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Development of a 3D Model for the Human Cannabinoid CB1 Receptor
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A novel comparison model of the human cannabinoid CB1 receptor has been constructed using
the bovine rhodopsin X-ray structure as a template. The model was subjected to a 500-ps
molecular dynamics simulation, and thereafter new conformers of the receptor model were
produced in a simulated annealing procedure. Using an automated docking procedure, well-
known cannabimimetic ligands were docked into six different model conformers, of which one
was chosen for a detailed study of receptor—ligand interactions. The docking results confirm,
for example, the importance of lysine K3.28(192) in the binding of these ligands. Also, other
experimental data are fairly consistent with the present model, though there are some
differences when compared to other recent CB1 comparison models. The present model will
serve as a tool to investigate the receptor—ligand interactions and facilitate the design of novel

cannabimimetic drugs.

Introduction

G-protein-coupled receptors (GPCRs) are important
targets for drug discovery. To date, over 30% of the
clinically marketed drugs are active at this receptor
family.! GPCRs are integral membrane proteins that
characteristically have seven o-helices spanning a
membrane bridged by three intracellular and three
extracellular loops. Either constitutively or by agonist
binding, GPCRs activate different types of G proteins
on the intracellular side of the lipid membrane and thus
elicit a biochemical response through various signal
transduction mechanisms. Cannabinoid receptors (sub-
types CB1 and CB2) belong to Family A of GPCRs
(Rhodopsin family, see http://www.gpcr.org/7tm), and
they are an attractive target for current drug develop-
ment. CBL1 receptors are predominantly located in the
central nervous system (CNS), whereas CB2 receptors
have been discovered in peripheral tissues, such as the
tonsils, spleen, and immunocytes.?2 Both receptor sub-
types were cloned in the 1990s;3# endogenous ligands
for the cannabinoid receptors have also been character-
ized, including N-arachidonoylethanolamide® (AEA, 1,
Figure 1), 2-arachidonoylglycerol®’ (2-AG, 2, Figure 1),
noladin ether,® virodhamine,? and N-arachidonoyldopa-
minel® (NADA). There are a few exogenous ligands for
these receptors, of which the best-known is A%-tetrahy-
drocannabinol!! (THC), a product of Cannabis sativa L.
In addition, several cannabinoid analogues and some
structurally different cannabimimetic ligands have also
been synthesized during the past two decades. Most of
the therapeutic effects of cannabinoids and cannabimi-
metics, such as analgesia, lowering of intraocular pres-
sure, antiemesis, alleviating of neuronal disorders, and
stimulation of appetite, have been shown to be mediated
through cannabinoid receptors, particularly through the
CBL1 receptor.1?

In addition to the structure—activity relationships
(SAR) of the receptor ligands, structural knowledge of
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Figure 1. Molecular structures that were docked at the CB1
receptor model: (1) AEA, (2) 2-AG, (3) CP55940, (4) HU-210,
(5) WIN55212-2, (6) SR141716A.

the target receptor protein is important in facilitating
drug design. Since cannabinoid receptors are trans-
membrane receptors, like all the GPCRs, elucidation of
their three-dimensional (3D) structure has been highly
demanding and not yet successful. The first 3D model
of the CB1 receptor was based upon Fourier transform
analyses of the a-helical periodicity in the sequences of
the CB1 receptor and a set of homologous GPCRs.1314
The hydrophobic moments for each helix were calculated
to arrive at their orientation in the bundle; additionally,
the low-resolution projection structure of rhodopsin®16
and mutation data from other GPCRs were used to
refine the model. Further refinement of this model
included, for example, introducing new conformations
of the sixth and seventh transmembrane helices (TM6
and TM7, respectively) into the CB1 helix bundle.l”
Another early CB1 model by Mahmoudian was based
on the crystal structure of bacterial rhodopsin.l® As
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Figure 2. Modeling alignment of the human CB1 receptor (hCB1) and bovine rhodopsin (Rho) amino acid sequences. Highly
conserved residues are marked with colored background; black, identical residues; gray, conservatively replaceable residues. Boxed
regions denote the amino acid coordinates transferred from the rhodopsin X-ray structure onto the CB1 model. N- and C-terminals
were left out of the model. “|” depicts the missing residues of the rhodopsin X-ray structure (i.e., AQQQES).

bacterial rhodopsin is not a GPCR,'® and its helix-
packing arrangement differs notably from that of
GPCRs,!® there was the need for a high-resolution
crystal structure of a real GPCR.

Palczewski et al.?% succeeded in determining the first,
and thus far the only, crystal structure of a GPCR, that
is, bovine rhodopsin. This crystal structure can be used
as a structural template to model the transmembrane
domain of other Family A GPCRs.?! Ballesteros et al.??
demonstrated that GPCRs maintain their general fold-
ing characteristics by means of structural mimicry,
despite the possible low homology between these recep-
tors. This structural mimicry also enables localized
variations within the binding sites of the receptors that
are responsible for the selectivity of a receptor toward
a diverse group of ligands. However, Ballesteros and co-
workers emphasize that substantial modifications of the
initial template may be required to refine the particular
conformation of the binding site for the exploration of
specific ligand—receptor interactions. A study by Bis-
sanz and co-workers?® demonstrated that comparison
(or homology) models of GPCRs can also be used as
suitable targets for protein-based virtual screening of
chemical databases.

The aim of the present study was to build a compari-
son model of the CB1 receptor in order to assist in the
investigation of receptor—ligand interactions and in the
design of novel selective CB1 ligands that could serve
as potential lead molecules for cannabinoid-based drug
discovery. Molecular dynamics simulations and auto-
mated ligand docking were used to refine and examine
the receptor model. The resulting model is also com-
pared to other recently published X-ray structure-based
CB1 models.2425 The possible differences and/or simi-
larities between these models are discussed.

Results and Discussion

Comparative Modeling. The core of the transmem-
brane (TM) helices of rhodopsin and CB1 sequences was
well aligned (Figure 2), guided by highly conserved
residues that are common to GPCRs.2® Normally, gaps
are avoided in the middle of the secondary structures
of comparison models, but the multiple sequence align-
ment of hCB1 and other related sequences (see Sup-
porting Information) gave an indication that the highly
conserved proline residue P5.50(215) of rhodopsin could
be omitted, as this is lacking in the CB1 sequence. The
resulting gap in the CB1 model was repaired by joining

the chain ends of the neighboring leucine residues
L(286) [now given a locant of 5.50] and L5.51(287).
Energy minimization of the resulting comparison model
polished the backbone without extensively disturbing
the helical structure at this particular point. Due to this
procedure, the coordinates up to L5.50(286) in the TM5
were one residue behind, compared to the recent model
built by Shim et al.?®> As this part of the helix is on the
extracellular side, the binding site of our model is likely
to differ from the model built by Shim et al. Particularly,
in our model tyrosine Y5.39(275) of CB1, which has been
shown to have a critical role in ligand recognition of
cannabinoid receptors,!’ is in a position equivalent to
F5.38(203) of rhodopsin, whereas Shim and co-workers
aligned Y5.39(275) of CB1 with V5.39(204) of rhodopsin.
McAllister and coauthors'” compared their CB1 model
with the rhodopsin X-ray structure and reported that
Y5.39(275) of their CB1 model is in a position equivalent
to F5.38(203) of rhodopsin, and in both receptors this
tyrosine residue is engaged in an aromatic stacking
interaction with W4.64(255). In addition to this par-
ticular stacking interaction, the other possible aromatic
stacking interactions reported by McAllister et al.1” for
their wild-type CB1 model are also in line with the
results of the present study.

Since the most challenging task has been to model
the loops, which differ both in length and in amino acid
order among the GPCRs, most reported 3D models of
CB1 do not have all the six loops, if any.13.17:1824.25 The
greater the difference in the length of the loop, the more
difficult it is to model the loop in a reliable way.
Nevertheless, we decided to model all the loops for a
better theoretical view of the whole protein structure.
The coordinates of the third extracellular (E3) loop were
taken directly from the rhodopsin X-ray structure. Also,
the first extracellular loop (E1) and the intracellular
loops 11 and 12 were simple to model, as there was only
one amino acid insertion or deletion needed with respect
to the loops of rhodopsin. In all cases, as many amino
acid coordinates as possible were taken from the rhodop-
sin structure, both before and after the gap region of
the loop (see Figure 2).

The most difficult loops to reliably model were E2 and
13, as they differed most from the respective loops of
rhodopsin. The random loop search for those regions
gave us loop structures that may not, however, be
identical to the real structure of CB1. Most GPCRs of
the rhodopsin family have a disulfide bridge between



3050 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 12

Salo et al.

Figure 3. CB1 model compared with the rhodopsin crystal structure (Rho). The critical lysine K3.28(192) is boxed. Secondary
structure coding: a-helix, purple (CB1)/red (Rho); S-sheet, yellow; other, cyan (CB1)/white (Rho). (A) CB1 model, (B) CB1 model

superimposed with rhodopsin.

TM3 and E2.27 In rhodopsin, this bridge draws the E2
loop down so that the loop covers the ligand binding site
and, thus, is involved in ligand recognition. CB receptors
lack this particular disulfide bridge. However, there is
some evidence to suggest that a disulfide bridge is
formed between the conserved cysteine residues of the
E2 loop [in CB1 C(257) and C(264)] and that this loop
region is important, for example, in the binding of
CP55940 (3, Figure 1).28730 |n the present model, this
possible disulfide bridge was not taken into account, in
order to focus solely on the cannabinoid binding site
within the helix bundle.

Figure 3 presents the CB1 model (model 1, see
Experimental Section) compared with the rhodopsin
crystal structure. The secondary structures were as-
signed as implemented by SYBYL. One can clearly see
how the E2 loop of rhodopsin bends over the ligand
binding site (Figure 3B). The loop is almost at the same
level as the critical K3.28(192) residue. As expected,
deviations from the ideal o-helical structure are located
in the respective TM regions of both the receptors.
However, in the CB1 model the TM5 region of deviation
is a few residues longer than in rhodopsin due to the
omission of the P5.50 coordinates (see text above). On
the other hand, the regions of deviation from the ideal
a-helix in TM7 and at the end of TM4 are longer in
rhodopsin compared with those regions in the CB1
model.

Molecular Dynamics. The MD simulations with
TIP4P water in the OPLS force field were extensively
time-consuming, but they resulted in structures of
slightly better stereochemical quality when compared
with the SPC simulations in the Gromacs force field.
The Ramachandran plot3! of the SPC model for CB1
revealed four residues in the disallowed region, one of
them [V3.32(196)] being in the TM3 near the putative
binding site. In the Ramachandran plot of the TIP4P
model, there were only two residues in the disallowed
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Figure 4. Ramachandran plot for the CB1 final structure
from TIP4P molecular dynamics simulation. The following
residues were in the disallowed region: 1(317) and R4.39(230).

region, both being far away from the binding site: 1(317)
in the 13 loop and R4.39(230) at the cytoplasmic end of
TM4 (Figure 4). Although in the TIP4P model the
stereochemistry of residue V2.55(168) had changed from
L to D, inverting the chirality back to the L-amino acid
did not affect the structure of the binding site, as this
residue points out toward the lipid membrane. Similar
results were obtained for the rhodopsin X-ray structure;
that is, there were two residues in the disallowed region
of the SPC model but none in the TIP4P model.
Otherwise, the stereochemical quality of the CB1 model
was comparable with that of the rhodopsin structure.
(See Supporting Information for the PROCHECK sum-
maries.) Eventually, the decision to use structures from
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Figure 5. Rmsd fluctuations of the protein backbones during
simulation: CB1 model (above) vs crystal structure of bovine
rhodopsin (below).

the TIP4P MD simulation was confirmed by the fact
that, during the SPC simulation, the critical lysine
K3.28(192) tended to rise up and thus point outward
from the binding site.

The MD simulation of the CB1 model was stable, as
there was no drift in the energy or temperature. The
root-mean-squared deviation (rmsd) of the protein back-
bone was plotted over the simulation time for the CB1
model and the crystal structure of bovine rhodopsin
after a least-squares fit to the initial structure (Figure
5). Even though the deviation increases to about 2 A
for the CB1 model, compared to a deviation of 1 A for
the rhodopsin structure, both receptor structures re-
mained stable. Most of the deviation was due to moving
loops, as the backbone of the CB1 loop region fluctuated
up to 4 A compared with the restrained helix area, in
which the backbone rmsd remained at about 0.5 A (see
Supporting Information, Figure 1). In the CB1 model,
the loops (especially E2 and 13) were probably not as
they exist in the real protein; thus, they are not so well
packed, which causes a greater rms deviation compared
to the crystal structure. The overall deviation would
possibly increase if the position restraints of the helix
backbone atoms were loosened. However, this should
be done in a real lipid membrane environment and not
in a system of pure water. Even though it is argued that,
by the current computational methods, it is not possible
to simulate the complete event of the receptor activa-
tion,®? a free simulation of the receptor model in a lipid
membrane might give some insight, as the helices will
be allowed to move freely. For example, TM6 is proposed
to straighten upon activation.3334

It is a well-known fact that bovine rhodopsin was
crystallized in its inactive state.2? Therefore, it may be
assumed that the initial CB1 model also represents the
inactive receptor conformation. Singh and co-workers3®
studied the reason for the high constitutive activity of
the CB1 receptor compared to the complete lack of
constitutive activity in rhodopsin. When rhodopsin is
activated, the aromatic residue W6.48 is proposed to
undergo a rotameric shift of the y1 torsion angle from
gauche+ to trans. Singh et al. suggest that in CB1, the
trans y1 rotamer of W6.48(356) is favored due to the
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C6.47(355)

Figure 6. Rotamer shift of W6.48(356) from gauche+ y1 to
trans. The backbone nitrogen is shown with an arrow. When
viewed from this side of the backbone, the side-chain y carbon
for the trans rotamer is at a position opposite to the backbone
nitrogen, whereas for the gauche+ rotamer the y carbon is on
the same side as the backbone nitrogen.

greater conformational mobility of this residue com-
pared with that of W6.48 of rhodopsin. They also
propose that the rotameric state of F3.36(200) controls
the rotamer switch of W6.48(356), so that the trans y1
rotamer of F3.36 helps to constrain W6.48 in a gauche+
x1, but the gauche+ y1 configuration of F3.36 allows
W6.48 to shift to trans y1. Interestingly, this rotamer
switch was also confirmed in the present study. Before
the MD simulation, W6.48(356) was in the gauche+ y1
configuration, as in the rhodopsin template. In the
process of comparative modeling, the HOMOLOGY
module of Insightll chose the gauche+ y1 rotamer for
F3.36(200), which is a glycine residue in rhodopsin.
During the MD simulation of the CB1 model, the
rotamer of W6.48(356) shifted from gauche+ y1 to trans
x1 (Figure 6), in contrast to the respective simulation
for rhodopsin.

Docking of Ligands. All of the best-ranked (CScore
value of 3—5) docking conformations of the ligands were
visually checked in every receptor conformer. Model 1
was chosen for the detailed discussion of the ligand—
receptor interactions. In that receptor conformation, the
binding site was the most open, and it was not as
fragmented as in the conformers produced by the
simulated annealing procedure. Due to the openness of
the binding cavity, the ligands found more different
docking positions in model 1 than in models 3—6. In
some cases, this enabled a certain ligand to interact with
a certain amino acid that was inaccessible in models
3—6. Moreover, WIN55212-2 seemed to find better
docking conformations at model 1 than at model 2. The
structure of model 1 also agreed well with the average
structure calculated from the MD simulation. All six
ligands were found to be docked approximately into the
same area of the binding cavity (Figure 7). It has been
proposed that there is a partial overlap between the
binding sites of structurally different cannabinoids.?®

Mutation data have shown that lysine K3.28(192) is
an important residue for the binding of AEA.36 Consis-
tently, we chose a docking conformation for both AEA
and 2-AG that involved a hydrogen-bonding interaction
(see Table 1 for H-bond distances and angles) between
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Figure 7. Docked ligands at the binding site of the CB1 model
(view from the extracellular side). MOLCAD lipophilic poten-
tial surface was calculated for the model with the Connolly
method.”” Brown color denotes the most lipophilic areas and
blue denotes the most polar areas. Ligand atoms have been
colored in the following way: gray, carbon; red, oxygen; blue,
nitrogen; green, chlorine. Hydrogens have been left out for
clarity.

the carbonyl oxygen of the ligand and the lysine
nitrogen of the receptor (Figure 8A). It is possible that
the headgroup hydroxyls of the ligands form simulta-
neous H-bonds with K3.28(192) or intramolecular H-
bonds with the carbonyl oxygen. In our model, S7.39-
(383) was located opposite to the critical lysine and may
also be involved in forming H-bonds with the polar
headgroups of the ligands (Table 1). Both endocanna-
binoids adopt a U-shaped molecular conformation, with
their aliphatic tails turning to the lipophilic region of
the binding site. In this conformation, the ligand acyl
chain is located in the vicinity of residues such as F3.36-
(200), W5.43(279), and L5.40(276). However, no specific
C—H---z interactions were recognized between the
hydrogens of the aromatic rings and the double bonds
of AEA in this binding model (see Supporting Informa-
tion). This finding is consistent with the site-directed
mutation data from McAllister and co-workers, which
shows that AEA binding does not change when amino
acids F3.36(200) and W5.43(279) are mutated into
alanine.®”:38 Nevertheless, it was reported that the
potency and/or efficacy of AEA is reduced after the
above-mentioned mutations.3” Therefore, it is possible
that these residues are not important for the recognition
of AEA but are important for the activation of the
receptor. Barnett-Norris and co-workers?* reported that
F2.57(170) and F3.35(189) interact with the double
bonds of the endocannabinoid acyl chain. Their finding
is supported by the experimental fact that replacing
F3.25(189) with alanine decreases the CB1 binding
affinity of AEA by 7-fold.?* In a recent study by McAI-
lister et al.,38 F3.25(189)A mutation resulted in a 6-fold
loss in CB1 affinity for AEA. Their modeling studies
suggest that F3.25(189) has a C—H---r interaction with
the C5=C6 bond of AEA, and that F2.57(170) interacts
with the amide oxygen of AEA, whereas in the present
model the chosen conformer of AEA does not have any
interactions with F3.25(189).

Salo et al.

K3.28(192) is also important for the binding of HU-
210 and CP55940. Being a very flexible residue, it can
easily adopt a conformation that interacts with the
phenolic hydroxyl, northern aliphatic hydroxyl (C9/C11
hydroxyl), southern aliphatic hydroxyl (SAH, C12 hy-
droxypropyl of CP55940), or even the pyranyl oxygen
of classical cannabinoids.3® Docking HU-210 and CP55940
into our model gave many putative binding conforma-
tions for these two ligands. In some conformations, the
C3 alkyl chain was pointing out of the receptor cavity,
while in some conformations it was bending into the
hydrophobic region of the binding site. Representative
conformers, in which the side chain was positioned into
the hydrophobic part of the binding pocket, are pre-
sented in Figure 8B. In this conformation, the SAH
group of CP55940 and the pyranyl oxygen of HU-210
can come within hydrogen-bonding distance of K3.28-
(192) (see Table 1). Also, S7.39(383) may hydrogen bond
with the pyranyl oxygen. With a light rotation of the
lysine residue, it can easily reach the phenolic hydroxyl
of HU-210 as well. The northern aliphatic hydroxyl
groups of these cannabinoids and the phenolic hydroxyl
group of CP55940 do not have any specific interaction
sites in this conformation. Shim and co-workers?®
studied the binding mode of nonclassical cannabinoid
agonists such as CP55940 in their CB1 model. They
concluded that a binding conformation in which the C3
alkyl tail is pointing inside the receptor was marginally
better than a conformation with the alkyl tail pointing
out toward the extracellular side of the receptor. In this
conformation, the nonclassical cannabinoid agonists
would hydrogen bond with K3.28(192) and E(258), as
well as with Q(261), by involving their phenolic hydroxyl
and the SAH groups, respectively. In contrast to our
model, this model gives insight into the ligand interac-
tions with residues of the E2 loop, as this loop has been
modeled with the disulfide bridge and is bending over
the binding site. The following residues are reported to
form a hydrophobic pocket for the C3 alkyl tail: V3.32-
(196), T3.33(197), F3.36(200), L(260), F5.42(278), W6.48-
(356), L6.51(359), M6.55(363), and C7.42(386). In our
model, for the conformation discussed, the respective
amino acid residues (within 2.5 A of the bound ligand)
are V3.32(196), T3.33(197), F3.36(200), Y5.39(275),
W5.43(279), L6.51(359), and M6.55(363). Mutation stud-
ies have demonstrated that interactions with F3.25-
(189), F3.36(200), W5.43(279), and W6.48(356) are not
critical for the binding of CP55940.37:38 Residue F3.25-
(189) is located in the vicinity of the cyclohexyl ring of
CP55940, but there is no strong interaction between the
ligand and this residue in the present model. Interac-
tions with F3.36(200) and W5.43(279) are mainly through
van der Waals interactions with the dimethylheptyl side
chain of CP55940. The only aromatic stacking interac-
tion that CP55940 has in the present binding model is
with F7.35(379) (d = 5.8 A; a = 30°). Hart et al.
examined the binding mode of (+)-7-OH-CBD-DMH, a
dimethylheptyl analogue of cannabidiol, in their CB1
model.*® They found that the TM2-3 region forms a
binding site for this ligand. Specifically, K3.28(192)
formed a hydrogen bond with one phenolic hydroxyl
group and S2.60(173) formed a hydrogen bond with the
second phenolic hydroxyl, while the 7-hydroxyl formed
a hydrogen bond with Y2.59(172).
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Table 1. Hydrogen-Bonding Interactions for the Chosen Conformations of the Docked Cannabinoid Ligands at Model 1

ligand donor acceptor dpa? (A) o2 (deg) o2 (deg)
AEA K3.28 carbonyl oxygen of AEA 2.7 111 115
hydroxyl oxygen of AEA 3.2 165 109
S7.39 carbonyl oxygen of AEA 3.0 118 89b
2-AG K3.28 carbonyl oxygen of 2-AG 2.4 152 160
S7.39 ester oxygen of 2-AG 3.2 141 87/104
CP55940 K3.28 SAHC oxygen of CP55940 2.3 126 119
HU-210 pyranyl oxygen of HU-210 25 121 97/102
WIN55212-2d 08 of WIN55212—2 2.3 140 111/128
SR141716A® carbonyl oxygen of SR141716A 2.4 149 101

a See Experimental Section for definition. P Slightly smaller than the limit value (90°). ¢ SAH = southern aliphatic hydroxyl (i.e., C12
hydroxypropyl of CP55940). 9 Experimental data have shown that lysine K3.28(192) is not necessary for the binding of WIN55212-2,36:43

€ SR141716A docked at model 7.

W6.48

Figure 8. Representative docking conformations of the cannabinoid ligands (see text). Receptor residues are colored green, except
for the heteroatoms of the side chains. Ligand color code: gray, carbon; red, oxygen; blue, nitrogen; green, chlorine. (A) AEA and
2-AG, (B) HU-210 and CP55940, (C) WIN55212-2, (D) SR141716A.

CB1/CB2 chimera studies have shown that the TM4-
E2-TM5 region of cannabinoid receptors is important
for the binding of WIN55212-2.2° Combined mutation
and modeling studies by Song and co-workers support
the importance of aromatic stacking for WIN55212-2
interaction with cannabinoid receptors.1* In their model,
the aromatic residues W4.64(255), Y5.39(275), F5.42-
(278), F3.25(189), F3.36(200), and F5.43(279) were
identified as forming the binding site for WIN55212-2,
with the latter three residues being in direct interaction
with WIN55212-2. Cannabimimetic indoles that are
closely related to aminoalkylindoles such as WIN55212-2
were docked into the bovine rhodopsin-based CB1 model
constructed by Barnett-Norris et al.24#4! In particular,
tryptophans W5.43(279) and W6.48(356) were involved
in aromatic stacking with the naphthyl group and the
indole nucleus of the docked ligands. Additionally, the
N—H of W5.43(279) was found to form a hydrogen bond

with the carbonyl oxygen for some of the cannabimi-
metic indoles. A hydrophobic binding pocket for the N1
alkyl substituent was comprised of V3.32(196), T3.33-
(197), F3.36(200), L6.51(359), and 16.54(362). In the
model used by Shim and co-workers, WIN55212-2 was
reported to interact with a region in TM4, E2, and
TM5.42 Recently, McAllister et al.3"38 reported a com-
bined mutagenesis and modeling study of specific CB1
ligand—receptor interactions. Replacing the aromatic
residues F3.36(200), W5.43(279), and W6.48(356) with
alanine resulted in a significant loss of affinity for both
WIN55212-2 and SR141716A, which underscores the
importance of these native residues for the binding of
WIN55212-2 and SR141716A. In contrast to the earlier
study by Song and co-workers,'* F3.25(189) was not
found to interact with WIN55212-2, as replacing it with
alanine did not have a significant effect on WIN55212-2
binding. Modeling studies by McAllister et al.3”:38 sug-
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Table 2. Aromatic Stacking Interactions of WIN55212-2 (WIN) and SR141716A (SR)
F3.36(200) Y5.39(275) W5.43(279) W6.48(356)
interacting
ligand group da (A) o? (deg) d(A) a (deg) d(A) o (deg) d(A) a (deg)
WIN®P indole 55 9 —c - - - - -
naphthyl — - 5.4 48 5.2 73 — -
SRd monochloro 5.1 74 - - 4.6 77 4.3 42
dichloro - - 6.2 24 43 29 - -

a See Experimental Section for definition. P WIN55212-2 docked at model 1. ¢ —, Distance exceeds the 7 A criteria for aromatic stacking
interactions. Angle not determined. @ SR141716A docked at model 7.

gest that the naphthyl ring of WIN55212-2 has a direct
aromatic stacking interaction with F3.36(200), W5.43-
(279), and W6.48(356), and that the indole ring of
WIN55212-2 also stacks with F3.36(200). In the present
study, the distances and geometry of the aromatic
stacking interactions are shown in Table 2. The indole
core of WIN55212-2 has an offset parallel stack with
F3.36(200), and the naphthyl group stacks directly with
W5.43(279) and Y5.39(275) (Figure 8C), whereas the
intervening amino acids prevent stacking interactions
with W6.48(356) in the present binding model. A
hydrogen bond between O8 of WIN55212-2 and the side-
chain nitrogen of K3.28(192) is also possible for the
chosen binding conformation (Table 1). However, this
is inconsistent with CB1 mutation studies that show
K3.28(192) is not necessary for the effective binding of
WIN55212-2.3643 Docking WIN55212-2 to a K192A
mutant led us to conclude that lysine is not necessary
for the binding of this ligand, as the strengthened
aromatic interactions and the overall increase in hy-
drophobicity of the binding cavity can compensate for
the loss of the H-bond in this binding model (see
Supporting Information).

All the other ligands docked into our model were
cannabinoid receptor agonists, but SR141716A is con-
sidered to be a selective CB1 antagonist that has been
reported to act as an inverse agonist at the CB1
receptor.** Antagonists are thought to bind to the
inactive conformation of the receptor. Our model was
originally based on the inactive form of bovine rhodop-
sin. The transmembrane helix bundle was not modified
in a way comparable to the active model constructed
by Barnett-Norris and co-workers.?* In that study, the
TM3 and TM6 helices were rotated, and a less-kinked
TM6 conformer based on the experimental results from
rhodopsin and the f2-adrenergic receptor was used.
Contrary to expectations that SR141716A would easily
find good docking conformations, we found that most
of the best-ranked conformations were not in line with
the existing experimental evidence. Specifically, studies
on chimeric CB1/CB2 receptors have demonstrated that
the region delineated by the fourth and fifth transmem-
brane helices is crucial for high-affinity binding of
SR141716A, though the E2 loop was not found to affect
its binding.3° Also, McAllister and co-workers reported
that mutating F3.36(200), W5.43(279), and W6.48(356)
to an alanine residue had a significant effect on the
binding of SR141716A.28 Results from a recent 3D-
QSAR modeling of SR141716A suggest that the N1 or
C5 aryl ring moiety of this ligand is important for its
hydrophobic docking into the receptor pocket.*> In the
present study, only a conformer with a CScore value of
2 docked at model 1 in a way that the aromatic rings of
SR141716A were interacting with the same aromatic

region as WIN55212-2. Supposedly, conformational
changes in the binding site during the MD simulation
(especially the gauche+ x1 to trans y1 shift of the
W6.48(356) rotamer) have an effect on SR141716A
binding. Therefore, an additional receptor conformer
(model 7, see Supporting Information for details) was
made, where the rotameric states of W6.48(356) and
F3.36(200) were set to the suggested inactive states,3®
gauche+ and trans, respectively. SR141617A was docked
into this model, and the interactions of the best-scored
docking conformation (CScore 5) were examined in
detail. In model 7, SR141716A has two direct stacking
interactions with W5.43(279) and one direct stacking
interaction with F3.36(200), W6.48(356), and Y5.39(275)
(Table 2, Figure 8D). Consistent with the results of
Hurst and co-workers, in this docking conformation of
SR141716A, lysine K3.28(192) forms a hydrogen bond
with the carbonyl group of SR141716A (Table 1).46 This
hydrogen bonding of the SR141716A C3 substituent is
suggested to be responsible for the higher affinity of
SR141716A to the inactive receptor state, leading to its
inverse agonism. Hurst et al. also reported that, in their
modeling studies, SR141716A was involved in aromatic
stacking interactions with F3.36(200), Y5.39(275), and
W5.43(279). In their model, a salt bridge between K3.28-
(192) and D6.58(366) made K3.28(192) available for
hydrogen-bonding interaction.

To the authors’ knowledge, the present model is the
first bovine rhodopsin-based CB1 model to be reported
together with automated docking results for ligands at
this receptor site. The bias toward a particular result
is smaller in automated docking than in manual or
semimanual docking. For example, in the present study
the radius of the cavity around the lysine 192 nitrogen
was determined to be 18 A; therefore, this critical lysine
was not necessarily part of every suggested docking
position. However, it was confirmed that automatically
docked ligands were able to find this residue and even
to form a hydrogen bond with its side-chain nitrogen.
The conformation of the binding-site residues did affect
the docking results significantly, but, overall, these
results are fairly consistent with the experimental data.

Conclusions

A comparison model of the human cannabinoid CB1
receptor was constructed to obtain information on the
receptor—ligand interactions at the putative ligand-
binding site and, thus, to facilitate the design of novel
lead compounds for current cannabimimetic drug dis-
covery. After the model receptor structure was subjected
to a 500-ps MD simulation in an aqueous system with
constrained helix backbone atoms, different conforma-
tions of the binding site were produced in a simulated
annealing procedure. A total of six distinct conformers
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(models 1—6) were chosen for the ligand docking studies.
AEA, 2-AG, CP55940, HU-210, WIN55212-2, and
SR141716A were docked automatically into these six
different receptor conformers. Model 1 was chosen for
closer examination of the docking results.

The results confirm that lysine K3.28(192) plays a
significant role in the binding mode of most studied
ligands, and that aromatic stacking is an important type
of interaction for WIN55212-2 and SR141716A. The
model is fairly consistent with previous mutational
studies and shares common features with recent CB1
models constructed by other groups. A careful examina-
tion of the receptor—ligand interactions revealed that
there are some differences between current models, due
to the different ways of constructing the studied recep-
tor. In addition, other groups have used manual or
semimanual docking instead of the automated docking
as in the present study. It is possible that there are
different conformations of the CB1 receptor that bind
different types of cannabimimetic ligands under physi-
ological conditions. However, in the absence of crystal-
lized receptor—ligand complexes, such models, though
imperfect pictures of the reality, can still give valuable
information on the receptor—ligand interactions.

Experimental Section

Methods. Sequences were retrieved from the SWISS-PROT
protein sequence database,*” and the crystal structure of
bovine rhodopsin was taken from the Protein Data Bank
(PDB).*® The multiple sequence alignment was performed with
CLUSTAL W% ysing the Blosum series as a matrix. Struc-
ture construction, optimization, and visualization were carried
out using the molecular modeling packages SYBYL5! and
Insightl1.5? Specifically, the HOMOLOGY module of Insightll
was used for the process of comparative modeling. Energy
minimization of the modeled structure was done by steepest
descent and conjugate gradient methods (as implemented by
SYBYL), using Kollman United®® or Kollman All-Atom force
fields®* with Kollman charges.>® Molecular dynamics (MD)
simulations were performed by using the GROMACS pack-
age.®®5" Ligand docking was performed with GOLD,%8 and the
CScore® module of SYBYL was implemented to calculate and
rank the docking scores for the resulting docking conforma-
tions. The stereochemical quality of the resulting protein
structures was tested with the PROCHECK?®® computer pro-
gram.

Amino Acid Numbering. To refer to specific amino acids
in the CB1 receptor sequence, the amino acid numbering
system suggested by Ballesteros and Weinstein®! is used. The
most highly conserved amino acid residue in each helix of a
GPCR is assigned a locant value of 0.50. This value serves as
a reference amino acid position, so the other residues in the
helix are given a locant value relative to it. The preceding
number in the amino acid identifier indicates the number of
the helix, and the following number, in parentheses, gives the
sequence number. For example, G6.49(357) is a glycine that
is at position 357 in the CB1 receptor sequence, and it precedes
the most highly conserved residue, P6.50(358), in the sixth
transmembrane helix (TM6).

Comparative Modeling. The crystal structure of bovine
rhodopsin (PDB code 1hzx, solved at a resolution of 2.8 A)s2
was used as the template for the comparative modeling
process. Initially, a BLAST®% search in the SWISS-PROT
database was done in order to find sequences that were
homologous with the human CB1 receptor sequence (hCB1).
Thereafter, the sequence of the hCB1 was aligned with the
sequence of bovine rhodopsin and 12 other homologous GPCRs.%
The identities of the aligned sequences varied between 23%
and 97% with the human CB1 sequence, rhodopsin being the
least homologous. The resulting multiple sequence alignment
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(see Supporting Information) was compared with the highly
conserved amino acids of GPCRs, as reported by Baldwin.?®
Additionally, different algorithms were used to predict the
residues compiling the seven transmembrane helices (see
Supporting Information). These data were used to determine
the final modeling alignment of hCB1 and rhodopsin sequences
(Figure 2).

The transmembrane helix coordinates were extracted from
the rhodopsin X-ray structure, but the loops were generated
by the loop search procedure of Insightll, which utilizes the
structures deposited in PDB. However, the coordinates of the
third extracellular loop (E3) were taken directly from rhodop-
sin, as this loop was of similar length in the CB1 receptor.
The amino acid coordinates transferred from rhodopsin onto
the CB1 model are shown in Figure 2. Finally, the model was
subjected to a limited energy minimization (see Methods) to
remove any unfavorable steric interactions.

Molecular Dynamics. For the purpose of examining the
stability of the model, a molecular dynamics (MD) simulation
was performed on the receptor structure. Instead of using a
real lipid bilayer for the simulation, the modeled structure was
placed in a cubic water box at 300 K for 500 ps (after a 20-ps
equilibration of the system with all the heavy atoms of the
protein constrained). Particle mesh Ewald (PME)®® electrostat-
ics and periodic boundary conditions were used in the simula-
tion, as well as pressure and temperature coupling®” to an
external bath (see Supporting Information for the detailed MD
parameters). We utilized the TIP4P% water model in the OPLS
force field®®7° and also performed a comparable MD analysis
with the SPC® water in the Gromacs®”"* force field. To mimic
the lipid membrane, the backbone atoms of the helices were
constrained with a force constant of 1000 kJ/(mol nm?) so that
only the loops and the helix side chains were able to move
freely during the simulation. For comparison, similar MD
simulations were performed on the rhodopsin X-ray structure.
In the middle of the CB1 molecular dynamics run (with TIP4P
water), two structures were randomly extracted from the
simulation trajectory at 381 and 459.8 ps. After the simula-
tions were completed, the final and intermediate structures
were energy-minimized. Finally, average structures covering
the 300—500 ps time span of the trajectories were calculated.

Simulated Annealing Procedure. In an attempt to
explore the structural space of the putative cannabinoid
binding site, 100 different conformations of the CB1 receptor
model were produced in a simulated annealing procedure by
heating the initial structure (extracted from MD simulation
at 459.8 ps) at 1000 K. Only the side chains of the residues
within a sphere of 20 A surrounding the critical lysine residue
K3.28(192)% were allowed to move during the process. In
addition, a distance constraint of 14.5 A with a constant of 50
(as implemented by SYBYL) was applied between the lysine
192 nitrogen and the backbone nitrogen of proline P6.50(358).
This was to avoid unfavorable conformations of the critical
lysine, where it turns up, pointing out of the binding cavity,
and can form hydrogen bonds with polar residues of the E1
extracellular loop or TM2/TM3 helix-end residues (a phenom-
enon recognized in our vacuum simulations; data not shown).
Subsequently, the resulting conformers of the receptor were
energy-minimized, and both van der Waals and electrostatic
fields were calculated for the putative binding site of the
receptor with an in-house software. On the basis of these fields,
the conformers were divided into four distinct groups with the
help of the Visual Data’? program, which uses the SOM™ (self-
organizing map) principle. From each group, one representa-
tive conformer was randomly picked for the docking studies.

Docking of Ligands. Six different receptor conformations
were used for the docking studies: two receptor conformations
obtained from the MD simulation trajectory (i.e., the snapshot
taken at 381 ps [model 1] and the final frame of 500 ps [model
2]), and the remaining four (models 3—6) chosen from the
simulated annealing procedure as described above. Well-
known cannabinoid receptor ligands (1, 2, CP55940 [3], HU-
210 [4], WIN55212-2 [5], and SR141716A [6]; Figure 1) were
selected for docking at these different conformers of the
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receptor model. The ligands were automatically docked into
the 18-A cavity surrounding the side-chain nitrogen of lysine
K3.28(192). The GOLD program was allowed to produce up
to 25 different docking conformations for each ligand. All
docking conformations in the different receptor conformers
were then relaxed and ranked with CScore, and the conforma-
tions with the best scores were checked visually.

Ligand—Receptor Interactions. Hydrogen bonds were
characterized with the following values: dpa, the distance
between the donor atom (D) and the acceptor atom (A); oy,
the angle determined by the donor atom, the hydrogen atom
(H) attached to the donor, and the acceptor atom (D—H—A);
and oy, the angle determined by the hydrogen atom attached
to the donor, the acceptor atom, and the heavy atom attached
(X) to the acceptor (H—A—X). According to the hydrogen bond
criteria,” dpa should be less than 3.9 A and both angles greater
than 90°.

Receptor residues and ligands have been reported to par-
ticipate in aromatic stacking interactions if the centroid-to-
centroid distance (d) between the aromatic rings was within
the range of 4.5—7.0 A and the angle (o) between normal
vectors of interacting rings within 30—90° in a tilted arrange-
ment and smaller than 30° in an offset parallel arrange-
ment.75’76
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