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This study was aimed at finding structural requirements for the interaction of the acyl chain
of endocannabinoids with cannabinoid receptors, membrane transporter protein, and fatty acid
amide hydrolase (FAAH). To this end, the flexibility of the acyl chain was restricted by
introduction of an 1-hydroxy-2Z,4E-pentadiene system in anandamide (N-arachidonoyletha-
nolamine, AEA) and 2-arachidonoylglycerol (2-AG) at various positions using different
lipoxygenases. This brought about selectivity and attenuated the binding potency of AEA and
2-AG. Although the displacement constants were modest, 15(S)-hydroxy-eicosa-5Z,8Z,11Z,-
13E-tetraenoyl-N-(2-hydroxyethyl)amine was found to bind selectively to the CB1 receptor,
whereas its 1-arachidonoyl-sn-glycerol analogue and 13(S)-hydroxy-octadeca-9Z,11E-dienoyl-
N-(2-hydroxyethyl)amine could selectively bind to the CB2 receptor. 11(S)-Hydroxy-eicosa-
5Z,8Z,12E,14Z-tetraenoyl-N-(2-hydroxyethyl)amine did not bind to either receptor, whereas
12(S)-hydroxy-eicosa-5Z,8Z,10E,14Z-tetraenoyl-N-(2-hydroxyethyl)amine did bind to both CB
receptors with an affinity similar to that of AEA. All oxygenated anandamide derivatives were
good inhibitors of FAAH (low micromolar Ki) but were ineffective on the AEA transporter.
2-AG rapidly isomerizes into 1(3)-arachidonoyl-sn-glycerol. Both 1- and 3-arachidonoyl-sn-
glycerol did not bind to either CB receptor and did not interfere with AEA transport. Thus,
after it is isomerized, 2-AG is inactivated, thereby decreasing effective concentrations of 2-AG.
Analysis of 1H NMR spectra revealed that chloroform did not induce notably different
conformations in the acyl chain of 15(S)-hydroxy-eicosa-5Z,8Z,11Z,13E-tetraenoic acid as
compared with water. Molecular dynamics (MD) simulations of AEA and its analogues in the
presence of explicit water molecules revealed that a tightly folded conformation of the acyl
chain is not the only requirement for CB1 binding. Structural details of the C2-C15 loop, such
as an sp2 carbon at position 11, are necessary for receptor binding. The MD simulations may
suggest that the average orientations of the pentyl tail of AEA and 12(S)-hydroxy-eicosa-5Z,8Z,-
10E,14Z-tetraenoyl-N-(2-hydroxyethyl)amine are different from that of the low-affinity, inactive
ligands.

Introduction
Anandamide (AEA; 5Z,8Z,11Z,14Z-eicosatetrateonoyl-

N-(2-hydroxyethyl)amine; arachidonoylethanoamide) is
an endogenous lipid with neuro- and immunomodula-
tory activities. Many of the physiological activities of
AEA are mediated via its interaction with cannabinoid
CB1 and CB2 receptors, thereby mimicking some of the
effects of ∆9-tetrahydrocannabinol (THC), the psycho-
active compound in marijuana (Figure 1).1,2 AEA and
2-arachidonoylglycerol (2-AG) are the main endocan-
nabinoids, i.e., endogenous ligands of the CB receptors.3-5

The effects of the endocannabinoids at the CB1 and CB2
receptors depend on the life span of these molecules in
the extracellular space. AEA and 2-AG are inactivated
by a rapid and selective process of transporter-mediated
cellular uptake,6 followed by intracellular degradation

to arachidonic acid and ethanolamine or glycerol by the
enzyme fatty acid amide hydrolase (FAAH).7,8 The
endocannabinoid system, which constitutes the en-
docannabinoids, CB receptors, transporter protein, and
FAAH, seems to be involved in the regulation of several
physiological functions such as embryo implantation,
pain, appetite, and blood pressure.9-12 Selective molec-
ular probes targeted to one of the proteins of the
endocannabinoid system are believed to yield useful
therapeutics for a variety of disorders such as liver
cirrhosis, multiple sclerosis, and obesity, as well as for
several neurodegenerative diseases including stroke.13-19

To develop selective therapeutic agents, research is
aimed at identifying essential structural properties of
the endocannabinoids, which are needed for specific
interactions with the CB receptors, AEA membrane
transporter, and FAAH.15,20-22

Crystal or NMR structures of any of the proteins of
the endocannabinoid system might help to elucidate the
nature of the ligand-protein interaction, but they are
not yet available. Therefore, a structural comparison of
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active and inactive classical and synthetic cannabinoids
has been used to derive pharmacophore models.23-25

These models might also be used to predict and facilitate
the design of novel compounds with greater potency or
selectivity at the molecular target of interest.23-26 A
prerequisite for the building of such a pharmacophore
model is to characterize an ensemble of active confor-
mations of a molecule. AEA can assume many different
conformations, which originate primarily in its acyl
chain. It has been suggested that a tightly folded
conformation is responsible for the interaction of AEA
with CB receptors.20 However, this has not been sub-
stantiated as yet.

To get more insight into the structural requirements
of the acyl chain of AEA to selectively interact with the
proteins of the cannabinoid system and in particular the
CB1 receptor, we have combined interaction studies, 1H
NMR spectroscopy, and molecular dynamic (MD) simu-
lations. The 1Z,4Z-pentadiene systems of the endocan-
nabinoids were systematically converted into 1-hydroxy-

2E,4Z-pentadiene systems at different positions of the
acyl chain by using different lipoxygenases as biocata-
lysts. We extended the studies of Hampson et al. and
Edgemond et al. to other oxygenated metabolites to
compare all derivatives in one system.27,28 CB1 and CB2
binding assays were performed as well as assays in
which the effects of the oxygenated metabolites on AEA
inactivation were studied. 1H NMR was used to study
the solvent effect on the conformation of the acyl chain.
MD simulations of AEA and congeners with explicit
water molecules were performed to determine the
influence of conjugation of the double bond system on
its conformation.

Results and Discussion
Interaction with CB1 and CB2 Receptors. In

accordance with previous observations, AEA inhibited
the specific binding of [3H]CP-55,940 to rat brain
membranes, which express CB1 receptors, in a manner
typical of competing ligands with an inhibition constant

Figure 1. Chemical structures of classical, synthetic, and endogenous cannabinoids and their derivatives.
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of 90 nM (Table 1)2 in the presence of PMSF. Com-
pounds with a Ki > 1 µM were considered inactive;
therefore, an upper limit of 1 µM was set for binding
potency.29 Introduction of a hydroxyl function and a
conjugated diene system in AEA by various lipoxyge-
nases reduced the capacity of AEA derivatives to
compete for CB1 binding (Table 1). Only 12S-HAEA
retained a binding affinity in the same order of magni-
tude as AEA. 15S-HAEA and 5R-HAEA had a ∼7-fold
higher Ki, while 11S-HAEA, 5S-HAEA, and 13S-HLEA
were inactive (Table 1). Introduction of a second 1-hy-
droxy-2E,4Z-diene system in AEA led to a complete loss
of binding affinity as demonstrated by 5,15-diHAEA and
8,15-diHAEA (Table 1).

AEA also inhibited [3H]CP-55,940 binding to spleen
membranes, which express CB2 receptors, with a Ki of
360 nM (Table 1) in the presence of PMSF. This is in
agreement with previous observations.2 The CB2 recep-
tor was more critical in accepting oxygenated metabo-
lites of AEA as ligands than the CB1 receptor. 12S-
HAEA and 5R-HAEA were almost as potent as AEA
(Table 1), while 5S-HAEA, 11S-HAEA, 15S-HAEA, and
the doubly hydroxylated AEAs (5,15-diHAEA and 8,15-
HAEA) were inactive (Table 1). Interestingly, 13S-
HLEA had a binding affinity toward the CB2 receptor
with a Ki of 600 nM, whereas it was inactive at the CB1
receptor.

Interaction with AEA Transporter and FAAH.
Human lymphoma U937 cells have a selective AEA
transporter with a Km and Vmax of 0.13 µM and 140
pmol/min/mg protein, respectively.6 These cells also
have an active FAAH with a Km and Vmax of 6.5 µM and
520 pmol/min/mg protein, respectively.6 Introduction of
1-hydroxy-2E,4Z-diene into AEA at any position dis-
rupted its ability to inhibit the transport of [3H]AEA
into U937 cells (Table 2). This indicates that the HAEAs
have a reduced binding affinity for the AEA transporter.
It has been suggested that at least one cis double bond
is necessary for binding to the AEA transporter protein
and four cis double bonds for translocation into the
cell.30 Our data are in line with these observations.7,30,31

FAAH accepted all AEA derivatives as inhibitors
(Table 2), thereby making FAAH the least selective
protein of the endocannabinoid system. Introduction of
the 1-hydroxy-2E,4Z-pentadiene system increased the
ability of all AEA derivatives to competitively inhibit
[3H]AEA hydrolysis by human U937 cells. 13S-HLEA
was the most potent inhibitor with a Ki of 0.43 µM (23-
fold better than AEA), while 12S-HAEA had a 3-fold
higher Ki than AEA. Introduction of a second hydroxyl
group did not improve the inhibition power any further.
The rank order was 13S-HLEA > 11S-HAEA > 15S-
HAEA ≈ 8,15-diHAEA > 5,15-HAEA > 5R-HAEA > 5S-
HAEA > 12S-HAEA. The solubility of HAEAs in aque-
ous solutions was higher than that of the parent
compound, due to the introduction of the hydroxyl
function. This improves the feasibility of the use of
HAEAs as inhibitors of FAAH, as compared to saturated
congeners.

Previously, it was shown that arachidonoyl-based
inhibitors were 2-3-fold more potent than oleoyl-based
inhibitors. The removal of the oleoyl ∆9,10 cis double
bond or the incorporation of a trans olefin reduced
inhibitor potency.32 The optimal length of the acyl chain
appeared to be 8-12 C atoms, which corresponded to
the location of the double bond in oleoyl ∆9,10 and in
arachidonoyl ∆8,9/∆.11-12 ,32 Our results are in good
agreement with these findings. Oxygenated AEAs in
which C9 and C12 are sp2 C atoms are the most potent
inhibitors (13-HLEA, 11S-HAEA, 15S-HAEA, and 8,15-
diHAEA), whereas 12S-HAEA (with an sp3 C atom at
C12) is the weakest inhibitor. Introduction of a hydroxyl
group at C5 reduces the inhibitor potency of the me-
tabolites.

Interaction of 2-AG and Its Congeners with the
Proteins of the Cannabinoid System. 2-AG rapidly
isomerizes both in vitro and in vivo. The rate of this
process is increased by high temperature and by acidic
or basic pH. Two stereoisomers can be formed, i.e.,
1-arachidonoyl-sn-glycerol (1-AG) and 3-arachidonoyl-
sn-glycerol (3-AG) (Figure 1). In endocannabinoid analy-
sis, usually 10-40% of a racemic mixture of 1(3)-AG is
found.33 To date, most interaction studies of 2-AG with
proteins of the endocannabinoid system have not ac-
counted for isomerization of 2-AG into 1(3)-AG during
the incubation period. Here, it is shown that 2-AG
inhibited potently the binding of [3H]CP-55,940 to CB1
and CB2 receptors with a Ki of 100 nM (Table 3) in the

Table 1. Displacement Constants (Ki) of AEA and Their
Oxygenated Metabolites for CB1 and CB2 Receptor Binding

literature
values (nM)

compd CB1 (nM)a CB2 (nM)b CB1/CB2 CB1 CB2

AEA 90 ( 20 360 ( 50 0.36 71c/107d 94e

5(S)-HAEA >1000 >1000
5(R)-HAEA 680 ( 140 710 ( 145 0.96
11(S)-HAEA >1000 >1000 1102c

11(R/S)-HAEA >1000 >1000
12(S)-HAEA 150 ( 30 500 ( 60 0.3 31c/207d 131e

13(S)-HLEA >1000 600 ( 120 1.7>
15(S)-HAEA 600 ( 120 >1000 <0.6 418c/738d 1000>e

15(R/S)-HAEA 680 ( 140 >1000 0.7>
5,15-diHAEA >1000 >1000
8,15-diHAEA >1000 >1000

a Ki values were calculated from the displacement curves of
[3H]CP-55,940 from rat forebrain membranes in the presence of
PMSF. b Ki values were calculated from the displacement curves
of [3H]CP-55,940 from rat spleen membranes in the presence of
PMSF. c Ki values were calculated from the displacement curves
of [3H]CP-55,940 from rat brain synaptosomal membranes.28 d Ki
values were calculated from the displacement curves of [3H]CP-
55,940 from rat forebrain membranes.27 e Ki values were calcu-
lated from the displacement curves of [3H]CP-55,940 from human
CB2 receptor expressed in CHO cells.27

Table 2. Inhibition Constants (Ki) of AEA and Its Oxygenated
Metabolites for FAAH Activity and AEA Transporter Activity

compd FAAH (µM)a transporter (µM)b

AEA >10 >10
5(S)-HAEA 2.52 ( 0.13 >10
5(R)-HAEA 1.89 ( 0.09 >10
11(S)-HAEA 0.57 ( 0.03 >10
11(R/S)-HAEA 0.69 ( 0.03 >10
12(S)-HAEA 2.90 ( 0.15 >10
13(S)-HLEA 0.43 ( 0.02 >10
15(S)-HAEA 0.63 ( 0.03 >10
15(R/S)-HAEA 0.63 ( 0.03 >10
5,15-diHAEA 1.26 ( 0.06 >10
8,15-diHAEA 0.69 ( 0.03 >10
a All compounds were competitive inhibitors of FAAH activity

in U937 cells. [3H]AEA was used as substrate, in the 0-25 µM
concentration range. b All compounds were competitive inhibitors
of AEA transporter activity in U937 cells. [3H]AEA was used as
substrate, in the 0-1000 nM concentration range.
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presence of PMSF. 2-AG also inhibited [3H]AEA trans-
port with a Ki of 3 µM and was 2-fold more potent than
AEA in inhibiting FAAH (Table 3). However, 1-AG and
3-AG did not bind to either CB receptor and did not
interfere with AEA transport (Table 3). Thus, after it
is isomerized, 2-AG is inactivated, thereby decreasing
effective concentrations of 2-AG. This uncontrolled
isomerization may account to some extent for the large
differences in Ki values reported in the literature for
2-AG binding to CB receptors and for its inhibition of
AEA transport.6

Interestingly, introduction of the 15-hydroxy-11Z,13E-
diene system in 1-AG increased its CB2 binding affinity
as compared to its parent compound, but this was not
the case for 3-AG. Both 15-HO-1-AG and 15-HO-3-AG
could inhibit AEA transport at low micromolar concen-
trations but were worse inhibitors of [3H]AEA hydrolysis
than the parent compounds (Table 3).

It should be noted that different mammalian lipoxy-
genases are capable of using AEA and 2-AG as sub-
strates in in vitro systems.27,28,34,35 If this action of
lipoxygenases would be functional in vivo, this might
be instrumental to generate in vivo selectivity in the
endocannabinoid system. In this line, it has been shown
that 5-lipoxygenase inhibitors “disclose” a cryptic FAAH
activity in human mast cells.36 Furthermore, the in-
creased capability of HAEAs to inhibit FAAH may be a
way to enhance endocannabinoid signaling, i.e., an
“entourage” effect for AEA similar to that shown for
2-AG.37

Conformation and Solvation Effects Studied
with NMR Spectroscopy. To study the conformational
effects induced by different solvents on an acyl chain,
one-dimensional (1D) and two-dimensional (2D) NMR
spectroscopy experiments were performed with 15(S)-
hydroxy-eicosa-5Z,8Z,11Z,13E-tetraenoic acid (15-HETE)
in chloroform and water. Double bonds and areas with
conjugated double bonds induce considerable conforma-
tional restraints to molecules. Therefore, spectral analy-
sis was focused on regions containing signals from these
restrained areas and especially on the flexible methyl-
ene group regions that connect them.

The NMR spectra of 15-HETE in D2O and CDCl3 were
remarkably similar in terms of chemical shift values and
coupling constants (Figure 2a,b and Supporting Infor-
mation). The spectral region containing the signals for
H7 and H10, which are regarded as sensitive probes for

conformational differences, did not show any notable
differences. To get more insight into the conformational
properties of 15-HETE, 2D NMR spectra were recorded
that reveal information about short interproton dis-
tances (nuclear Overhauser enhancement spectroscopy
(NOESY) or off-resonance ROESY). In D2O solutions,
the signal-to-noise ratio was poor, despite extended
measuring times, due to the low solubility of 15-HETE.
Qualitative comparison of NOESY spectra of 15-HETE
CDCl3 solution and off-resonance ROESY spectra in D2O
solution revealed that the more intense cross-peaks
were present in both solutions (data not shown). To
obtain high quality 2D NMR data of 15-HETE in a polar
environment, a NOESY spectrum of 15-HETE was
recorded in a CD3OD solution. This NMR spectrum
showed similar spectral properties as had been obtained
for CDCl3 or D2O solutions, and also, the NOE cross-
peaks were qualitatively and quantitatively similar
(data not shown). The NOESY spectra did not show any
cross-peaks that signify long-range (primary structure)
interactions. Thus, analysis of the 1D NMR profiles,
chemical shifts, scalar coupling values, and distance
correlation spectra did not reveal notable differences,
which could originate from different conformations of
15-HETE induced by chloroform, methanol, or water.

Special attention was given to the conjugated penta-
diene system. An intense cross-peak in the methanol
NOESY spectrum was observed between H12 and H14,
whereas the NOE for the interresidual contact between
H12 and H13 was less intense (Figure 3a). Proton
distances were estimated from cross-peak intensities
and were calibrated to distances on the basis of the
distance of the vicinal protons H11-H12 (2.20 Å). The
distance between H12-H14 was 2.24 Å, and that between
H12-H13 was 2.98 Å, which indicated that the dihedral
angle C11-C12-C13-C14 was almost exclusively 180°
(Figure 3b) rather than 0° (Figure 3c). Thus, a single
conformation of the conjugated pentadiene system was
indeed strongly preferred.

Table 3. Inhibition and Displacement Constants (Ki) of 2-AG
and Congeners for FAAH Activity, AEA Transporter Activity,
and CB1 and CB2 Receptor Binding

compd
CB1

(nM)a
CB2

(nM)b
FAAH
(µM)c

transporter
(µM)d

2-AG 100 ( 20 100 ( 20 5 ( 0.25 3 ( 0.15
1-AG >1000 >1000 3 ( 0.15 >10
3-AG >1000 >1000 2.5 ( 0.15 10 ( 0.50
15-HO-1-AG >1000 550 ( 80 6 ( 0.30 9 ( 0.45
15-HO-3-AG >1000 >1000 5 ( 0.25 7 ( 0.35

a Ki values were calculated from the displacement curves of
[3H]CP-55,940 from rat forebrain membranes in the presence of
PMSF. b Ki values were calculated from the displacement curves
of [3H]CP-55,940 from rat spleen membranes in the presence of
PMSF. c All compounds were competitive inhibitors of FAAH
activity in U937 cells. [3H]AEA was used as substrate, in the 0-25
µM concentration range. d All compounds were competitive inhibi-
tors of AEA transporter activity in U937 cells. [3H]AEA was used
as substrate in the 0-1000 nM concentration range.

Figure 2. 1D NMR spectra of 15-HETE in water (a) and
chloroform (b).
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Conformational Analysis of (H)AEAs. To develop
an endocannabinoid pharmacophore model, an ensemble
of active conformations of AEA has to be identified. The
conformation of AEA is mainly determined by its acyl
chain. The unsaturated acyl chain of AEA is known to
adopt many conformations that are energetically almost
equivalent and that are not separated by high-energy
barriers. This property originates from those areas
where two double bonds are separated by one methylene
group.38 The conformational space of the two dihedral
angles involved shows a large occupied region.39 MD
studies were performed with AEA, 5S-, 5R-, 11S-, 12S-,
and 15S-HAEA, to investigate whether the 1-hydroxy-
2E,4Z-pentadiene system was responsible for inducing
conformations different from AEA, which affect its
ability to adopt folded conformations, and thus its
bioactivity.

Previous molecular modeling studies have been per-
formed in vacuo or with solvent treated as a dielectric
continuum.23-25,40 It has been shown that the choice of
the solvent influenced the shape of AEA, which was
basically extended in chloroform or in vacuo, while it
was more compact in water.40 It has been suggested that
a compact shape reduces the exposure of hydrophobic
portions.20 However, our NMR data indicate that the
choice of solvent does not notably influence the average
conformation of the acyl chain of 15-HETE. We have
performed MD simulations with explicit water mol-
ecules instead of chloroform to mimic physiological
conditions.

Analysis of all dihedral angles of the MD trajectories
of AEA and the HAEA compounds showed a number of
common features. The dihedral angle of bonds between
two methylene groups was predominantly 180°, but also,
many short visits to -60 and 60° were observed. The
dihedral angle of bonds between a hydroxymethylene
carbon and an sp2 carbon of a conjugated double bond
was chiefly -140° but showed a number of transitions
to 60°. The dihedral angle of bonds between a hy-
droxymethylene carbon and an sp2 carbon of a (noncon-
jugated) double bond was mainly 170° but visited 60°
many times. The dihedral angles of bonds inside a
1Z,4Z-pentadiene system involving a methylene group
and an sp2 carbon could be any of -60, -120, 180, 120,

60° and all values between, with some preference for
-120 and 120°. The many transitions observed for all
of these dihedral angles indicate low-energy barriers
and facilitate adequate sampling of the conformational
space.

Idealized conformations of AEA and HAEAs are
displayed in Figure 4, with all dihedral angles set to
the most populated orientations according to the MD
trajectories. It is shown that the 1Z,4Z-pentadiene
systems induce bent-shaped conformations. When both
dihedral angles for the free rotational bonds in the
1Z,4Z-pentadiene systems, denoted æ1 and æ2, are set
to 180°, a bent shape for AEA is observed. In addition,
when æ1, æ2 have opposite signs, e.g., 120, -120°, again
a bent shape emerges. Only, when both dihedrals have
the same signs, the shape of the molecule is more
stretched. As opposite signs and equal signs occur with
equal abundance and dihedral angles around 180° also
result in bent shapes, more than half of the low-energy
conformations have shapes that are bent. This is in
contrast to saturated acyl chains, where a dihedral
angle of 180° is favored leading to an extended shape.
This makes strongly bent shapes energetically unfavor-
able for saturated aliphatic chains (see also Rich39).
Therefore, it seems that the easy adaptation of folded
conformations of polyunsaturated acyl chains originates
in the inclination of 1Z,4Z-pentadiene systems to form
bent shapes and is not so much a result of the flexibility
of the chains as previously suggested.20

Introduction of a conjugated double bond in AEA, by
creating a 1-hydroxy-2E,4Z-pentadiene system, trans-
fers a nonrotatable bond with a dihedral angle of 0° to
a new nonrotatable bond with a dihedral angle of 180°
(1Z to 2E). Therefore, it changes the global shape of the

Figure 3. 2D NMR spectrum (NOESY) of 15-HETE (a). The
region of interest (6.8-5.2 ppm) is displayed, showing that
NOE contacts between H12 and H14 are more intense than H12

and H13. This indicates that the conformation of the conjugated
1-hydroxy-2Z,4E-pentadiene system is represented by panel
b rather than panel c.

Figure 4. Idealized conformations of compounds (a) AEA, (b)
15S-HAEA, (c) 12S-HAEA, (d) 11S-HAEA, (e) 5R-HAEA, and
(f) 5S-HAEA. The dihedral angles for the free rotational bonds
in the 1Z,4Z-pentadiene systems could take any value from
60° going via 180 to -60° and were set to 180°.
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chain. It also makes the chain rigid as it essentially
fixates the middle bond in the conjugated system to
180°, which results in six carbon atoms lying in one
plane. Conjugation of the pentadiene system (such as
depicted in the specific conformation of AEA in Figure
4a) results in more extended chains for 12S-HAEA
(Figure 4c) and 11S-HAEA (Figure 4d), while in 5R-
HAEA (Figure 4e) and 5S-HAEA (Figure 4f) the chains
are not more extended but the direction of the loops is
influenced.

Structural Comparison of Pharmacophores of
(H)AEAs with CP-55,940. To investigate whether the
introduction of the 1-hydroxy-2E,4Z-pentadiene system
in AEA influenced the orientation and distances of
pharmacophoric groups in the HAEAs, the pharma-
cophores of the reference compound CP-55,940 were
compared with pharmacophores in the (H)AEA series
(Figure 5). The pharmacophoric groups were identified
based on the model of Tong et al.25 This model was
capable of discriminating between structurally related
compounds exhibiting different pharmacological poten-
cies for the CB1 receptor, i.e., AEA and prostaglan-
dinethanolamide. Furthermore, it could be used in a
three-dimensional quantitative structure-activity re-
lationship (3D QSAR) study to predict the Ki value of
AEA. The following pharmacophoric units in CP-55,940,
(i) the phenolic hydroxyl oxygen, (ii) the cyclohexyl
hydroxyl oxygen, and (iii) the first carbon on the alkyl
side chain (C′1), closely match to (i) the oxygen of the
carbonyl, (ii) the hydroxyl oxygen, and (iii) the first
carbon of the pentyl tail (C16) in the (H)AEA series. In
the model of Tong et al., the pyran oxygen of THC (or
HHC) was not included as pharmacophoric unit, as was
done in the model of Thomas et al.,23 since it is not
considered essential for the interaction. The model of
Tong was chosen because in our studies synthetic [3H]-
CP-55,940 (Figure 1), which also lacks the pyran oxy-
gen, was used to determine displacement constants of
HAEAs at both CB1 and CB2 receptors. Furthermore,
the cyclohexyl OH in the cannabinoids and the corre-
sponding terminal OH of AEA both enhance binding,
but their absence (as in THC and alkyl arachidonate
derivatives) does not eliminate activity.25

First, the conformation of CP-55,940 was analyzed to
find the orientation of the hexyl ring in relation to the
phenyl ring, and the orientation of the alkyl side chain.
NOESY data for CP-47,497 (in chloroform) have shown
that the orientation of the two rings around the C6-C7
bond, determined by the dihedral angle C5-C6-C7-C8
(see Figure 5 for numbering), is -60° rather than 120°.41

In this orientation, the OH of the cyclohexyl ring is at
the same side of the phenolic ring, as is the case for
HHC-DMH. This is in agreement with the proposal
that the dihedral angle Ohexyl-C9-C1-Ophenyl (which is
-90° for CP-55,940) must be negative, to get the most

active conformation.42 The NMR data41 have also indi-
cated that the 1′,1′-dimethylheptyl side chain can occur
in four different orientations in relation to the phenyl
ring, with almost equal probability. To get the positions
of the pharmacophores, a MD simulation of CP-55,940
was performed with the orientation of the rings follow-
ing that of CP-47,497.

The CP-55,940 acyl chain has no single preferred
orientation, and it is not yet known how it is oriented
when it binds to the receptor. This hampers an easy
comparison with the orientation of the tail of the acyl
chain of the (H)AEA series. To facilitate the comparison
of the orientation of the pentyl chain between different
compounds, the orientation of the pentyl chain was
expressed in polar coordinates, by using the orientation
of vector C1′-C2′ relative to the Ophenyl-C1-C1′ plane for
CP-55,940 and C16-C17 relative to the Ocarbonyl-C1-C16
plane for the (H)AEA series. (For CP-55,940, æ )
dihedral angle Ophenyl-C1-C1′-C2′ and θ ) angle C1-
C1′-C2′, and for the (H)AEA series, æ ) dihedral angle
Ocarbonyl-C1-C16-C17 and θ ) angle C1-C16-C17.)

The following four atoms were used to analyze the
atom positions of the pharmacophores: phenolic oxygen,
cylohexyl oxygen, C1 and C1′ for CP-55,940, and the
carboxyl oxygen, the oxygen of the ethanol, C1 and C16
for the (H)AEAs, respectively. Average distances be-
tween the pharmacophores in CP-55,940 are as fol-
lows: phenolic and cylohexyl oxygen ) 0.63 nm (d1),
cyclohexyl oxygen and C1′ ) 0.91 nm (d3), phenolic
oxygen and C1′ ) 0.49 nm (d2). The distance between
the oxygen of the carboxyl and the oxygen of the ethanol
in the (H)AEA series (d2) is somewhat smaller (0.55
nm). The distances d2 and d3 in the (H)AEA series
demonstrate a large degree of variation, as shown in
Figure 6. In the same figure, the region of distances in
CP-55,940 is indicated by an ellipse that is marked by
an arrow. This CP-55,940 region falls within the much
broader region of the (H)AEA series for all members,
except for 5R-HAEA.

From the MD simulations of the (H)AEA series, all
frames were selected that had appropriate Ohydroxyl-C16
(d3), Ocarbonyl-C16 (d2), and C1-C16 (d4) distances
(Figure 7) and from these frames, the orientation of
vector C16-C17 was determined. The results of the CP-
55,940 run are indicated in Figure 7 by the region
between the curved lines. The MD simulations of 11S-
HAEA and 5R-HAEA did contain only a few frames with
matching distances. As 5R-HAEA and 5S-HAEA are
enantiomers, the MD runs of these compounds must
furnish the same results in distances after adequate
conformational sampling. This is clearly not the case
after 5 ns. MD simulations show the presence of the
required conformations in most of the simulations;
therefore, it can be concluded that the required confor-
mations have sufficiently low energy to make their
existence feasible. The results of the simulations of AEA
and 12S-HAEA display a great similarity. For both
simulations, many conformations emerge inside the CP-
55,940 region enclosed by 60° > æ > 180°. This region
is scarcely populated for 5R-HAEA and 5S-HAEA, and
not at all for 15S-HAEA and 11S-HAEA. It is tempting
to suggest a preference for analogous orientations of the
pentyl tail for AEA and 12S-HAEA, which have a
similar affinity for the CB1 receptor, while the low

Figure 5. Distances and numbering of CP-55,940 and AEA.
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affinity and inactive ligands do not show a preference
for this pentyl tail orientation.

Structural Alignment of CP-55,940 and Re-
strained (H)AEAs. The MD simulations of the (H)AEA
series do not provide enough suitable configurations for
analysis; therefore, the positions of the pharmacophores
in the (H)AEA series were aligned with those of the
pharmacophores in CP-55,940. For that purpose, MD
simulations were performed with positionally restrained
atoms representing the pharmacophores according to
the model of Tong et al.25 Stereospecificity is important,
as indicated by differences in activity of the enantiomers
5R-HAEA and 5S-HAEA. To take this stereospecificity
into account, a minimum of four atom positions has to
be restrained. Selected atoms were the oxygen in the
ethanol hydroxyl, the C16 atom of the aliphatic chain,
and the carbon and oxygen in the carboxyl. Both
carboxyl carbon and oxygen positions were chosen, to
make sure that the availability of the oxygen for binding
to CB1 is not diminished by possible shielding by the
position of the carbon. The results of the MD simula-
tions for the orientation of the pentyl tail for AEA and
all HAEAs are given in Figure 8. As expected, this
orientation (represented by the vector C16-C17) in the
(H)AEA series is less restricted than that of the corre-
sponding vector C1′-C2′ in the acyl chain of CP-55,940.
However, the overlapping regions of CP-55,940 and the
(H)AEA series do not reveal great differences between
the various (H)AEAs investigated. The differences in
binding cannot be explained by these results.

The most populated overlapping region of CP-55,940
and AEA in Figure 8 was with æ ≈ 50° and θ ≈ 100°.
An illustrative configuration is selected from that region
and is presented in Figure 9. It demonstrates the
flexible hairpin-shaped loop C2 to C15 of AEA that does
not correspond to any part of CP-55,940 and that
accommodates the differences in the various (H)AEA

compounds. Configurations from the restrained MD
simulations of the (H)AEA compounds with a C16-C17
vector orientation of æ, θ ) 50, 100° were selected and
studied for differences in the orientation and shape of
this loop.

It turns out that restrained MD simulations yield
conformations of the (H)AEAs that are very much the
same, as demonstrated by 11S-HAEA and 12S-HAEA.
This becomes evident from the orientation of the C16-
C17 vector in Figures 8 and 10. The shape of the C2 to
C15 loop differs slightly in the various HAEAs, due to
the different positions of the hydroxyl and conjugated
double bonds that define a “six atoms in a plane” stiff
part. Note that the loop formed by the carbons C2 to
C15 adopted various conformations during the simula-
tions. Nevertheless, the conformational space of the
orientation of the loop C2 to C15, relative to the orienta-
tion of the C16-C17 tail vector, is essentially identical
for both compounds during the simulations (data not
shown).

Conclusions
Toward the Design of Selective Molecular Probes

for Interaction with the Proteins of the Cannab-
inoid System. This study has shown that restricting
the flexibility of AEA and 2-AG and introducing hy-
droxyl functions in their acyl chains brings selectivity
and attenuates their binding potency toward the pro-
teins of the endocannabinoid system. Although the
displacements constants were modest, 15S-HAEA se-
lectively bound to the CB1 receptor, whereas 13S-HLEA
and 15-HO-1-AG were the only eicosanoid ligands that
selectively bound to the CB2 receptor to date. 11S-HAEA
did not bind to CB1 or CB2 receptors but was a very good
inhibitor of FAAH (Ki ) 0.57 µM). By contrast, 12S-
HAEA bound both CB receptors with an affinity similar
to that of AEA, but it was a poor inhibitor of FAAH.

Figure 6. Scatter plots of distances d3 and d2 obtained during simulation of compounds (a) AEA, (b) 15S-HAEA, (c) 12S-HAEA,
(d) 11S-HAEA, (e) 5R-HAEA, and (f) 5S-HAEA. The corresponding region of CP-55,940 is inside the ellipse and indicated by the
arrow. Frames were selected with a time step of 1 ps.
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Nevertheless, all HAEAs displayed an increased potency
to inhibit FAAH, whereas their ability to interact with
the AEA transporter was disrupted (Ki > 10 µM). This
makes it possible to discern the physiological contribu-
tion of FAAH and AEA transporter in the clearance of
endocannabinoids. Thus, the HAEAs can serve as
structural templates to generate selectivity in the
endocannabinoid system and may possibly be used as
targets for drug development.

The NMR experiments indicated that chloroform and
water did not induce different conformations in the acyl
chain of 15-HETE. Consequently, there were no indica-
tions that 15-HETE would adopt a more compact overall
conformation in aqueous solutions. For the first time,
MD simulations of AEA and derivatives were performed
that included explicit water molecules. Conformation
analysis revealed that polyunsaturated fatty acids such
as AEA assume more folded conformations than satu-
rated fatty acids, because of an inclination of the 1Z,4Z-
pentadiene subsystems to form bent shapes. Further-
more, our data indicated that the ability to adopt a
tightly folded conformation is not the only essential
feature of the acyl chain, which enables AEA to bind to
the CB1 receptor. In the free MD simulations, all HAEA

derivatives, both active and inactive at the CB1 and CB2

receptors, could adopt a folded conformation in which
the pharmacophores in AEA closely matched those of
CP-55,940. Close inspection of the free and restrained
MD simulations of the HAEA series indicated that the
differences must be located in the conformational details
of the loop (C2 to C15), e.g., the position and orientation
of the hydroxyl group. Furthermore, evaluation of the
binding data indicated that an sp2 carbon is required
at position C11 in AEA derivatives for binding to the CB1

receptor. The free MD simulations may suggest that the
pentyl tail orientations of the high-affinity ligands AEA
and 12S-HAEA are different from those of the low-
affinity and inactive ligands. Distinct differences in
terms of tail and loop orientations between high-affinity
CB1 receptor ligands and inactive compounds could not
be detected in the restrained MD simulation. Our data
also indicated that the binding of HAEAs to the CB2

receptor is more sensitive toward steric hinderance
along the acyl chain. However, more conclusive state-
ments about the nature of the interactions of the CB
receptors with their ligands await purification and
crystallization of the proteins with their ligands.

Figure 7. Scatter plots of the orientation of vector C16-C17, expressed in polar coordinates, during the 5 ns MD simulation of
compounds (a) AEA, (b) 15S-HAEA, (c) 12S-HAEA, (d) 11S-HAEA, (e) 5R-HAEA, and (f) 5S-HAEA, for frames that had distances
d2 < 0.55 nm, d3 < 0.95 nm, and d4 < 0.55 nm. Frames were selected with a time step of 0.1 ps. The corresponding results of
the CP-55,940 simulation are indicated by the region between the curved lines. For CP-55,940, æ ) dihedral angle Ophenyl-C1-
C1′-C2′ and θ ) angle C1-C1′-C2′, and for the (H)AEAs, æ ) dihedral angle Ocarbonyl-C1-C16-C17 and θ ) angle C1-C16-C17.
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Materials and Methods
Synthesis of 1(3)-Arachidonoyl-sn-glycerol. Arachidonic

acid (1 equiv) was activated by 20 equiv of oxalyl chloride in
dry dichloromethane. The mixture was stirred for 2 h under
nitrogen on ice. Excess oxalyl chloride and dichloromethane
were evaporated under a nitrogen stream. Arachidonoyl
chloride was dissolved in dry dichloromethane/pyridine (1:1),
and 10 equiv of (S)- or (R)-2,2-dimethyl-1,3-dioxolane-4-
metanol (1,2- or 2,3-isopropylidene-sn-glycerol, respectively)
(Fluka Chemica) was added with a catalytic amount of
(dimethylamino)pyridine. The reaction was stirred for 12 h
under nitrogen on ice and stopped by evaporation of the solvent
by a nitrogen stream. The product was dissolved in dichlo-
romethane/acetone (95/5) and purified on SiO2 (Rf ) 0.72). A
colorless oil was obtained in a yield of 60%. Isopropylidene-
1(3)-arachidonoyl-sn-glycerol was stored at -20 °C until use.
Deprotection was carried out as described.43

Biosynthesis of Oxygenated Endocannabinoids.
5-HAEA, 11S-HAEA, 15-HAEA, 13S-LEA 5,15-diHAEA, 8,15-
diHAEA, 15S-HAEA, 15-HO-3-AG, and 15-HO-1-AG were
enzymatically synthesized by soybean and barley lipoxyge-
nases (specific activity: 40 and 55 U (µmol linoleic acid min-1)
mg-1, respectively) as previously reported and characterized
by circular dichroism (CD) spectroscopy, 1H NMR, and gas
chromatography/mass spectrometry (GC/MS).28,44-48 The spec-
tra were in accordance with their chemical structures, as
previously reported.28,44,47,48 Each lipoxygenase was incubated
with LEA, AEA (Cayman Chemicals), 3-AG, or 1-AG (1 U

enzyme lipoxygenase per 3 µmol substrate) in 100 mM sodium
borate buffer (pH 9 for soybean and pH 7 for barley grain).
AEA was incubated with bovine polymorphonuclear leukocytes
in phosphate-buffered saline (pH 7.4) to produce 12S-HAEA.
The products of the plant lipoxygenases were reduced by 3
equiv of sodium borohydride. The HAEAs were isolated with
SPE (Bakerbond, 500 mg), analyzed, and purified by reversed
phase and chiral phase high-performance liquid chromatog-
raphy (HPLC) as reported.44,45,48 [3H]AEA (223 Ci/mmol) and
[3H]CP-55,940 (126 Ci/mmol) were purchased from NEN Life
Science Products, Inc.

5R/S-HAEA. [5(R/S)-Hydroxy-eicosa-6E,8Z,11Z,14Z-tet-
raenoyl-N-(2-hydroxyethyl)amine]. Barley lipoxygenase:
1H NMR (CDCl3): δ 6.55 (dd, J ) 13.6, 10.6 Hz 1H), 6.02 (t J
) 10.5 1H), 5.71 (dd, J ) 13.6 Hz, 1H), 5.39 (m, 5H), 4.16 (m,
1H), 3.72 (t, 2H), 3.42 (q, 2H), 2.97 (m, 2H), 2.81 (m, 2H), 2.22
(t, J ) 7.8 Hz, 2H), 2.11 (m, 2H), 1.72 (q, J ) 6.2 Hz 2H), 1.34
(m, 6H), 0.89 (t, J ) 6.2 Hz, 3H). NaBH4 and H2 reduced
trimethyl silyl ether GC/MS m/z 515 [M+], 500 [M+-CH3], 313
[C16H32OTMS+], 304 [M+-C15H31], 214 [304-TMSOH], 116
[C2H3OTMS+], 73 [TMS+].

11S-HAEA. [11(S)-Hydroxy-eicosa-5Z,8Z,12E,14Z-tet-
raenoyl-N-(2-hydroxyethyl)amine]. Barley lipoxygenase:
1H NMR (CDCl3): δ 6.52 (dd, J ) 11.0; 10.1 Hz 1H), 5.98 (t, J
) 11.0 Hz 1H), 5.69 (dd, J ) 15.1; 6.5 Hz 1H), 5.40 (m, 5H),
4.23 (q, 2H), 3.72 (t, J ) 4.6 Hz, 2H), 3.42 (q J ) 5.5 Hz; 2H),
2.81 (m, 2H), 2.32 (m, 2H), 2.22 (t, J ) 7.4 Hz; 2H), 2.12 (m,
4H), 1.73 (q, 2H), 1.25-1.38 (m, 6H), 0.88 (t, J ) 6.9 3H).

Figure 8. Scatter plots of the orientation of vector C16-C17, expressed in polar coordinates, during the 5 ns restrained MD
simulation of compounds (a) AEA, (b) 15S-HAEA, (c) 12S-HAEA, (d) 11S-HAEA, (e) 5R-HAEA, and (f) 5S-HAEA. Frames were
selected with a time step of 1 ps. The corresponding results of the CP-55,940 simulation are indicated by the region between the
curved lines.

Metabolites of Anandamide and 2-Arachidonoylglycerol Journal of Medicinal Chemistry, 2002, Vol. 45, No. 17 3717



NaBH4 and H2 reduced trimethyl silyl ether GC/MS m/z 515
[M+], 500 [M+-CH3], 388 [M+-C9H19], 229 [C10H20OTMS+],
116 [C2H3OTMS+], 73 [TMS+].

12S-HAEA. [12(S)-Hydroxy-eicosa-5Z,8Z,10E,14Z-tet-
raenoyl-N-(2-hydroxyethyl)amine]. Bovine leukocytes: 1H
NMR (CDCl3): δ 6.58 (dd, J ) 14.2 Hz 1H), 5.99 (t, J ) 10.5
Hz 1H), 5.74 (dd, J ) 6.2 Hz 1H), 5.40 (m, 5H), 4.25 (q, 1H),
3.72 (t, J ) 4.6 Hz 2H), 3.42 (q, J ) 4.6 Hz 2H), 2.95 (m, 2H),
2.33 (m, 2H), 2.21 (t, J ) 7.5 Hz 2H), 2.10 (m, 4H), 1.74 (q, J
) 7.3 Hz, 2H), 1.28 (m, 6H), 0.89 (t, J ) 6.9 Hz 3H). NaBH4

and H2 reduced trimethyl silyl ether GC/MS m/z 515 [M+], 500
[M+-CH3], 402 [M+-C8H17+], 215 [C9H18OTMS+], 116 [C2H3-
OTMS+], 73 [TMS+].

15S-HAEA. [15(S)-Hydroxy-eicosa-5Z,8Z,11Z,13E-tet-
raenoyl-N-(2-hydroxyethyl)amine]. Soybean lipoxyge-
nase: 1H NMR (CDCl3): δ 6.55 (dd, J ) 15.4;12,2 Hz 1H), 6.00
(t, J ) 10.7 Hz, 1H), 5.72 (dd, J ) 7.2 Hz, 1H), 5.40 (m, 5H),

4.12 (q, 1H), 3.72 (t, 2H) 3.42 (q, 2H), 2.97 (m, 2H), 2,82 (m,
2H), 2.22 (t, J ) 7.5 Hz, 2H), 2.11 (m, 2H), 1.72 (q, J ) 7.3
Hz, 2H), 1.56 (m, 2H), 1.31 (m, 6H), 0.89 (t, J ) 6.9 Hz, 3H).
NaBH4 and H2 reduced trimethyl silyl ether GC/MS m/z 515
[M+], 500 [M+-CH3], 444 [M+-C5H11], 173 [C6H11OTMS+], 116
[C2H3OTMS+], 73 [TMS+].

5,15-diHAEA. [5,15-Dihydroxy-eicosa-6E,8Z,11Z,13E-
tetraenoyl-N-(2-hydroxyethyl)amine]. Soybean lipoxyge-
nase: 1H NMR (CDCl3): δ 6.58 (m, 2H), 6.01 (m, 2H), 5.72
(m, 2H), 5.43 (m, 2H), 4.21 (m, 2H), 3.72 (t, J ) 4.6 Hz, 2H),
3.42 (q, J ) 4.6 Hz, 2H), 2.97 (m, 2H), 2.28 (t, J ) 6.9 Hz,
2H), 1.76 (m, 2H), 1.57 (m, 4H), 1.30 (m, 6H), 0.89 (t, 3H).
NaBH4 and H2 reduced trimethyl silyl ether GC/MS m/z 603
[M+], 588 [M+-CH3], 532 [ M+-C5H11], 304 [M+-C15H31], 214
[304-TMSOH], 116 [C2H3OTMS+], 73 [TMS+].

8,15-diHAEA. [8,15-Dihydroxy-eicosa-5Z,9E,11Z,13E-
tetraenoyl-N-(2-hydroxyethyl)amine]. Soybean lipoxyge-
nase: 1H NMR (CDCl3): δ 6.70 (m, 2H), 5.97 (m, 2H) 5.74 (m,
2H), 5.46 (m,2H), 4.27 (m, 1H), 4.18 (m, 1H), 3.72 (t, J ) 4.6
Hz, 2H), 3.42 (q, J ) 4.6 Hz, 2H), 2.32 (m, 2H), 2.19 (t, J )
6.9 Hz, 2H), 2.09 (q, 2H), 1.70 (m, 2H), 1.50 (m, 2H), 1.32 (m,
6H), 0.88 (t, 3H). NaBH4 and H2 reduced trimethyl silyl ether
GC/MS m/z 603 [M+], 588 [M+-CH3], 532 [M+-C5H11], 346
[M+-C12H24OTMS], 173 [C6H11OTMS+], 116 [C2H3OTMS+], 73
[TMS+].

13S-HLEA. [13(S)-Hydroxy-octadeca-9Z,11E-dienoyl-
N-(2-hydroxyethyl)amine]. 1H NMR (CDCl3): δ 6.49 (dd, J
) 15.0, 11 Hz, 1H), 5.98 (t, J ) 10.9 Hz, 1H), 5.67 (dd, J )
15.2, 6.8 Hz, 1H), 4.16 (q, J ) 6.5 Hz, 1H), 3.72 (t, 2H), 3.42
(q, 2H), 2.17 (m, J ) 7.4 Hz, 4H), 1.66-1.47 (m, 6H), 1.38-
1.22 (m, 10H), 0.89 (t, J ) 6.5 Hz, 3H). NaBH4 and H2 reduced
trimethyl silyl ether GC/MS m/z 487 [M+], 472 [M+-CH3], 416
[M+-C5H11], 173 [C6H11OTMS+], 116 [C2H3OTMS+], 73 [TMS+].

1-AG. 1H NMR (CDCl3): δ 5.40 (m, 8H), 4.19 (m, 2H), 3.93
(m, 1H), 3.65 (m, 2H), 2.84 (m, 6H), 2.37 (t, J ) 7.5 Hz, 2H),
2.09 (m, 4H), 1.72 (m 2H), 1.33 (m, 6H), 0.89 (t, J ) 6.8 Hz,
3H).

3-AG. 1H NMR (CDCl3): δ 5.40 (m, 8H), 4.19 (m, 2H), 3.93
(m, 1H), 3.65 (m, 2H), 2.84 (m, 6H), 2.37 (t, J ) 7.5 Hz, 2H),
2.09 (m, 4H), 1.72 (m, 2H), 1.33 (m, 6H), 0.89 (t, J ) 6.8 Hz,
3H).

15-HO-1-AG. [15(S)-Hydroxy-eicosa-5Z,8Z,11Z,13E-tet-
raenoic Acid 2,3(R)-Dihydroxypropyl Ester]. Soybean
lipoxygenase: 1H NMR (CDCl3): δ 6.53 (dd, J ) 15.2 Hz, 1H),
6.00 (t, J ) 11.2 Hz, 1H), 5.70 (dd, J ) 6.5 Hz, 1H), 5.40 (m,
5H), 4.19 (m 2H), 3.92 (m 1H), 3.67 (m, 2H), 2.97 (m, 2H), 2.82
(m, 2H), 2.37 (t, J ) 7.4 Hz, 2H), 2.12 (m, 2H), 1.72 (q, J ) 7.3
Hz, 2H), 1.55 (m, 2H), 1.35 (m, 6H), 0.89 (t, J ) 7.1 Hz, 3H).
NaBH4 and H2 reduced trimethyl silyl ether GC/MS m/z 618
[M+], 603 [M+-CH3], 547 [M+-C5H11], 173[C6H11OTMS+], 103
[CH2OTMS+], 73 [TMS+].

15-HO-3-AG. [15(S)-Hydroxy-eicosa-5Z,8Z,11Z,13E-tet-
raenoic Acid (1,2(R)-Dihydroxypropyl Ester]. Soybean
lipoxygenase: 1H NMR (CDCl3): δ 6.53 (dd, J ) 15.2 Hz, 1H),
6.00 (t, J ) 11.1 Hz, 1H), 5.70 (dd, J ) 6.4 Hz, 1H), 5.40 (m,
5H), 4.19 (m, 2H), 3.92 (m, 1H), 3.65 (m, 2H), 2.97 (m, 2H),
2.82 (m, 2H), 2.37 (t, J ) 7.4 Hz, 2H), 2.12 (m, 2H), 1.72 (q, J
) 7.3 Hz, 2H), 1.55 (m, 2H), 1.35 (m, 6H), 0.89 (t, J ) 6.6 Hz,
3H). NaBH4 and H2 reduced trimethyl silyl ether GC/MS m/z
618 [M+], 603 [M+-CH3], 547 [M+-C5H11], 173 [C6H11OTMS+],
103 [CH2OTMS+], 73 [TMS+].

Membrane Preparation for Binding Assay. Male Wistar
rats (250-280 g) were maintained on a 12 h light/dark
schedule. Food and water were ad libitum. The experimental
protocol and procedures used met the guidelines of the
Ministry of Health (G.U. No. 40, February 18, 1992) and were
approved by the Animal Care Committee (University of Rome
“Tor Vergata”). Rat forebrain and spleen membrane prepara-
tions were obtained using the method of Devane et al.49 and
were stored at a concentration of 1 mg mL-1 protein in 50 mM
Tris‚HCl, 2 mM Tris‚EDTA, 3 mM MgCl2 buffer, pH 7.4, at
-80 °C for no longer than 1 week. The protein concentration
was determined using bovine serum albumin (BSA) as a
standard.50

Figure 9. Stereoview of snapshots CP-55,940 (upper panel)
and AEA (lower panel) with a vector C16-C17 orientation of æ,
θ ) 50, 100°, depicted with dotted van der Waals surfaces of
the pharmacophores to highlight corresponding positions.

Figure 10. Stereoview of snapshots of 12S-HAEA (upper
panel) and 11S-HAEA (lower panel) with vector C16-C17

orientation of æ, θ ) 56, 105°.
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CB Binding Assay. A rapid filtration assay was performed
with [3H]-labeled CP-55,940, according to Compton et al.51

Incubations were performed in a final volume of 0.5 mL of 50
mM Tris‚HCl, 2 mM Tris‚EDTA, 3 mM MgCl2, 5 mg mL-1 BSA
buffer, pH 7.4. PMSF (final concentration 50 µM) was added
freshly each time just before the incubations started. The
binding was initiated by the addition of 50 µg of protein of the
membrane preparation and stopped after 1 h at 30 °C. The
washed filters were transferred to vials, which contained 0.5
mL of 0.1% Triton X-100 and 3.5 mL of liquid scintillation
cocktail (LSC) for nonaqueous solutions (Sigma Chemical
Company). The vials were incubated overnight before counting.
Unspecific binding was determined in the presence of 10 µM
AEA. Binding data were elaborated through nonlinear regres-
sion analysis, using the Prism 3 program (GraphPAD Software
for Science), and inhibition constants (Ki) were calculated. The
following Kd values were calculated from [3H] CP-55,940
saturation curves of brain membrane preparations (Kd ) 0.8
( 0.2 nM) and of spleen membrane preparations (Kd ) 0.2 (
0.1 nM).

AEA Transporter Activity. The uptake of [3H]AEA by
intact U937 cells was studied as described previously.52

Incubations (15 min) were carried out with different concen-
trations of [3H]AEA, in the range 0-1000 nM, to determine
the kinetic constants, i.e., apparent Michaelis-Menten con-
stant (Km), maximum velocity (Vmax), and inhibition constant
(Ki) by nonlinear regression analysis through the Prism 3
program.52

FAAH Activity. FAAH activity was assayed in U937 cells
by measuring the release of [3H]arachidonic acid from [3H]-
AEA using RP-HPLC as reported.46 Kinetic studies were
performed using different concentrations of [3H]AEA (in the
range of 0-25 µM), and the kinetic constants (Km, Vmax, and
Ki) were calculated by nonlinear regression analysis through
the Prism 3 program.7

2D NMR. 1H NMR spectra of 15-HETE were recorded at
500 MHz with a Bruker DRX-500 (Bijvoet Center for Biomo-
lecular Research). Spectra were obtained at a probe temper-
atures 27 °C for D2O (0.2 mmol L-1; pH 6) and CDCl3 (40 mmol
L-1) solutions and 4 °C for a CD3OD (40 mmol L-1) solution.
Phase sensitive (States-TPPI) 2D NOESY, 2D off-resonance
ROESY, and 2D TOCSY were recorded in addition to high-
resolution 1D spectra. The 2D TOCSY spectrum was obtained
using an MLEV-17 isotropic mixing sequence of 15 ms at a
spin-lock field strength corresponding to 9.2 kHz. Two-
dimensional NOESY spectra were obtained with an 800 ms
mixing time. The 2D off-resonance ROESY spectrum in D2O
solution was recorded with an adiabatic spin-lock pulse of 350
ms at a field strength corresponding to 6.1 kHz. The spin-lock
frequency was alternately placed 3520 Hz upfield or downfield
of the center of the spectrum, thus obtaining an average spin-
lock angle <ϑ> ) 60°. Chemical shifts for 1H are expressed in
ppm relative to internal TMS (0.0 ppm) for CDCl3 solutions
and relative to internal acetone (2.218 ppm) for D2O solutions.

The chemical shift and scalar coupling values were extracted
through direct measurement in the high-resolution 1D NMR
spectra or through simulation of the more complex spectral
regions. The assignment of the 1H signals in the NMR spectra
was obtained through combined analysis of the multiplet
profiles in the 1D NMR spectra, and cross-peaks in the 2D
TOCSY spectrum. The NOESY and off-resonance ROESY
spectrum supplied Supporting Information to corroborate the
assignments.

MD Calculations. MD simulations were performed using
the GROMOS87 program package53 on PCs running Linux.
Each molecule was surrounded by SPC/E54 water molecules
in a truncated octahedron with periodic boundary conditions.
All bond lengths were kept fixed using the SHAKE proce-
dure.55 Nonbonded interactions were calculated using the twin-
range cutoff procedure with cutoff radii of 0.9 and 1.2 nm, and
a time step of 2 fs was used. Simulations were performed with
loose coupling to a pressure bath at 1 atm and a temperature
bath at 300 K56 with time constants of 0.5 and 0.1 ps,

respectively. Atom positions were restrained by applying a
harmonic oscillator force constant of 104 kcal mol-1 Å-2.

Description of Force Field Adaptions. A new atom type
CS has been created to represent a bare sp3 carbon, which is
in all aspects identical to CH1 and CH2, except for the van
der Waals parameters that are identical to those of C or CB.
To represent the double bonds, two new atom types, CEH1
and CIH1, have been created. CEH1 represents the C atoms
involved in a double bond and the external C atoms of a
conjugated double bond. CIH1 represents the internal C atoms
of a conjugated double bond. These two new atom types are
equivalent to the CR51 and CR61 atom types except for the
parameters listed in the Supporting Information.
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