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Abstract

Cannabinoids represent a promising class of compounds for developing novel therapeutic agents. Since
the isolation and identification of the major psychoactive component D9-THC in Cannabis sativa in the
1960s, numerous analogues of the classical plant cannabinoids have been synthesized and tested for their
biological activity. These compounds primarily target the cannabinoid receptors 1 (CB1) and Cannabi-
noid receptors 2 (CB2). This chapter focuses on CB1. Despite the lack of crystal structures for CB1,
protein-based homology modeling approaches and molecular docking methods can be used in the design
and discovery of cannabinoid analogues. Efficient synthetic approaches for therapeutically interesting
cannabinoid analogues have been developed to further facilitate the drug discovery process.
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1. Introduction

The history of Cannabis sativa as a therapeutic agent has been
well documented since 2737 BC (1) to its spread to India from
China (2) and to its inclusion into the US Dispensatory in 1854
(3). The isolation of D1-tetrahydrocannabinol (D9-THC, also
known as D1-THC) from C. sativa in 1964 (4) has since sparked
much synthetic study and, more recently, intense pharmacological
examination. As one of more than 60 cannabinoids found in
cannabis, (�)-D9-THC (see Fig. 1) is responsible for the famous
pyschoactivity of cannabis and its therapeutic effects. The discov-
ery of the cannabinoid receptors CB1 and CB2 and D9-THC
analogues that selectively bind to those receptors have necessi-
tated computer-aided drug design and a flexible synthetic pathway
with high yields and stereoselectivity (5, 6).
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Cannabinoids can be grouped into three classes: endogenous
or endocannabinoids (naturally occurring cannabinoids found
in the body), classical or natural (found in the plant species
Cannabis), and nonclassical or synthetic (see Table 1). Endoge-
nous cannabinoids, also known as eicosanoids, include ananda-
mide, 2-arachidonoyl glycerol ether, 2-arachidonoyl glycerol
(2-AG), N-arachidonoyl-dopamine (NADA), and virodhamine.
The natural cannabinoids are similar in structure but do not all
share the same bioactivity. These compounds have no significant
psychotropic effects compared to D9-THC, however, they may
have an impact on the effects of D9-THC (7). Synthetic cannabi-
noids include dronabinol (Marinol), levonantrodol, nabilone, and
HU-210. It should be noted that some synthetic cannabinoids do
not adhere to the typical structures found in the natural cannabi-
noids. More recently, intense pharmacological examinations have
been carried out. For example, nabilone (Cesamet, Veleant Phar-
maceuticals, Aliso Viejo, CA, USA) has been developed to sup-
press vomiting and nausea caused by chemotherapy and Marinol
(Solvay Pharmaceuticals, Brussels, Belgium) for stimulating appe-
tite in AIDS patients. Cannabinoids have therapeutic potential in a
number of pathologic conditions, including mood and anxiety
disorders, obesity and metabolic syndrome, movement disorders,
neuropathic pain, spinal cord injury, and multiple sclerosis (8).
Rimonabant, an antagonist of CB1, has been introduced to the
market to treat obesity. Although the side effects of rimonabant
severely limit the use of rimonabant and other CB1 antagonists,
the therapeutically potential of drugs targeting CBs is still very
high (9–11). CB1 drugs also have therapeutic potential in cancer,
stroke, atherosclerosis, myocardial infarction, glaucoma, and oste-
oporosis (8).

Cannabinoids primarily target the CB1 and CB2 receptors
but can interact with other proteins (12–14), and recent studies
show that cannabinoid analogues target new receptor families
(15, 16). CB1 receptor belongs to Class A (rhodopsin family)
G-protein coupled receptors (GPCRs), but no experimental struc-
tures are available. A powerful tool for cannabinoid analogue
design is use of structure-based approaches that require modeled
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Fig. 1. Structure and numbering system of (�)-D1-THC and (�)-D9-THC. Left : structure represents the monoterpenoid
numbering; Right : structure represents the formal numbering.
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Table 1
Cannabinoid classes and structures

Name Structure

Class: endocannabinoid
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(continued)
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Table 1
(continued)

Name Structure

Class: classical/natural
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(continued)
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Table 1
(continued)

Name Structure

Class: nonclassical/synthetic

Dronabinol (marinol)
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(continued)
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protein structures to predict the bound conformation and affinity
of CB1 ligands. Up to late 2007, the structure of bovine rhodop-
sin (17–19) was the only high-resolution structure of GPCRs
available as a template for homology modeling of CB1. Recently,
a growing number of GPCR crystal structures have been reported
and can be used for building new homology models; examples are
the structures for human b2 adrenergic receptor, turkey b1 adren-
ergic receptor, human adenosine A2A receptor, obvin opsin, and
cxcR4 chemokine receptor (18, 20–25).

GPCRs exist in a conformational equilibrium between active
and inactive states, but how the active and inactive states differ from
each other is not exactly known. The binding of agonists to a GPCR
may shift the equilibrium toward the active state, but some agonists
may prefer binding to the receptor in its active state. Natural canna-
binoids vary in their affinity and activity for the CB receptors, and
D9-THC is known as a receptor agonist. Whether D9-THC binds

Table 1
(continued)

Name Structure
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only to the active state of CB1 or whether can shift the protein from
an inactive to active state is unknown. However, having a model
structure that is in an active form ormoving toward an active form is
generally preferred in agonist drugdiscovery. AlthoughmostGPCR
crystal structures used as templates forCB1homologymodeling are
inactive, some structures encompass the structural features that have
often been attributed to active GPCR conformations (26, 27).
Therefore, after refinement and validation with known agonists,
the CB1 models obtained from inactive GPCR templates may be
considered active or toward-active structures.

State-of-the-art molecular docking methods are useful for
discovering new hits or leading optimization for computer-aided
CB1 drug discovery and CB1 model refinement. Molecular dock-
ing of chemical libraries involves two steps: (1) the docking pro-
cess aims accurately prediction of the pose of a compound within
the protein binding site in silico; and (2) the scoring stage aims to
score docked ligand–protein complexes by some measure to accu-
rately predict the experimental binding affinity of the ligand to the
target. Because more than one homology model is available from
modeling and refinement processes, protein flexibility and dock-
ing may be incorporated. A chemical library can be docked into
the protein to identify new binders and assist in modification of
new compounds to be synthesized.

The first successful attempt at the synthesis of D1-THC was
first reported by Gaoni and Mechoulam a year after they isolated
the compound from plant material (4). Patterned after the pro-
posed biogenetic pathway (28), citral was utilized (as opposed to
geraniol) with the lithium derivative of olivetol dimethyl ether to
afford a mixture thought to contain 3. (�)-Dimethyl cannabidiol
5 was obtained after tosylation through a proposed allylic rear-
rangement 4. 5 was demethylated at high temperatures with
methylmagenisum iodide resulting in (�)-cannabadiol (6) and
was subsequently converted to a mixture of (�)-D9-THC (7)
and (�)-D8-THC (8) by acid treatment (see Scheme 1). The over-
all yield for the synthesis was only 2%.

Taylor et al. shortly thereafter reported a one-step synthesis
(29) using citral and olivetol in 10% BF3 to give (�)-D8-THC (9)
in 10–20% yield and another compound later to be identified as an
isocannabinoid (10) (28). By using hydrochloric acid in ethanol,
Taylor was able to obtain the previously unsynthesized (�)-cis-D9-
THC in 20% yield along with a small amount of the trans isomer,
however was unable to separate the two isomers. Mechoulam and

Scheme 1. Mechoulam synthesis of (�)-D1-THC.
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coworkers were able to later modify Taylor’s synthesis by using 1%
BF3 in methylene chloride to give (�)-trans-D9-THC in a 20%
yield along with (�)-cis-D9-THC.12 Scheme 2 summarizes these
reactions.

In 1967, Fahrenholtz and coworkers reported an original
synthesis of racemic D9-THC and D8-THC (and subsequently
four of its isomers) in nine steps (30). Of particular interest was
the final step in which the regioselectivity of this reaction is due to
the formation of the phenolate ion and subsequent internal dehy-
drohalogenation, resulting in a 76:24 mixture of D9-THC:D8-
THC (see Scheme 3).

In 1997, Evans et al. reported the first asymmetric synthesis of
S,S-D9-THC using a bis(oxazoline)Cu(II) complex catalyzed
Diels-Alder reaction as the key step for the asymmetric induction
(31). Inspired by previous synthetic routes involving the use of
monoterpenes that function as a hypothetical dictation synthon,
the Evans group sought to create a chiral cycloadduct 12 from
achiral starting materials to serve as their dictation synthon. Total
synthesis of S,S-D9-THC (13) was accomplished in five steps with
an overall yield of 21% (see Scheme 4).

While the Evans’ synthesis was the first example of a stereospe-
cific route to a THC isomer, synthesis of the actual stereoisomer
found in cannabis (R,R-D9-THC) was not reported until 2007 by
Trost and Dogra (32). Trost’s retrosynthetic analysis includes
setting all of the stereochemistry from a single Mo-catalyzed asym-
metric allylic alkylation reaction.Use of this reaction and subsequent
transformations toward R,R-D9-THC occurred in 17 steps with a
31% overall yield (see Scheme 5).

Scheme 2. Taylor synthesis and Mechoulam modification toward (�)-D1-THC and isomers.

Scheme 3. Final step of Fahrenholtz synthesis of (�)-D1-THC.
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2. Materials

2.1. Computer Skills

and Programs

A typical desktop or laptop computer with 512 MB RAM and
500 MB free hard disk space is required. All web-based programs
run on computers with Microsoft Windows and Apple Mac OS. A
few modeling programs for fine-tuning CB1 models may need
Linux or Unix operating systems.

The first step of homology modeling methods begins with the
selection of suitable structural template(s) from the Protein Data
Bank (PDB; http://www.pdb.org). Web servers such as SWISS-
MODEL (http://swissmodel.expasy.org/) provide user-friendly
interface to search for templates (33–35). The server also provides
a template library, SWISS-MODEL template Library (ExPDB),
which is derived from the PDB. A wide variety of alignment
tools and homology modeling packages and servers such as T-
coffee (http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/
index.cgi), MODELLER, Sybyl, Prime, and ICM, can be used
to develop a homology model based on the selected template(s)
(36). The results of alignment between our CB1 and the searched
templates could be visualized with the DeepView program
(http://www.expasy.org/spdbv/) (37). Accurate prediction of

Scheme 4. Evans synthesis of S,S-D9-THC.

Scheme 5. Trost-Synthesis of R, R-D9-THC.
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the loops remains one of the most difficult aspects in the homol-
ogy modeling. Software such as Prime may be used for loop
optimization. Molecular dynamics (MD) simulations may be
needed to fine-tune the modeled structures, especially for side-
chain and loop conformations. Several molecular simulation
packages such as Amber, Charmm, and Gromacs, provide energy
minimization and MD methods to optimize protein conforma-
tion or ligand–protein interactions (38–40). A popular molecular
graphics program VMD, which has a user-friendly interface to run
an MD program NAMD, can be used for simple molecular mod-
eling (41, 42).

2.2. Chemicals Materials include a traditional synthetic chemistry workbench: a
fume hood, balance, glassware, magnetic stirring apparatus, cool-
ing bath, nitrogen gas, and chromatographic apparatus as
described by Still et al. (43). Chemicals to prepare an authentic
sample of (�)-trans-D1-THC include olivitol, (+)-cis/trans-
p-mentha-2,8-dien-1-ol, anhydrous magnesium sulfate, BF3 ethe-
rate, sodium bicarbonate, methylene chloride, Florisil, ethyl ether,
and petroleum ether. All requisite environmental health and safety
requirements must be met throughout the synthesis and including
disposal of waste. It should be noted that natural cannabinoids are
collectively classified as DEA Schedule I drugs.

3. Methods

3.1. Building

Homology Models

of CB1

The following procedures involved use of the SWISS-MODEL
server to build CB1 models and can be broken down into the
following steps:

1. Identification and selection of structural template(s).

2. Target sequence and template structure(s) alignment.

3. Model construction.

4. Model quality evaluation.

These steps can be repeated until a satisfying CB1 model is
built.

3.1.1. Identification

and Selection

of Structural Template(s)

Experimentally determined structures of GPCRs are used as tem-
plates. The basic local alignment search tool (BLAST, http://
blast.ncbi.nlm.nih.gov/Blast.cgi) is used for sequence similarity
search. Before running the BLAST search, the human CB1 pro-
tein sequence (FASTA format) should be available. Here we used
the human CB1 (brain) sequence downloaded from the NCBI
protein database at: http://www.ncbi.nlm.nih.gov/protein.
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Templates that are close homologues of CB1 can usually be
identified from a gapped BLAST query against the ExPDB tem-
plate library extracted from the PDB (44). However, if no suitable
template is identified or the sequence identity is too low, then two
additional approaches can be used: the iterative profile blast,
whereby the template library is searched with use of PSI-BLAST
using an iteratively generated sequence profile, and the
HHSearch, whereby the CB1 sequence is searched against a tem-
plate library based on a hidden Markov model (44, 45).

Proteins with the best scores and/or sequence identities are
selected as templates. Here we selected one human b2 adrenergic
receptor (pdb code: 3KJ6; 26% sequence identity with the CB1
sequence) and human adenosine A2A receptor (pdb code: 3EML;
25% sequence identity with the CB1 sequence).

3.1.2. Target Sequence

and Template Structure(s)

Alignment

A critical step in constructing a good homologymodel is the initial
alignment between the CB1 sequence and the template structure
(s). Methods such as T-Coffee (http://www.ebi.ac.uk/Tools/t-
coffee/), ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/),
MultAlign (http://multalin.toulouse.inra.fr/multalin/), and
SALIGN (implemented in the MODELLER package) can be
used for sequence alignment of membrane proteins (46–48).
Because properly aligning CB1may be difficult with use of a single
template for sequence alignment, we used several similar GPCR
sequences found by BLAST search for multiple sequence align-
ment of CB1 to generate a more accurate sequence alignment and
thus a better model (see Note 1). The primary focus of multiple
sequence alignment is to identify transmembrane regions that
are highly conserved within several related sequences. Therefore,
we used six protein sequences for multiple sequence alignment.
(PDB codes for 3KJ6, human b2 adrenergic receptor; 3EML,
human adenosine A2A receptor; 2RH1, human b2 adrenergic
receptor; 2R4R, human b2 adrenergic receptor; and 1F88, bovine
rhodopsin; 1U19, bovine rhodopsin.) An example is shown in
Fig. 2. From CB1 domain assignment, the CB1 sequence
RPDQARMDIRLAKTLVLILVVLIICWGPLLAIMVYDVF

Fig. 2. Sequence alignment of CB1. Top: Alignment with PDB template code 3KJ6; bottom: multiple sequence alignment.
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should be helix 6. If only one template, PDB 3KJ6, is used, the
helix 6 is separated into two parts, but the use of more GPCRs
sequences successfully avoids this problem.

3.1.3. Model Construction Results of multiple sequence alignment are submitted in a CLUS-
TALW format to the SWISS-MODEL Alignment Mode, and
users must provide a PDB code. The server pipeline builds a
model based on the alignment result and an email is sent when
the results are available. Two models based on different temples
are shown in Fig. 3.

Figure 3 shows that use of different templates may result in
very different structures. Figure 3b illustrates more reasonable
transmembrane domains, but the structure in Fig. 3a does not
have well-defined helices. To improve the model, one can build
seven transmembrane helices individually and then assemble each
fragment (see Note 2). The server provides methods for predict-
ing secondary structures which are useful for constructing the
CB1 models; examples are InterProdomain Scan, PsiPred for
secondary structure prediction and DISOPRED for disorder pre-
diction. Figure 4 shows the helix 2 from two models that are not
yet good models, with the final helix structure based on predicting
the length of the helix, as well as further alignment with only helix
2 and not including the whole protein. Regions that cannot be
modeled well with standard homology modeling can also be used
with the protein threading methods to build the structure. Servers
are available for the protein threading, e.g., WURST: http://
www.zbh.uni-hamburg.de/wurst/ (49).

Fig. 3. Homology models of CB1. (a) A homology model built on the basis of PDB template 3KJ6; (b) a homology model
built on the basis of the PDB template 3EML.
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In most cases, side-chain and loop conformations need to be
modeled in a further step after thebackbone is constructed. SCWRL
is a widely used program for adding side-chains to a protein back-
bone based on a backbone-dependent rotamer library (50).
The program has a library that provides lists of chi1-chi2 pairs for
residues at given phi-psi values, and explores these pairs to try to
minimize possible conformation clashes. Other programs, such as
OPUS-Rota, apply similar ideas for adding side-chains (51).

3.1.4. Model Quality

Evaluation

Evaluation of the quality of the final model(s) is a crucial step in
homology modeling and can be assessed using Ramachandran
maps and with programs such as Procheck, Whatcheck, and
QMEAN implemented in the SWISS-MODEL web server
(52–54). The model can be further validated by docking a
known binder into the binding site and checking whether the
model contains protein–ligand contact suggested by experiments.
For example, experimental mutation studies suggested that resi-
due Lys3.28 forms important interactions with D9-THC. If such
interactions are missing, then the model should be further refined
as described in the following section.

3.2. Modification,

Refinement, and

Validation of CB1

Models

Because evidence shows that all GPCRs share a common fold, the
seven transmembrane helices are relatively easier to model by
using standard protocol in the SWISS-MODEL server or the
MODELLER program. Moreover, a recent study of 105 ns MD
simulations of the CB1 receptor embedded in a lipid bilayer
revealed that the helical bundle structures of the CB1 receptor
retain a structure similar to the overall X-ray structure of GPCRs
(55). However, long loops and side-chains may need further

Fig. 4. Modeled structures of helix 2 based on PDB codes 3EML and 3KJ6, and the final
helix structure based on predicted helix 2 region.
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refinement, especially for the residues near the ligand binding site
(see Note 3). To obtain a more accurate structure, one can embed
a homology model in a pre-equilibrium lipid bilayer combined
with a water box to model and refine the protein in a more realistic
environment. Standard minimization and equilibrium procedures
can be carried out and the entire system can be sampled by MD
simulations. Although programs such as GROMACS and NAMD
provide tools for membrane protein modeling, some technical
details depend on systems (40, 41). Moreover, because the system
is huge, the MD simulations need to be run in a large cluster.

A solution to avoid high demand of computer time and time-
consuming setup, one can focus on residues near the binding site
by relaxing the atoms near the binding site and fixing most parts of
the transmembrane helical domains during the MD simulations. To
optimize CB1 side-chain and backbone conformations for a known
binder, a compound such as D9-THCmay be docked into the bind-
ing site and then the MD simulations can be carried out for the
ligand–protein complex. The VMD program provides an NAMD
graphic interfacewithwhich users can easily fix atoms, addwater, and
run energy minimization and MD simulations. To avoid unrealistic
in vacuo Coulombic interactions, if a ligand is not present in the
binding site, programs can be used to add a water box near the
binding site or a desired number of waters can be added manually
into the binding site. Standard simulation procedures such as
assigning parameters to the protein and ligands can be found in
NAMD, VMD, and AMBER manuals (http://www.ks.uiuc.edu/
Research/vmd/, http://www.ks.uiuc.edu/Research/namd/ and
http://ambermd.org/doc11/Amber11.pdf).

3.3. Structure-Based

Drug Screening:

Docking and Scoring

Methods

Once the CB1models are validated, docking methods can be used
in drug discovery for finding lead compounds, lead optimization,
and scaffold hopping. A wide variety of docking methods are in
use for virtual screening, and some, such as DOCK and AUTO-
DOCK, are free of charge for academic researchers (56, 57). CB1
presumably has a large binding pocket and is reasonably flexible,
because structurally very different ligands, such as endocannabi-
noid and natural cannabinoids, can bind tightly in the binding
site. Although some programs may allow protein side-chains to
move during the docking process, the backbone is held fixed. As a
result, if CB1 adapts to a significantly different conformation
upon ligand binding, the docking program cannot capture it.

In considering protein flexibility, more than one CB1 struc-
tures, especially different models refined by different classes of
ligands or structures with different backbone conformations, can
be considered for docking. After each docked pose is available, a
scoring function ranks the best energy pose of each ligand. Eval-
uating docked compounds by different scoring functions has
received much attention recently (58). Top-scoring compounds
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are usually subjected to ad hoc evaluation, such as formation of
specific van der Waals contacts and ligand–receptor hydrogen
bonds. This extra stage also helps compensate for intrinsic defi-
ciencies in the scoring function and in knowledge-based ligand
design.

In the absence of experimental 3D structures of the ligand-CB1
complex, known binders are docked into CB1models to predict the
ligand–receptor complex structure, gain a better understanding of
the ligand binding determinants, guide compound modification,
lead optimization, and develop virtual combinatorial libraries.
Chemical databases such as the National Cancer Institute (NCI)
andZINCdatabase, can also be used for virtual screening to identify
new leads or scaffolds. Instead of screening thousands of com-
pounds, an NCI diversity set of about 1,500 compounds represent-
ing the broader chemical space of the 140,000 in the full NCI
database may be docked for the initial screen. 3D structures of the
ligands should be prepared before docking them into CB1. The 3D
structures of ligandsmaybe available inwebpages such asPubChem
http://pubchem.ncbi.nlm.nih.gov/ and sd or mol files can be
downloaded. The Olson Laboratory also distributes the NCI diver-
sity set formatted for use in AutoDock (59). If 3D structures are not
available, 2D structures can be drawnwith tools such as ChemDraw
and converted to 3D structures. Of note, a 2D to 3D converter may
not result in reasonable energy minima of ligands which are needed
for docking, particularly ligands with flexible ring conformations
(see Note 4). As a result, conformational search methods such as
Vconf canbe used to generate anoptimized ring conformation (60).

3.4. Synthetic Tools

for Cannabinoid

Analogues

The synthesis of authentic (�)-trans-D1-THCcan be preparedmost
easily using the method of Razdan (61). A round-bottom flask is
charged with a magnetic stir bar, methylene chloride (as solvent,
adjusted to 0.1Mw/r to olivitol), 1 equivalent of olivitol, 1 equiva-
lent of (+)-cis/trans-p-mentha-2,8-dien-1-ol, and 2 equivalents
anhydrous magnesium sulfate. The solution is stirred using a mag-
netic stirplate, cooled using an ice-water bath, and kept air-free via
manipulating under nitrogen gas environment. BF3 etherate is
added (1% based on the volume of methylene chloride) and the
reaction allowed stirred for 1.5 h. The reaction is quenched with a
solution of aqueous sodium bicarbonate and the resulting organic
phase is isolated using a separatory funnel. The organic layer is dried
over anhydrous magnesium sulfate, and volatiles removed under
reduced pressure to afford a crude product as a viscous oil. Pure
THC can be isolated by chromatography on Florisil using graded
eluent mixtures ranging from pure petroleum ether to 2:98 ethyl
ether : petroleum ether. The reported yield is ca. 30%.
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4. Notes

1. The CB1 sequence should have high similarity with a template
sequence. If not, multiple templates need to be selected for
multiple sequence alignment for better alignment results.

2. Because CB1 is a huge protein, building a good homology
model by considering the whole protein, including helices
and loops together may be challenging. The target CB1
sequence can be split into smaller fragments. For example,
one or two transmembrane helices with a connecting loop can
be considered as a fragment. Alignment and secondary struc-
ture determination can involve use of the sequences of each
fragment to obtain a better model. Then, fragments can be
assembled on the basis of the selected templates. Note that
the helical bundles have similar topology, so the transmem-
brane domains are relatively easy to assemble. Other tools
described in Subheading 2 might be needed for constructing
extracellular domains.

3. A common problem is that flexible loop regions are missing in
crystal structures. In addition, the extracellular regions may
be less conserved between CB1 and other GPCR templates.
Protein threading, loop prediction, and MD simulations can
be used to build the flexible parts.

4. Natural cannabinoids such as D9-THC, have ring structures
with different stereoisomers. When preparing ligands for
docking studies, attention must be paid to use a correct
conformation of stereoisomer because docking programs
change only the conformations of the rotatable bonds but
not the ring conformations.
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