroscopy of the CB1 receptor E2 peptide
E2disulfide and E2dithiol of the peptide WNCEKLQSVCSDIFPHI were custom synthesized (>
95 %) by ProImmune (Oxford, UK) and used without further purification. The peptides were
dissolved in phosphate buffered saline (PBS, 10 mM phosphate, pH 7.4) at a concentration
of 0.1 mg/ml (50 µM). Far UV circular dichroism (CD) spectra were collected on a JASCO
J815 spectrophotometer at ambient temperature using 0.1 cm cuvette. Fifty acquisitions
were made for each spectrum. Deconvolution of the recorded spectra was accomplished
using the CONTIN L analysis program with reference set 3, provided by Dichroweb
(http://dichroweb.cryst.bbk.ac.uk).53

RESULTS
Conformational analysis of the CB1 receptor with two distinct E2

The sampled 166 conformations of E2dithiol and 115 conformations of E2disulfide occupied
similar extracellular regions formed by H3/H4/H5, leaving the region near H2/H6/H7
relatively unoccupied (Fig. 1). After clustering analyses and the ensuing MD simulations,
the final eight, four from each E2 form, that contained an α-helical segment, as predicted
(Table I), were obtained. These E2 conformations were classified into two distinct
conformational classes with respect to the spatial orientation of the α-helical segment within
E2: in class A the α-helical segment is parallel to the membrane surface, as seen in the X-ray
structures of βARs,15,16 while in class B it is perpendicular to the membrane. Class A
represents the majority of the high helicity E2dithiol having two helical turns, while class B
represents the majority of the low helicity E2disulfide having only one helical turn.

Conformation A1 of E2dithiol and conformation B3 of E2disulfide were chosen as the best
conformations of each E2 form based upon receptor stability and the degree of molecular
interactions with the other regions of the receptor (data shown in Fig. S1 & Table SI). The
CB1 receptor models with these two E2 conformations (i.e., CB1(E2dithiol) and
CB1(E2disulfide)) were subjected to long MD simulations for further examination. The rest of
our studies are discussed based upon the MD simulation results of these two CB1 receptor
models. The root mean-square deviations (RMSDs) show that the TM helical bundle of
CB1(E2dithiol) quickly converges in 20 ns of the simulation, while the TM helical bundle of
CB1(E2disulfide) is slow to converge even at the end of the simulation (Fig. 2A). It appears
that large fluctuations of E2 in CB1(E2disulfide) throughout the simulation cause the rest of
the receptor to fluctuate accordingly. The helical backbone RMSDs of CB1(E2dithiol) are 0.5
Å higher than those of CB1(E2disulfide) due to the large outward movement of H1 at the
extracellular region from the helical bundle. Differences in structural convergence shown in
CB1(E2dithiol) and CB1(E2disulfide) indicate distinct E2 structures play a role in altering the
receptor stability.

Structural features of two distinct E2 conformations
A close examination of E2 in CB1(E2dithiol) and CB1(E2disulfide) exhibits a combination of
stabilizing interactions, including hydrophobic interactions, salt bridges, H-bonding
interactions, and aromatic stacking interactions (Fig. 2B). E2 in CB1(E2dithiol) contains a
helical segment (i.e., C257E2-V263E2), as seen in the X-ray structures of βARs,15,16 in an
amphipathic alignment: the polar face, exposed to water, is stabilized by a salt bridge by
E258E2/R1863.22 and a H-bond by Q261E2/D184E1, while the non-polar face, buried in the
receptor core, is stabilized by forming a hydrophobic cluster with the E2 non-polar residues
(i.e., W255E2, C257E2, L260E2, C264E2, F268E2 and P269E2). In CB1(E2dithiol), several salt
bridges, including R182E1/D1762.63/K1923.28/D184E1, R1863.22/E258E2 and D266E2/
K370E3, exist at the receptor extracellular region (Fig. 2Bi and Table III). Additionally,
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F268E2 of E2 in CB1(E2dithiol) is involved in a network of aromatic stacking at the receptor
extracellular region (see below).

E2 in CB1(E2disulfide) contains a short helical segment (i.e., C257E2-L260E2) due to the
geometric constraint by the disulfide bond that interferes with α-helix formation. Salt
bridges by D266E2/K183E1 and E258E2/R1863.22 contribute to E2 and receptor stabilization
and the cyclic ring enclosed by the disulfide linkage is stabilized by several H-bonds:
N256E2/K259E2, N256E2/L260E2, C257E2/Q261E2 and E258E2/R1863.22 (Fig. 2Bii and
Table III). Two intra-loop hydrophobic clusters (i.e., one: W255E2, L260E2, C264E2 and
L271E2 and another: C257E2, I267E2, F268E2 and P269E2) on the top of the TM helical
bundle appear to minimize the exposure to water and contribute to receptor stabilization.
P269E2 also forms an inter-loop hydrophobic cluster with the TM residues L1903.26,
L1933.29 and L2534.62, suggesting that the C-terminal of E2 in CB1(E2disulfide) is closely
packed to TMH. Finally, the aromatic network at the receptor extracellular region in
CB1(E2disulfide), which is formed by the E2 aromatic residues F268E2 and H270E2, is highly
extensive (see below).

Considering that the square of each buried hydrophobic surface area is estimated to
contribute to the free energy of protein folding (24 cal/mol),54 the E2 hydrophobic residues
folded into the receptor core significantly contribute to receptor stabilization. Similarly,
considering that multiple salt bridges compensate for the loss of entropy by a single salt
bridge,55 the multiple salt bridges centered at D1762.63/K1923.28 in CB1(E2dithiol) and by
D184E1/K1923.28 and E258E2/R1863.22 in CB1(E2disulfide) appear to be important for
receptor stabilization. In support, recent mutation studies suggest that D1762.63 and D184E1

of the CB1 receptor contribute to receptor structure and function through charge interaction.
56,57

CD spectroscopy of the E2 peptide of the CB1 receptor
It is well known that a-helical secondary structure gives rise to a positive CD-band (positive
ellipticity) at 195–196 nm and two negative bands around 209 and 222 nm. The CD-
spectrum of E2dithiol displayed a positive band at 195 nm and a distinct negative one at 209
nm (Fig. 3A). Furthermore, a very weak band can be seen around 220 nm in this CD-
spectrum. Results from deconvolution of the E2dithiol CD-spectrum are listed in Table SIII
and a calculated spectrum is displayed in Fig. 3B. Results from analysis of E2dithiol using
CONTIN L suggest that E2dithiol has an α-helical content around 80 %. Because the
normalized root mean square deviation (NMRSD) is very high (0.3) for the deconvolution of
the CD-spectrum for E2dithiol, the calculated secondary structure is probably not going to be
in complete agreement with the actual one.53 However, both the experimental and calculated
spectra clearly indicate the presence of some α-helical structure in E2dithiol. Deconvolution
of the E2disulfide spectrum suggests α-helical content close to 60 % (Table IV). It should be
noted that CONTIN L also predicts the presence of a turn (43 %) in this peptide. Again the
NMRSD-value is very high so no conclusions can be made about the ‘correct’ amount of α-
helix in E2disulfide. The experimental spectrum (Fig. 3A) features two of the bands indicative
of α-helix (196 and 209 nm). The 222 nm band cannot be seen in the experimental or
calculated spectra (Figs. 3A and 3B). However, because the E2disulfide spectrum has some of
the bands typical of α-helix, the presence of α-helix cannot be ruled out in this case. In
addition, the presence of some α-helix is supported, but not proven, by deconvolution of the
E2dithiol CD spectrum.

Aromatic stacking
Due to the importance of aromatic stacking for stabilizing the receptor bundle structure in
IMPs,58 we examined the pattern of aromatic stacking in both CB1(E2dithiol) and
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CB1(E2disulfide). As shown in Fig. 4A, a significant amount of receptor aromatic stacking
occurs in the membrane region between −20 and +30 Å along the Z-axis. An extensive
aromatic stacking network exists in the region between +5 and +15 Å, centering at
W3566.48: F1702.57/W3566.48/F2003.36/F2785.42(W2795.43)/Y2755.39 in both CB1(E2dithiol)
and CB1(E2disulfide).

The number of aromatic stacking interactions in the extracellular top layer around +20 Å is
maintained low in CB1(E2dithiol), yet gradually increased in CB1(E2disulfide) as the
simulation continues (Fig. 4A). A detailed examination reveals that in this region the
aromatic stacking network by F268E2/H270E2/Y2755.39 is well maintained only in
CB1(E2disulfide) but is unavailable in CB1(E2dithiol) due to the location of H270E2: H270E2

in CB1(E2dithiol), exposed to water, is not able to form aromatic stacking to Y2755.39, while
H270E2 in CB1(E2disulfide), positioned toward the helical inner core region, forms aromatic
stacking to Y2755.39 and tightly connects the aromatic stacking network centered at F268E2

in the extracellular region to the aromatic stacking network centered at W3566.48 in the
helical inner core region (Fig. 4B). Overall, the aromatic stacking at the extracellular region
is better developed in CB1(E2disulfide) than in CB1(E2dithiol) due to distinct E2 structures.

Toggle switch W3566.48

W3566.48 of the CB1 receptor has been proposed as a toggle switch for receptor activation,62

similar to W2866.48 of β2AR.63 The X-ray structure of rhodopsin14 reveals that W2656.48 is
stabilized by aromatic stacking to F2616.44 and Y2686.51, highly homologous residues in
many GPCRs.64 The CB1 receptor, however, lacks the corresponding aromatic residues at
the 6.44 and 6.51 positions and, consequently, is expected to have unique interaction
patterns for W3566.48.

As shown in Fig. 4B, F1702.57 and F2003.36 of the CB1 receptor form aromatic stacking to
W3566.48, suggesting their role in stabilizing W3566.48. To gain insight into how F1702.57

and F2003.36 stabilize W3566.48 in CB1(E2dithiol) and CB1(E2disulfide), the χ1 and χ2 angles
of F1702.57, F2003.36 and W3566.48 are analyzed (Fig. 4C). Closely surrounded by the
neighboring residues, the aromatic ring of F1702.57 appears to be rather fixed, with the χ1
and χ2 angles of F1702.57 showing little change throughout the simulations of both
CB1(E2dithiol) and CB1(E2disulfide). Of interest, it appears that the preferred value for the χ1
angle of F2003.36 is ~ +180 degrees, common to both CB1(E2dithiol) and CB1(E2disulfide). In
CB1(E2dithiol), as the χ1 angle of F2003.36 changes to ~ +180 degrees early in the simulation,
the χ1 angle of W3566.48 maintains at ~ −70 degrees. In CB1(E2disulfide), however, as the χ1
angle of F2003.36 changes to ~ +180 degrees late in the simulation, the χ1 angle of W3566.48

changes from ~ −70 degrees to ~ −150 degrees. A close examination reveals that F2003.36 in
CB1(E2dithiol), flexible without any steric conflict with W3566.48, achieves its preferred χ1
angle without any modification in the χ1 angle of W3566.48, while F2003.36 in
CB1(E2disulfide), restricted in motion by W3566.48, achieves its preferred χ1 angle with a
significant modification in the χ1 angle of W3566.48. As a result, the χ1 angle of W3566.48 in
CB1(E2dithiol) becomes ~ −70 degrees, indicative of the receptor in its inactive state63, while
the χ1 angle of W3566.48 in CB1(E2disulfide) becomes ~ −150 degrees, indicative of the
receptor in its active-like state63. Overall, differences in the χ1 angle of W3566.48 shown in
CB1(E2dithiol) and CB1(E2disulfide) indicate distinct E2 structures play a role in modulating
the receptor conformational change required for its activation.65

Interaction energy analysis
To examine how distinct E2 structures exhibit different degrees of receptor stabilization, the
inter-molecular interaction energy between E2 and the rest of the receptor (Einter,E2) were
estimated (Fig. 5A and Table SII). Einter,E2 is −147.0 kcal/mol for CB1(E2dithiol) (i.e.,
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−104.6 kcal/mol by TMH; −13.5 kcal/mol by E1; and −28.9 kcal/mol by E3), compared
with −252.9 kcal/mol for CB1(E2disulfide) (i.e., −226.0 kcal/mol by TMH; −22.5 kcal/mol
by E1; and −4.1 kcal/mol by E3), indicating that the receptor is more stabilized by E2 in
CB1(E2disulfide) than E2 in CB1(E2dithiol). E2 in CB1(E2disulfide), with one helical turn,
interacts more closely with TMH than E2 in CB1(E2dithiol), with two helical turns, possibly
due to its flexibility that allows to be closely packed to TMH. In support, only in
CB1(E2disulfide) but not in CB1(E2dithiol), the C-terminal residue P269E2 forms a tight
hydrophobic cluster with some residues from H3 and H4 as described above. E2 interacts
favorably with E3 in CB1(E2dithiol) due to the salt bridge by D266E2/K370E3, which is
absent in CB1(E2disulfide), and E2 interacts favorably with E1 in CB1(E2disulfide) due to the
salt bridge by K183E1/D266E2, which is absent in CB1(E2dithiol). Overall, distinct E2
structures interact differently with the TM helical bundle as well as E1/E3.

Contact number analysis
To examine how distinct E2 structures modify the TM helical topology, the contact numbers
were counted (Figs. 5B and 5C and Table SII). These contact numbers include not only
those between E2 and the rest of the receptor but also the inter-helical contacts. The E2/
TMH contact number is higher in CB1(E2disulfide) than in CB1(E2dithiol), which is also
reflected in the E2/TMH interaction energies. The E2/E3 contact number is higher in
CB1(E2dithiol) than in CB1(E2disulfide), which is also reflected in their E2/E3 interaction
energies. Of interest, the E2/E1 contact number is almost identical in both CB1(E2dithiol) and
CB1(E2disulfide), but the E2/E1 interaction energy is lower in CB1(E2disulfide) than in
CB1(E2dithiol), due to the salt bridge by K183E1/D266E2 in CB1(E2disulfide).

Because most of TMH are not exactly perpendicular to the membrane, the TM helical
topology at the extracellular region is different from that at the intracellular region. Thus, the
inter-helical contact numbers are analyzed by considering two separate parts: the
extacellular half and the intracellular half. As shown in Fig. 5C and Table SII, the high inter-
helical contact numbers shown for H2/H7 on the extracellular side and for H1/H2 and H3/
H5 on the intracellular side are in agreement with the notion that the TM helical bundle of
the CB1 receptor is primarily stabilized by H1/H2, H2/H7 and H3/H5.32

To examine the role of distinct E2 structures in TM helical rearrangement, the predicted TM
helical structures in CB1(E2dithiol) and CB1(E2disulfide) suggested by the contact number
analysis are compared with TMH in the CB1 receptor model32 (Fig. 5D) the template
structure before the long simulation. For CB1(E2dithiol), H4/H5 move in toward the core and
H1/H6/H7 move out of the core on the extracellular side, while H7 moves out of the core
and H4/H5/H6 move toward the core on the intracellular side (Figs. 5Di & 5Diii). For
CB1(E2disulfide), H4/H6 moves in toward the core and H1/H2/H5 move out of the core on
the extracellular side, while H4/H6 moves into the core and H5 moves out of the core on the
intracellular side (Figs. 5Dii & 5Div). Overall, the contact number analysis reveals that
distinct E2 structures, with different degrees of molecular interaction with the rest of the
receptor, induce unique alterations in the TM helical topology.

Core crevice analysis
Since the distinct E2 structures interact differently with the receptor bundle and uniquely
alter the TM helical topology, we performed a core crevice analysis to examine key
differences in the binding pockets in CB1(E2dithiol) and CB1(E2disulfide). As shown in Fig.
6A, common to both CB1(E2dithiol) and CB1(E2disulfide), the core crevice is almost
completely closed at the inner core region between −10 Å and +10 Å along the Z-axis. In
contrast, in the extracellular region between +10 Å and +20 Å, the water molecules are able
to enter into the ligand binding core crevice. A close examination reveals that in
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CB1(E2dithiol), E2, positioned near the extracellular ends of H3/H4/H5, occupies only half of
the extracellular pore, leaving the extracellular pore formed by H2/H3/H7 accessible to
water. The binding core crevice in CB1(E2dithiol) with the predicted crevice diameters of > 6
Å appears to be fully developed to include the region deep in the binding pocket (Fig. 6Bi).
Similarly, E2 in CB1(E2disulfide), positioned over H3/H4, leaves the extracellular pore region
formed by H2/H3/H7 relatively open to water access. However, the predicted crevice
diameters of ≤ 6 Å in CB1(E2disulfide) appear to restrict ligand access to the binding pocket
(Fig. 6Bii). Differences in core crevice of CB1(E2dithiol) and CB1(E2disulfide) demonstrate
the topologically distinct rearrangement of TMH initiated by distinct E2 structures,
suggesting the role of E2 not only in the availability but also the dimensions of the ligand
binding pore.

Cross-correlation analysis
To gain some insights into the role of distinct E2 structures in unique modifications in the
TM helical topology, we also performed cross-correlation analysis for CB1(E2dithiol) and
CB1(E2disulfide). The pattern of correlation of CB1(E2dithiol) quite differs from that of
CB1(E2disulfide) (Fig. 7): only limited TMH, including H2, H5 and H6, are correlated in
CB1(E2dithiol), while most of TMH are correlated in CB1(E2disulfide). Common to both
CB1(E2dithiol) and CB1(E2disulfide), the N-terminal region of E2, containing the helical
segment, is not involved in coupling. In contrast, the C-terminal region of E2 in
CB1(E2dithiol) is coupled to H5, while the same region in CB1(E2disulfide) is coupled not
only to most of TM helices but also to E1 and E3. Of interest, the segment spanning from
the E2 C-terminal region to the N-terminal region of I3 in CB1(E2disulfide) appears to be
closely coupled together, possibly due to H5 fluctuation initiated by E2 fluctuation (Fig.
2Ai), as indicated by the moderate E2/H5 coupling (Fig. 7ii). Overall, these results strongly
suggest that distinct E2 structures are uniquely coupled to the TM helical bundle to modify
TM helical topology.

DISCUSSION
The presence of a helical segment within E2 both in CB1(E2dithiol) (i.e., C257E2-V263E2)
and in CB1(E2disulfide) (i.e., C257E2-L260E2), as seen in the X-ray structures of βARs15,16

and as predicted by several popular secondary prediction programs (Table I), is strongly
suggested by the CD spectra of two E2 peptides (Fig. 3). It appears that the E2 helical
segment in an amphipathic alignment, located in the membrane-water interfacial region,
plays a role in stabilizing receptor structure. Furthermore, it appears that the degree of the
helical content determines the flexibility of E2, which is important for its interaction with
TMH (see below).

It has been reported that GPCR E2 plays an important role in receptor activation,65 primarily
by coupling to the TM helical domain.13,66,67 The present study strongly suggests that E2 of
the CB1 receptor is able to rearrange TMH through E2/TMH coupling. Examining the
degree of E2 interaction with TMH in CB1(E2dithiol) and CB1(E2disulfide), we demonstrate
that distinct E2 structures of the CB1 receptor uniquely modify the TM helical topology. The
strong coupling between E2 and TMH observed in CB1(E2disulfide) (Fig. 7ii) appears to be
attributed to the flexible nature of E2, which allows the C-terminal region of E2 to be
inserted into the extracellular H3/H5 region for close interactions with the extracellular end
residues of TMH: 1) the hydrophobic packing by P269E2 to the TM hydrophobic residues
L1903.26, L1933.29 and L2534.62; and/or 2) the aromatic stacking centering at F268E2/
H270E2/Y2755.39. As a result, H5 moves out from H3 and at the same time H6 moves in
toward H3 at the extracellular region (Fig. 5Dii). These helical movements are evidenced by
TMH/E3 fluctuation caused by E2 fluctuation (Fig. 2Aii). As demonstrated in a recent NMR
study61, the outward movement of H5 and the inward movement of H6 at the extracellular
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region appear to be necessary for an efficient coupling of E2 to TMH. Conversely, in
CB1(E2dithiol), E2 with the much reduced flexibility is less inserted into the extracellular H3/
H5 region. As a result, H5 moves in toward H3 and at the same time H6 moves away from
H3 at the extracellular region (Fig. 5Di). Thus, it appears that the E2 C-terminal residues
determine the E2 conformation, which is important for its coupling to TMH and thereby for
receptor activation. The importance of the E2 C-terminal region for the CB1 receptor
activation has been suggested by a recent study by Ahn et al.61 where the Ala mutations of
the C-terminal residues of E2 in the CB1 receptor significantly reduced the agonist binding
but retained the inverse agonist binding. It appears that the C-terminal residues of E2 not
only provide the binding contact sites exclusively for agonist binding but also initiate the
conformational change in TMH required for receptor activation. It should be noted that
although the coupling between E2 and TMH expects to be weak in the absence of the ligand,
E2 conformational rearrangement upon ligand binding, as demonstrated in several
experimental studies of other GPCRs,18,19,68 and the subsequent coupling to TMH,
especially the segments of H5, are presumed to induce a ligand-specific conformational
change in the CB1 receptor.

Considering that the CB1 receptor binding pocket consists of the TM helical core residues at
the extracellular region mainly from H3/H5/H6/H7,69,70 the outward movement of H6 from
the core and the inward movement of H5 in CB1(E2dithiol) and the outward movement of H5
and the inward movement of H6 in CB1(E2disulfide) (Fig. 5D) would uniquely modify the
ligand binding pocket located in the extracellular core region of the receptor (Fig. 6B). It is
known for the CB1 receptor that F1893.25, W2554.64, F268E2 and Y2755.39 are crucial for
agonist recognition.56,60,61 Since the aromatic stacking networks by F1893.25/F268E2

connected to Y2755.39 are only available for CB1(E2disulfide) (Fig. 4B), CB1(E2disulfide)
appears to be more suitable than CB1(E2dithiol) in maintaining the agonist binding pocket
geometry. Similarly, it has been suggested that antagonist binding is more sensitive than
agonist binding to the cleavage of the E2 disulfide bond of the CB1 receptor.21 Thus,
CB1(E2disulfide) appears to be more suitable than CB1(E2dithiol) in maintaining the
antagonist binding pocket geometry. Thus, it is conceivable that the outward movement of
H5 and the inward movement of H6 at the extracellular region shown in CB1(E2disulfide) is
beneficial to ligand binding, while the outward movement of H6 and the inward movement
of H5 at the extracellular region shown in CB1(E2dithiol) is detrimental to ligand binding.
Considering that I3, which connects H5 and H6 and forms one of the main interfaces to the
coupled G-protein, is crucial for transferring the molecular signal from ligand binding at the
extracellular face during receptor activation,71 the inward movement of H5 and H6 in
CB1(E2dithiol) and the outward movement of H5 and the inward movement of H6 in
CB1(E2disulfide) at the intracellular region would lead to distinct I3 conformations as E2
conformation-specific molecular signals.

In the present study, CB1(E2disulfide) appears to be more biologically relevant than
CB1(E2dithiol). One of the main reasons for the preference of CB1(E2disulfide) over
CB1(E2dithiol) is that CB1(E2disulfide) contains an extensive aromatic stacking network
covering the region between +5 Å and +20 Å, while CB1(E2dithiol) lacks such aromatic
stacking (Fig. 4B). It appears that the aromatic residues in this region not only contribute to
stabilizing the ligand binding pocket through aromatic stacking but also serve as the initial
ligand contact site at the extracellular top surface of the receptor. It appears that the aromatic
stacking network centered at F1893.25 and F268E2 in the extracellular region at the entrance
of the ligand binding pocket plays a role as a gate keeper, selectively allowing the right type
of ligand to enter into the binding pocket region (Fig. 6B). Thus, upon ligand entry the
aromatic cluster is rearranged in such a way that the entrance of the binding pocket is
opened for ligand access. It is interesting to note that CB1(E2dithiol) represents a gate-open
form as the aromatic stacking by F1893.25/F268E2 is absent, while CB1(E2disulfide)
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represents a gate-closed form as the aromatic stacking by F1893.25/F268E2 is present.
Similarly, a recent study of β2AR suggests that the E2/H7 hydrophobic junction of the
ligand-free receptor is partially broken upon ligand entry, while the hydrophobic cleft
formed by H2/H3/H7 serves as a specific ligand-entry site.72 It appears that the binding core
crevice shown in the present receptor models (Fig. 6) are strongly supported by
experimental findings30,60,61,73 of key residues shaping the ligand binding pocket: for the
extracellular part, F268E2 and F1893.25; for the middle part, I3626.54 and M3636.55; and for
the inner core part, Y2755.39, L3596.51 and L3606.52.

Another key reason for the preference of CB1(E2disulfide) over CB1(E2dithiol) is that
CB1(E2disulfide) contains the disulfide bond in E2, while CB1(E2dithiol) does not. An early
ligand binding study by Martin and his colleagues31 showed that dithiothreitol (DTT), a
disulfide reducing agent, decreased the binding affinity of CP55940 by ~ 50 % regardless of
the pretreatment of CP55940 to protect the binding site, indicating that a disulfide bond that
affects CP55940 binding “exists” and such disulfide bond is not located at the CP55940
binding pocket. In CB1(E2disulfide), the E2 disulfide bond is located in the extracellular top
region (Fig. 6Bii) off the CP55940 binding pocket and exposed to solvent, indicating that
the disulfide bond is easily accessible to DTT for reduction. In contrast, in CB1(E2dithiol) the
only residues that are somewhat close to form a disulfide bond are C3556.47 and C3867.42.
However, the formation of the disulfide bond by these Cys residues appears to contradict the
experimental results suggesting that the disulfide bond is not located at the CP55940 binding
pocket,31 for C3556.47 is known to be a binding pocket residue.74 From the above-
mentioned ligand binding study,31 it was also shown that sulfhydryl blocking agents (SBAs)
decreased the binding affinity of CP55940 by > 90 % but significantly reduced the decrease
in CP55940 binding (< 50 %) by the pretreatment of CP55940. These results suggest that a
reactive free thiol of the receptor exists near or at the CP55940 ligand binding site. The Cys
residues located near the CP55940 binding site include C3556.47 and C3867.42 at the helical
core. Among these Cys residues, C3556.47 would be a better candidate than C3867.42 in
providing the reactive free thiol to SBAs for the following reasons: 1) C3556.47 is known to
form part of the CP55940 binding site;74 and 2) it is known that the sulfhydryl blocking of
C3867.42 did not affect CP55940 binding.21

As shown in Fig. 8, the experimental results reported by Martin and his colleagues31 can be
explained as follows: the observed ~ 50 % decrease in CP55940 binding affinity, regardless
of the pretreatment of CP55940, by DTT (i.e., the reduction of the disulfide bond) is less
likely to be due to the direct modification of the binding pocket but rather indirect
modification as the E2 disulfide bond is reduced. Such indirect modification of the binding
pocket is indicated by the results of the present study demonstrating that distinct E2
structures are able to modify the TM helical topology through the E2/H5 coupling (Fig. 7).
As discussed before, CB1(E2disulfide), which is equivalent to the receptor before DTT
reduction, is more suitable than CB1(E2dithiol), which is equivalent to the receptor after DTT
reduction, in maintaining the agonist binding pocket geometry. It should be noted that the
protection of the ligand binding pocket by the pretreatment of the ligand does not prevent
the ligand binding pocket from the modification caused by the reduction of the E2 Cys
disulfide bond (Fig. 8A), indicating that the impact of E2 structural change on the receptor
TM helical bundle is rather significant. In contrast, the finding that the decrease in CP55940
binding by SBAs was significantly reduced by the pretreatment of CP55940 is due to the
protection of the binding pocket by CP55940 that prevents the modification of the binding
pocket by SBAs, leading to a significant reduction of the decrease in CP55940 binding (Fig.
8B).

It is very intriguing to see that CB1(E2disulfide) is converted to an active-like state, while
CB1(E2dithiol) maintains the inactive state, as judged from the the χ1 angle of W3566.48.63

Shim et al. Page 11

Proteins. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The flipping of the indole ring of W3566.48 (i.e., the χ1 angle = ~ −150 degrees) occurs at
the late stage of the simulation and is maintained for the rest of the simulation, indicating the
resulting structure is somewhat stable in spite of the continued fluctuation. It should be
noted, however, that the salt bridge between R2143.50 and D3386.30, which has been
proposed as the ionic lock75 for the corresponding residues R1313.50 and E2686.30 in β2AR
that retains the receptor in the inactive state, is maintained in CB1(E2disulfide), suggesting
that CB1(E2disulfide) resembles the receptor in its inactive state but possibly at the early
intermediate stage of the active state. Comparison of CB1(E2dithiol) with CB1(E2disulfide)
suggests that the W3566.48 ring flipping in CB1(E2disulfide) occurs due to the steric conflict
between W3566.48 and F2003.36 caused by the inward movement of H6 toward H3 at the
extracellular region (Figure 5Dii). Thus, it is possible that one of the key steps at the early
stage of receptor activation involves the initial ligand binding to the E2 C-terminal
(aromatic) residues61 and the subsequent rearrangement of TMH, H5 and H6 in particular,
through E2 coupling, leading to the turning on of the toggle switch W3566.48 (i.e., the ring
flipping).62 It should be noted that W3566.48 and F2003.36 are known to be important for
ligand binding and receptor function.60,61,73,76 The proposed receptor activation by the
direct coupling between E2 and the TM helical bundle13,66,67 is applicable to the CB1
receptor, as demonstrated by the present correlation analysis (Fig. 7). Further study of the
TM helical bundle of the CB1 receptor may provide insight into the molecular mechanism of
the receptor activation initiated by W3566.48, the residue proposed as a toggle switch in the
CB1 receptor.62

CONCLUSION
In the present study, two alternative forms, E2dithiol and E2disulfide, are considered as distinct
E2 structures of the CB1 receptor. It is demonstrated that the CB1 receptor can have an α-
helical segment within E2, as predicted by several secondary structure prediction programs
and similar to βARs,15,16 which remains stable in the membrane-water interfacial region. It
is also demonstrated that different TM helical topologies, including the binding pocket
crevice at the extracellular region and the receptor interface to the coupled G-protein at the
intracellular region, are induced by distinct E2 structures through the direct coupling
between E2 and TMH. The present results suggest the critical role of the CB1 E2 in
stabilizing the receptor, regulating ligand binding through modification of the binding
pocket, and ultimately modulating receptor activation, as shown in other GPCRs.5–7,13,65,77

Further studies on the role of E2 of the CB1 receptor are warranted; particularly comparisons
of the ligand-bound form with the present ligand-free form.
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FIGURE 1.
Sampled conformations of E2 of the CB1 receptor in a POPC bilayer by the SA simulation.
A. Superposition of 166 conformations of E2dithiol, with extracellular top view and side
view. B. Superposition of 115 conformations of E2disulfide, with extracellular top view and
side view. Only Cα atoms of E2 are shown for clarity. The TM helical bundle is represented
in green cartoon, while the extracellular loops are colored according to the secondary
structure: α-helix, purple; 310 helix, blue; turn, cyan; and coil, white.
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FIGURE 2.
MD simulations of CB1(E2dithiol) conformation A1 for a total of 83 ns duration and
CB1(E2disulfide) conformation B3 for a total of 88 ns duration. A. The RMSDs for
CB1(E2dithiol) (i) and for CB1(E2disulfide) (ii), calculated by RMS fitting to the initial
coordinates with respect to the backbone heavy atoms of the receptor TM helical residues:
TMH, black; E1, red; E2, green; and E3, blue. The TM helical and extracellular loop
boundaries of CB1(E2dithiol) are defined as follows: H1, P1131.29-H1431.59; H2, P1512.38-
D1762.63; H3, R1863.22-H2193.55; H4, R2304.39-L2534.62; H5, I2715.35-H3025.66; H6,
M3376.29-F3686.60; H7, K3767.32-Y3977.53; E1, F177E1-D184E1; E2, G254E2-H270E2 and
E3, G369E3-I375E3. Similarly, the TM helical boundaries of CB1(E2disulfide) are defined as
follows: H1, P1131.29-H1431.59; H2, P1512.38-V1792.66; H3, R1863.22-H2193.55; H4,
R2304.39-G2544.63; H5, D2725.36-R3115.75; H6, M3376.29-F3686.57; H7, T3777.33-Y3977.53;
E1, F180E1-S185E1; E2, W255E2-I271E2 and E3, D366E3-K376E3 B. The extracellular loop
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region in CB1(E2dithiol) (i) and CB1(E2disulfide) (ii) at the end of the MD simulation. The
extracellular loop residues (colored according to the atom type) participating in salt bridges
and E2 H-bonds (by dotted lines) are shown (see Table III). Hydrogen atoms as well as
some side chains are omitted for clarity. The E2 α-helical segment is represented in ribbon,
while all other residues are in cartoon. TMH are colored in green while the extracellular
loops are colored according to the residue type: hydrophobic, white; hydrophilic, green;
positively charged, blue; and negatively charged, red.
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FIGURE 3.
Circular dichroism spectroscopy of peptide fragments of E2dithiol and E2disulfide A. Far UV
CD spectra of the E2dithiol (in blue) and E2disulfide (in red). CD-bands with mean residue
ellipticities ([Θ]-values) that are positive at 195 nm and negative at 209 nm are visible in
both spectra indicative of α-helix formation by both E2dithiol and E2disulfide. The 222 nm
band typical of α-helicies is barely visible in these spectra. The strong negative band at 205
nm in the E2disulfide spectrum remains to be explained. B. Deconvolution of the CD-spectra
further indicates that α-helical secondary structure elements contribute to the CD-spectrum
of E2dithiol. All three bands typical of α-helical secondary structure are visible, including the
band at 222 nm. Deconvolution of the CD-spectrum for E2disulfide did not yield any
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additional information about the secondary structure although α-helix formation is likely
also in this peptide as indicated by the positive and negative [Θ]-values at 195 nm and 209
nm respectively. Output from CONTIN L show that α-helix contributes to 80 % of the
E2dithiol secondary structure.
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FIGURE 4.
Aromatic stacking interactions in CB1(E2dithiol) and CB1(E2disulfide). A. Concentration of
aromatic stacking during the 83 ns MD simulation of CB1(E2dithiol) (i) and the 88 ns
simulation of CB1(E2disulfide) (ii). Aromatic stacking was defined as any two aromatic
residues (F, Y, W, or H) for which the centroid to centroid distance was < 8.0 Å. Z-axis
position of each stack was determined by the z coordinate of one participating residue. The
concentration of aromatic stacking is plotted in ranges of 5 Å with the concentration
indicated by the following colors in decreasing order: black, red, orange, yellow, green, blue
and white (no aromatic stacking). B. The aromatic stacking (by dotted lines) networks in
CB1(E2dithiol) (i) and CB1(E2disulfide) (ii). The snapshot at 6 ns of the simulation of
CB1(E2dithiol), when the W3566.48 indole ring flipping occurs (i.e., the χ2 angle changes
from ~ 0 degree to ~ +70 degrees), and the snapshot at 26 ns of the simulation of
CB1(E2disulfide), when the W3566.48 indole ring flipping occurs (i.e., the χ1 angle changes
from ~ −70 degree to ~ −150 degrees and the χ2 angle changes from ~ 0 degree to ~ −70
degrees), are shown in addition to the snapshots at the beginning and at the end of the
simulations. The toggle switch W3566.48 is circled (in red dot). Only the side chains of these
aromatic residues, without H atoms, are shown. The water molecules located within 12 Å of
W3566.48 are also shown. The aromatic stacking networks are indicated by the circles: the
network around F268E2 and H270E2, orange; the network around W3566.48, blue; and the
network combining these two networks through H270E2/Y2755.39 aromatic stacking, in
green. Color coding for the protein (in cartoon) is the same as in Fig. 2. C. The χ1 and χ2
angles of F1702.57, F2003.36 and W3566.48 during the duration of 83 ns MD simulation for
CB1(E2dithiol) (i) and during the duration of 88 ns MD simulation for CB1(E2disulfide) (ii).
Color coding: the χ1 angle of F1702.57, black; the χ2 angle of F1702.57, red; the χ1 angle of
F2003.36, green; the χ2 angle of F2003.36, blue; the χ1 angle of W3566.48, yellow; and the χ2
angle of W3566.48, magenta.

Shim et al. Page 22

Proteins. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Modifications of the helical topology caused by the inter-molecular interactions with distinct
E2 structures of the CB1 receptor. A. Non-bonding interaction energies (in kcal/mol), which
is a summation of the electrostatic and the van der Waals components, between E2 and the
other parts of the receptor (Einter,E2) (in black), including E1 (EE2/E1) (in blue), E3 (EE2/E3)
(in green) and TMH (EE2/TMH) (in orange), are displayed for CB1(E2dithiol) (i) and for
CB1(E2disulfide) (ii). B. The contact numbers between E2 and E1 (in blue), E3 (in green) or
TMH (in orange) in CB1(E2dithiol) (i) and CB1(E2disulfide) (ii). A criterion of 3.5 Å was used
between non-bonded atoms. C. The contact numbers between TMH in the extracellular half
of CB1(E2dithiol) (i) and CB1(E2disulfide) (ii) and in the intracellular half of CB1(E2dithiol)
(iii) and CB1(E2disulfide) (iv). A criterion of 3.5 Å was used between non-bonded atoms.
Color coding: H1/H2, black; H1/H7, red; H2/H3, green; H2/H4, blue; H2/H7, yellow; H3/
H4, brown; H3/H5, grey; H3/H6, violet; H4/H5, magenta; H5/H6, orange; and H6/H7,
turquoise. D. The extracellular TM helical bundle structures of CB1(E2dithiol) (i) and
CB1(E2disulfide) (ii) and the intracellular helical bundle structures of CB1(E2dithiol) (iii) and
CB1(E2disulfide) (iv) predicted by their contact numbers are shown in comparison with the
CB1 receptor model32 whose TM helical bundle structure was same both in CB1(E2dithiol)
and CB1(E2disulfide) at the beginning of the respective simulations. The TM helical
boundaries of the CB1 receptor are defined same as in Fig. 3. Color coding for the TMH (in
ribbon): H1, red; H2, orange; H3, yellow; H4, green; H5, cyan; H6, blue; and H7, purple.
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FIGURE 6.
Core crevice analysis of CB1(E2dithiol) and CB1(E2disulfide). A. Pore diameter along the Z
axis during the 83 ns MD simulation of CB1(E2dithiol) (i) and the 88 ns simulation of
CB1(E2disulfide) (ii). Colors indicate the diameter of the pore in angstroms (red: 14 Å;
orange: 12 Å; yellow; 9 Å etc.). Pore diameter was determined using HOLE with sampling
done every 0.5 Å along the z-axis; a midpoint between H3 and H7 was used to help define
the pore (c-point). B. The solvent accessible pore (in blue dots for low radius surface and in
green dots for mid radius surface) created by using HOLE at the extracellular core region in
E2dithiol (i) at the end of 83 ns of MD simulation and in E2disulfide (ii) at the end of 88 ns of
MD simulation. Color coding for residues (in stick): the residues forming the aromatic
cluster at the top of the extracellular pore region, yellow; F1893.25 and F268E2, located at the
entrance of the pocket and known as crucial for ligand recognition,56,61; the residues
forming the water-accessible binding surface in the CB2 receptor,30 purple; and F1702.57,
F2003.36 and W3566.48, red. Colored according to the atom type, water molecules inside and
outside the receptor crevice are represented in space filling and line, respectively, while the
lipid molecules are represented in lines. Color coding for the protein (in cartoon):
hydrophobic, white; hydrophilic, green; positively charged, blue; and negatively charged,
red.
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FIGURE 7.
Cross correlation of CB1(E2dithiol) and CB1(E2disulfide). X- and y-axes are the receptor H1
through H7; red indicates highly correlated movement (1.0) and blue indicates less
correlated (0.0). The E2/H5 correlation is indicated by a dotted circle. Cross correlation was
performed with g_correlation 52 to create cross-correlation matrices from ~ 12,000
coordinates recorded every 2 ps from the last 24 ns MD simulations of CB1(E2dithiol) and
CB1(E2disulfide), respectively.
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FIGURE 8.
The role of E2 disulfide bond of the CB1 receptor in modification of ligand binding. A. The
modification of the binding of CP55940 (as indicated by the blue circle) to the CB1 receptor
by dithiothreitol (DTT). The observed 50 % decrease in CP55940 binding affinity,31

regardless of the pretreatment of CP55940, by DTT is due to indirect modification of the
binding pocket, schematically shown from the red circle to the red square shape in the TM
core induced (as indicated by the yellow arrow) by E2 conformational change as its disulfide
bond is reduced to free thiols. B. The modification of the binding of CP55940 to the CB1
receptor by sulfhydryl blocking agents (SBAs) (as indicated by the blue rectangle).
Pretreatment of CP55940 significantly attenuates the effects of SBAs, which reduce
CP55940 binding affinity;31 this can be interpreted as the protection of the binding pocket
by CP55940 without or with little modification of the binding pocket by SBAs. Explanation
is based upon the suggestions of the present studies that E2disulfide is the biologically
relevant form and that a conformational change caused by the reduction of E2 disulfide bond
can modify the ligand binding pocket.
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Table I

Secondary structure prediction of E2 of β1AR, β2AR, AA2R, and the CB1 receptor by various prediction
programs

Prediction method Sequence and secondary structuref

β1AR β2AR

Start End Start End

181 204 173 196

WWRDEDPQALKCYQDPGCCDFVTN WYRATHQEAINCYAEETCCDFFTN

PSIPREDa

JPRED3bc

APSSP2d

X-raye

AA2R CB1

Start End Start End

143 173 255 271

WNNCGQPKEGKNHSQGCGEGQVACLFEDVVP WNCEKLQSVCSDIFPHI

PSIPREDa

JPRED3bc

APSSP2d

X-raye

a
Ref. 23.

b
Ref. 24.

c
Based on a consensus from several methods, including DSC, PHD, NNSSP, PREDATOR, ZPRED, and MULPRED.

d
Ref. 25.

e
The E2 secondary structures, assigned by DSSP,78 are taken from the X-ray β1AR,16 β2AR15 and AA2R.17

f
Estimated secondary structure codes: H, α-helix (shaded); E, extended (β-sheet); C, coil; and T, turn.
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Table III

Molecular interactions in CB1(E2dithiol) and CB1(E2dithiol) at the receptor extracellular region

CB1(E2dithiol) CB1(E2disulfide)

salt bridgea D1762.63/R182E1 D1762.63/R182E1

D1762.63/K1923.28 K183E1/D266E2

D184E1/K1923.28 D184E1/K1923.28

R1863.22/E258E2 R1863.22/E258E2

D266E2/K370E3 D3666.58/K370E3

H-bondingb D184E1 O(back)/Q261E2 N(side) N256E2 O(side)/K259E2 N(back)

N256E2 O(back)/L260E2 N(back) N256E2 O(back)/L260E2 N(back)

C257E2 O(back)/Q261E2 N(back) C257E2 O(back)/Q261E2 N(back)

V263E2 O(back)/S265E2 N(back) E258E2 O(side)/R1863.22 N(side)

aromatic stackingc F1742.61/ F1772.64 F1772.64/F1893.25

F1742.61/ H1782.65 F1772.64/F3797.35

F1742.61/ F3817.37 H1782.65/H1812.68

F1772.64/ F268E2 H1782.65/F3817.37

F1772.64/F3797.35 F1802.67/H1812.68

H1782.65/ F3817.37 F1893.25/F268E2

F1893.25/ F268E2 F1893.25/F3797.35

F268E2/Y2755.39 F268E2/H270E2

F268E2/F3797.35 F268E2/Y2755.39

Y3656.57/F3686.60 F268E2/F3797.35

H270E2/Y2755.39

Y3656.57/F3686.60

a
Estimated by measuring the distance between the side chain O atom of a negatively charged residue and the side chain N atom of a positively

charged residue with the cut-off distance of 3.20 Å.

b
side, side chain; back, backbone

c
Estimated by measuring the centroid to centroid distance between any two aromatic residues (Phe, Tyr, Trp, or His) with the cut-off distance of

8.0 Å.
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