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Anandamides are endogenous fatty acid ethanolamides that have been shown to bind to the
cannabinoid receptor and possess cannabimimetic activity yet are structurally dissimilar from
the classical cannabinoids found in Cannabis sativa. We have employed molecular dynamics
studies of a variety of anandamides to characterize their conformational mobility and determine
whether there are pharmacophoric similarities with A>~THC. We have found that a looped
conformation of these arachidonyl compounds is energetically favorable and that a structural
correlation between this low-energy conformation and the classical cannabinoids can be obtained
with the superposition of (1) the oxygen of the carboxyamide with the pyran oxygen in A®-
THC, (2) the hydroxyl group of the ethanol with the phenolic hydroxyl group of A>-THC, (3)
the five terminal carbons and the pentyl side chain of AS>-THC, and (4) the polyolefin loop
overlaying with the cannabinoid tricyclic ring. The shape similarity is extended to show that
other fatty acid ethanolamides that possess varying degrees of unsaturation also vary in their
conformational mobility, which affects their ability to overlay with A°>-THC as described above.
Within this series of compounds, the most potent analog, the tetraene (arachidonyl) analog
(i.e., anandamide itself), was determined to have restricted conformational mobility that favored
an optimal pharmacophore overlay with A>-THC. Eight pharmacologically active anandamide
analogs are shown to have similar conformational mobility and pharmacophore alignments
that are conformationally accessible. Furthermore, when these compounds are aligned to A®-
THC according to the proposed pharmacophore overlay, their potencies are predicted by a
quantitative model of cannabinoid structure—activity relationships based solely on classical
and nonclassical cannabinoids with a reasonable degree of accuracy. The ability to incorporate
the pharmacological potency of these anandamides into the cannabinoid pharmacophore model

is also shown to support the relevance of the proposed pharmacophore model.

Introduction

Anandamide (cis-5,8,11,14-eicosatetraenoylethanola-
mide; Figure 1) is a naturally occurring fatty acid
ethanolamide initially isolated from porcine brain and
shown to bind to the cannabinoid receptor and produce
cannabinoid effects.! Subsequently, anandamide has
been shown to inhibit cAMP production via the G-
protein-coupled cannabinoid receptor?3 and to produce
a combination of cannabinoid behavioral effects in
mice*~® and rats.” Since the identification of ananda-
mide as an endogenous cannabimimetic, a number of
additional endogenous fatty acid ethanolamides,? as well
as esters of fatty acids,® have been reported to bind to
cannabinoid receptors. The identification of these en-
dogenous compounds and the recent synthesis of a wide
variety of anandamide analogs®°10 represent a signifi-
cant expansion in the diversity of cannabimimetics.

Traditional cannabinoid structure—activity relation-
ships (SAR) indicate that the molecular requirements

T Abbreviations: THC, tetrahydrocannabinol; SAR, structure—activ-
ity relationships; HHC, hexahydrocannabinol; rms, root mean square;
QSAR, quantitative structure—activity realtionships; CoMFA, com-
parative molecular field analysis; PLS, partial least-squares; MEP,
molecular electrostatic potential.
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for cannabinoid activity include (1) the phenolic hy-
droxyl, (2) the lipophilic side chain, and (3) an ap-
propriately oriented carbocylic ring system.11=15 How-
ever, in 1981, Milne and Johnson'® demonstrated that
a shape similarity and heteroatom alignment existed
between prostaglandins and the THC analog 94-hy-
droxy-11-nor-A°-HHC. Their prostaglandin overlap
theory led to the development of the extremely potent
nonclassical cannabinoids!” and subsequently to the
discovery of the cannabinoid receptor.l® Although a
great deal of investigation has been centered on the
cannabinoid pharmacophore, little has been described
regarding the ability of eicosanoids to be accommodated
by the SAR described for classical cannabinoids.

As illustrated in Figure 1, the structures of ananda-
mides differ greatly from the tricyclic structure of
classical cannabinoids (e.g., A°>~-THC). The substantial
differences between the two classes of compounds
militate against the existence of any simple structural
correlation that can explain their pharmacological
similarity and provide a reasonable starting point for
the comparison of other analogs. Because the cannab-
inoid receptor’'s structure and shape are still being
characterized and no crystallographic data are available
showing receptor-bound ligand, there is little direct
knowledge regarding the nature of a particular ligand'’s
interaction with the receptor. Therefore, it is only
possible to derive a pharmacophore model based on a
structural comparison of active and inactive molecules
that provides a consistent explanation of the observed
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Figure 1. Structures of anandamide analogs and A%-THC.

data. Ideally, this model should be predictive and
facilitate the design of novel compounds of greater
potency or selectivity.

In this report, low-energy conformations of ananda-
mide-like compounds were determined by molecular
dynamics simulations and shown to allow superposition
of analogous pharmacophore groups within these com-
pounds and A°-THC. The proposed conformation of
anandamide is supported by previous studies on the
conformational mobility of arachidonic acid!® as well as
evidence that arachidonic acid adopts a similar confor-
mation during self-epoxidation reactions.?>2* In the
conformation described here for anandamide, electrone-
gative regions associated with the hydroxyl and carbonyl
oxygen atoms can be superimposed with similar elec-
tronegative regions in A%-THC, as can linear hydrocar-
bon side chains and s-electron rich regions. The ability
to attain an analogous shape and orientation of elec-
tronegative regions is shown to be dependent on the
degree of unsaturation in the fatty acid chain, with the
tetraene chain allowing optimal molecular alignment
with A%-THC. The pharmacophore model is shown to
be consistent with the preexisting cannabinoid SAR and
to provide a rational comparison of anandamide analogs
such that the variation in potency among a series of
eight anandamide analogs is accurately predicted. The
successful incorporation of anandamides into the pre-
existing cannabinoid SAR provides a predictive environ-
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ment capable of facilitating the design and testing of
novel compounds.

Methods

Molecular Models and Energy Minimization. All mo-
lecular modeling and molecular dynamics simulations were
carried out on a Silicon Graphics Indigo 2XZ or Silicon
Graphics Iris 4D/310 VGX workstation with SYBYL molecular
modeling software (v 6.03, Tripos, Inc., St. Louis, MO). An
initial structure of anandamide was generated from the
molecular fragments provided within SYBYL for arachidonic
acid and ethanolamine. Anandamide analogs were modeled
by modification of this basic structure. Electrostatic charges
for all of the analogs were calculated on the basis of the method
of Gasteiger—Huckel. After energy minimization using the
SYBYL force field had progressed to a point where the
difference in energy between successive iterations was <0.01
kcal/mol, each analog was subjected to molecular dynamics
simulations. Gasteiger—Huckle-derived charges were used for
all dynamics simulations and QSAR analyses. Semiempirical
calculations were performed using SPARTAN (WaveFunction,
Inc., CA) in order to further compare the electrostatic proper-
ties of anandamide and A®-THC.

Molecular Dynamics. Molecular dynamics runs were
performed in order to evaluate the conformational mobility of
the compounds. Molecular dynamics runs were simulated at
100, 200, 300, and 400 K for 1 ps each and finally allowed to
remain at 500 K for 100 ps. Once the molecule had reached
500 K, snapshots of its conformation were taken at 1 ps
intervals, resulting in 100 separate conformations being
obtained. After the molecular dynamics runs had concluded,
each recorded conformation was subjected to energy minimiza-
tion as described above until the difference in energy between
successive iterations was <0.01 kcal/mol, resulting in a set of
“guenched” conformations that were stored for further exami-
nation.

Alignment of Anandamides to A>-THC. An automated
fitting procedure was used to minimize the root mean square
(rms) deviation between five atoms in the anandamide analogs
and five analogous atoms in A°-THC according to the super-
position shown in Figure 2A. These atoms were selected on
the basis of the importance of the pharmacophore groups in
AS-THC, particularly the phenolic hydroxyl and the pyran
oxygen (electronegative regions) and the lipophilic side chain.
This set of analogous atoms could be used in most of the
molecules involved in this study; however, if no appropriate
atom was present in the anandamide analog (e.g., the 2'-
fluoroanandamide has no phenolic proton), only four atoms
were used in the rms procedure. The rms procedure, while
holding each conformation rigid, places it in space so as to
overlay the five atoms as closely as possible to the five template
atoms in A®-THC. The rms deviation was recorded for each
conformation. After the molecules had been so aligned, the
molecular volume of A%>-THC was subtracted from the molec-
ular volume of the various conformations.

Relationship between Conformational Mobility and
Pharmacophoric Conformation. The relationship between
conformational mobility and ability to overlap with A%-THC
was evaluated by plotting the energies of the conformations
obtained for each anandamide analog against the rms devia-
tion and volume difference. The first variable, the rms
deviation obtained during the rms-fitting procedure of each
conformation to AS-THC, indicates the distance differences
between the atoms used in the superposition. The second
variable, the volume difference, quantitates the unique, non-
overlapping volume of each conformation in its particular
alignment.

Constraint of Tetraene Anandamide Analogs to Phar-
macophoric Conformations. The ability of a series of
tetraene-based anandamide analogs (Figure 1) to form phar-
macophore-overlapping conformations of low energy was evalu-
ated by constraining the polyene chain up to and including
the carbonyl (in the identical conformation as shown for
anandamide in Figure 2A) and also constraining the appropri-
ate pharmacophore atoms to the distances found for their
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respective atoms in AS-THC. Energy minimizations (to <0.01
kcal/mol steps) on the fully constrained molecules were fol-
lowed by further minimizations after removal of the distance
constraints (again to <0.01 kcal/mol steps). Finally, the entire
molecule was energy minimized with no constraints in order
to find the local energy minimum conformation that most
closely overlays the pharmacophore. This strategy forced any
conformational changes that occurred during energy minimi-
zation to occur in the region where the substituent modifica-
tions were made (i.e., the ethanolamide region).

Prediction of the Pharmacological Potencies of Tet-
raene Anandamide Analogs. In order to evaluate the
pharmacophoric conformation chosen for anandamides, a
three-dimensional QSAR model based on classical and non-
classical cannabinoids'® was used to predict the potency of the
tetraene analogs. Initially, the CoMFA analysis'® was re-
peated with the following modifications: (1) the probe atom
(sp® carbon with a +1 charge) was positioned at lattice points
spaced around the molecules at 1 A increments, as opposed to
the 2 A spacing performed previously; (2) the cross-validation
was done using a “leave-one-out” procedure that allows
comparison between different partial least-squares (PLS)
analyses.

All analogs were constrained to the pharmacophoric con-
formation as described above and then overlayed with respect
to anandamides polyene chain (up to and including the
carbonyl oxygen) so as to maximize their conformational
overlay with anandamide while allowing the various substit-
uents to be compared. After their alignment, the steric and
electrostatic properties of each analog were determined so that
their activity could be predicted by the COMFA QSAR model.
The logarithm of the actual EDsy was plotted against the
logarithm of the predicted EDs, and analyzed using least-
squares linear regression.

Rederivation of the CoMFA QSAR Model and Inclu-
sion of Tetraene Anandamide Analogs. After the initial
QSAR analysis based on 33 classical and nonclassical cannab-
inoids, the eight tetraene anandamide analogs were incorpo-
rated into the cannabinoid QSAR model and the analyses were
repeated (behavioral data taken from Adams et al.f). In all
instances, cross-validated PLS analysis was run to determine
the optimal number of components in the model and to
evaluate the robustness of the model. During these analyses,
any CoMFA column whose standard deviation was <2.0 was
excluded to shorten computation time. The number of com-
ponents was increased as long as the cross-validated r?
increased, up to a maximum of five components. The number
of cross-validation groups was chosen so that one compound
was omitted from the training set, and the resulting equation
was used to predict the behavioral potency of the omitted
compound. The process was repeated, leaving out a different
compound, until each compound had been excluded and
predicted exactly once (a leave-one-out PLS analysis). The
resulting individual squared errors of prediction were summed
to give the predictive residual sum of squares (PRESS). The
PRESS was compared to the standard deviation of the actual
potencies to obtain a cross-validated g?. Once the optimal
number of components had been determined through cross-
validation, the number of components was set to that value
and the number of cross-validation groups was set to zero. The
analysis performed with these parameters is the final analysis
wherein the model derived is based on all compounds in the
training set.

Comparison of CoMFA Fields. The steric and electro-
static features of the QSAR analysis were graphically depicted
by plotting the product of the standard deviation of the CoOMFA
column data and the PLS coefficients. This plot produces an
enhanced view of the pharmacophore model where the steric
and electrostatic properties that are correlated with the
observed differences in pharmacological potency are visualized
three-dimensionally. The plots are color-coded so that contours
in blue indicate areas where steric bulk of analogs is strongly
associated with increased predicted potency and contours in
cyan are also associated with areas of increased potency but
to a lesser degree than those in blue. Areas contoured in
orange, on the other hand, are areas where steric bulk is
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associated with decreased predicted potency but to a lesser
extent than contours in red. The electrostatic forces associated
with changes in potency were contoured so that negative
charge should be moved away from areas contoured in orange
and red and closer to areas in cyan and blue, assuming that a
more potent analog is desired. The steric and electrostatic
contour plots were derived for the pharmacological potency in
each behavioral assay, with and without the inclusion of the
eight tetraene anandamide analogs, in order to allow com-
parisons to be made among the various pharmacophores.

Results

Alignment of Anandamides to A°~-THC. The con-
formation of anandamide, which served as the basis for
defining the pharmacophoric alignment, is shown in
stereoviews after it has been aligned to A°-THC (Figure
2B). These stereoviews emphasize the overall shape
similarity and the similar spacing of the oxygen atoms,
as well as the close proximity of the carbonyl oxygen
atom and the C14 double bond. The close proximity of
these two structural features appears to be energetically
favorable in arachidonic acid!® and also appears to be
an important conformation in solution.2°

When anandamide and A%-THC are overlayed, sub-
traction of the molecular volume of each compound from
the other allows the visualization of their unique
molecular volumes (Figure 2C). In these views, one can
see that the overall shape of AS-THC is closely mimicked
by this conformation of anandamide. Furthermore, it
appears that the molecular volume of this particular
conformation of anandamide (contoured in green) is
confined to regions that would be predicted to permit
pharmacological activity (i.e., there does not appear to
be anandamide volume at the C9—C11 position that has
previously been associated with decreased cannabinoid
potency31522) This is seen in Figure 2C by the absence
of green contours penetrating into the red or orange
contours. The red/orange and blue/cyan contours were
derived from our originalCoMFA SAR study!® and
indicate regions where steric volume is associated with
decreased or increased biological potency, respectively.

With regard to the electrostatic properties of each
compound, Figure 2D reveals the similarity between the
electrostatic potential of anandamide and A°-THC.
These molecular electrostatic potential (MEP) contours
were generated using semiempirical calculations based
on the AM1 Hamiltonian (SPARTAN, WaveFunction,
Inc.) to derive the partial charges and contour maps.
There is a striking similarity in the electronegative
regions (red) between A%-THC and anandamide in the
proposed pharmacophoric conformation. The electrone-
gative regions at the “bottom” of the molecule (pyran
and carbonyl in A%-THC and anandamide, respectively)
suggest potential sites for hydrogen bonding with a
receptor site, as could the electronegative region at the
top. Thus, the MEP maps reflect the similarity in two
of the three points chosen for superposition, with the
remainder being associated with the hydrophobic side
chain.

Relationship between Conformational Mobility
and Pharmacophoric Conformation. The relation-
ship between conformational mobility of anandamide
analogs with zero, one, three, four, and five double bonds
in their polyene chains and their ability to overlap with
AS-THC was evaluated by plotting the energies of the
conformations obtained for each analog against the rms
fit and volume difference defining the pharmacophore
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Figure 2. Structural comparisons of anandamide and A%-THC. (A) Alignment used for comparing fatty acid ethanolamides to
AS-THC (bottom structure). The dashed lines show the five atoms used for superposition by rms fitting. Although in this figure
the superpositioned atoms are shown for anandamide (top), these same atoms were used in all of the fatty acid ethanolamides.
The atoms of each structure have been colored so as to emphasize their structural similarity. (B) Stereoviews of the overlayed
structures of A>-THC (yellow carbon atoms) and anandamide (green carbon atoms). (C) Stereoviews of the overlayed structures
of AS-THC (yellow carbon atoms) and anandamide (green carbon atoms) showing their nonoverlapping molecular volumes contoured
around them in yellow (unique volume of A%-THC) and green (unique volume of anandamide). The contoured areas in red and
blue were derived from a QSAR analysis (Thomas et al., 1991) and indicate areas where steric bulk leads to decreased predicted
potency (red) or increased predicted potency (blue) in a cannabinoid test of spontaneous locomotor activity. (D) Relative electrostatic
potentials of anandamide (top) and A®-THC (bottom) color-coded onto a constant electron density (95%) surface. The electrostatic
potential scale ranges from —75 (red) to +35 (blue). Note that in this view the molecules have been rotated so that the side chains
are on the left.

overlap (Figure 3). The rms deviation has been scaled
from O to 10 in all graphs, and the color coding
indicating volume difference is equivalent for all plots,
allowing the graphs to be more readily compared. Upon
close inspection of these graphs, it is clear that the
conformations obtained with an anandamide analog
with no double bonds (i.e., arachidic acid) have greater
rms deviations, as well as greater unique molecular
volumes when overlayed with A%-THC (Figure 3A), than
molecules with double bonds in their structures. Fur-

thermore, the degree of rms deviation decreases in a
systematic fashion as the number of double bonds in
the hydrocarbon side chain increase from zero to five.
This is shown by the shift in the data points to the left
(lower rms difference) from the widely scattered pattern
of points obtained with arachidic acid (Figure 3A), to
the less scattered plots obtained with the analogs with
one double bond (11-eicosaenoic acid ethanolamide;
Figure 3B), three double bonds (homo-y-linolenylic acid
ethanolamide; Figure 3C), and four double bonds (anan-
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Figure 3. Graphs comparing the conformational freedom of anandamide analogs with varying degrees of unsaturation (A =0
in arachidic acid, B = 1 in 11-eicosaenoic acid ethanolamide, C = 3 in 8,11,14-homo-y-linolenylic acid ethanolamide, D = 4
(anandamide), and E = 5 in 5,8,11,14,17-eicosapentaenoic acid ethanolamide) and their ability to overlay with A°>-THC. The rms
deviation (A) from the five-point overlap is plotted on the x-axis, the energy (kcal/mol) of each conformation is plotted on the
y-axis, and the extent of nonoverlapping volume (A3) is indicated by the color coding.

damide; Figure 3D), and finally to the most concentrated
pattern of points obtained with the analog with five
double bonds (eicosapentaenoic acid ethanolamide; Fig-
ure 3E). Furthermore, the difference between the
molecular volume of A>-THC and a particular analog
also decreases as the number of double bonds increases,
reaching a minimum volume difference at four double
bonds, as indicated by the color coding. The absolute
best volume overlap (purple symbol, 180—200 A3) be-
tween the various fatty acids with A°-THC occurs only
at the tetraene level. Beyond four double bonds the rms

deviations appear to continue to decrease; however, the
volume difference begins to increase again. Therefore,
even though the range and magnitude of the rms
deviation continued to decrease in the conformations
obtained with five double bonds, the optimal combina-
tion of all three factors appears to be at four double bonds
(i.e., the structure of anandamide).

One could hypothesize that the difference in the
proportions of different conformations among these
analogs (the conformational equilibria) will be related
to their relative potency. In fact, among the five fatty
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Table 1. Behavioral Potency, Energy, and Superposition of Tetraene Analogs Constrained to Pharmacophore Alignment

EDso (umol/kg) pharmacophore global rms volume
spontaneous tail-flick overlay energy® minimum energy¢ deviationd difference®

compound activity? latency? (kcal/mol) (kcal/mol) A) (A3)
anandamide (arachidonic acid ethanolamide) 50.3 17.4 5.7 4.3 1.3 152
arachidonic acid propanolamide 43.7 61.4 3.8 —0.4f 1.0 164
arachidonic acid pentanolamide 495 72.9 5.4 2.0 0.8 186
arachidonic acid phenyl ether ethanolamide 23.0 74.1 2.9 -1.0 1.8 219
arachidonic acid methyl ether ethanolamide 186.1 ND¢ 6.1 2.8 2.7 182
arachidonic acid 2'-fluoroethylamide 57.2 190.0 3.3 1.2 1.0 148
arachidonic acid 2,2-dimethylethanolamide 30.5 49.6 11.7 8.6 1.7 173
arachidonic acid morpholinoamide 20.7 25.4 4.9 3.6 0.9 168

a Pharmacological potency taken from Adams et al., 1995. ® Energy of analogs that were initially constrained to pharmacophore alignment
during energy minimization. ¢ Minimum energy conformation obtained by quenched molecular dynamics simulations at 500 K. 9 rms
deviation between conformation obtained when constrained to pharmacophore alignment and AS-THC. ¢ Volume difference between
conformation obtained when constrained to pharmacophore alignment and A%-THC. f Minimum energy conformation had intramolecular
hydrogen bond (non-hydrogen bonded minimum energy conformation was 2.6 kcal/mol). 9 Potency was not able to be determined (>276

umol/kg).

acid ethanolamides, anandamide, eicosapentaenoic acid
ethanolamide, and homo-y-linolenylic acid ethanolamide
possess some affinity for the cannabinoid receptor’86
and also favor conformations which can be superposed
with AS-THC, whereas arachidic acid and 11-eicosaenoic
acid ethanolamide do not. Although this is a qualitative
observation, this datum does support the relevance of
the proposed pharmacophore conformation.

Constraint of Tetraene Anandamide Analogs to
Pharmacophoric Conformations. In the ananda-
mide analogs that maintain a constant tetraene chain,
their ability to align the five superposition points is not
compromised by the presence of various substituents at
the amide terminus (data not shown). Even the mor-
pholino and phenyl ether analogs can achieve conforma-
tions that permit reasonable atom to atom overlap (i.e.,
low rms deviation). By constraining these analogs to
maximize their similarity to the overlap to A°-THC
postulated for anandamide, and then minimizing their
structure while gradually removing these constraints,
it was found that reasonable pharmacophore overlap
structures could be obtained at energies that were
within 5 kcal of the global energy minimum as de-
termined by the molecular dynamics simulations
(Table 1).

Prediction of the Pharmacological Potencies of
Tetraene Anandamide Analogs. As indicated previ-
ously, by gradually releasing the conformational re-
straints, it was possible to maintain enough structural
similarity within the tetraene analogs so that quantita-
tive structure—activity analyses could be performed
using CoMFA. The in vivo behavioral potencies of these
eight tetraene anandamide analogs could be predicted
with a reasonable degree of accuracy using a QSAR
model based solely on classical and nonclassical can-
nabinoids. Correlation coefficients of 0.54 (P = 0.1) and
0.37 (P = 0.4) were obtained between predicted and
actual potencies in the spontaneous activity and tail-
flick assays, respectively (Figure 4).

Rederivation of the CoMFA QSAR Model after
Inclusion of Tetraene Anandamide Analogs. The
ability of the QSAR analysis to accommodate the
anandamide analogs was tested by PLS analysis with
and without cross-validation. The cross-validated r2 and
the final r? values, determined for each experimental
condition, are provided in Table 2. The r? values are
also provided for analyses performed without inclusion
of the anandamide, in order to evaluate the effect of the

Potency of anandamide analogs predicted by QSAR model
derived without anandamides in training set.
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Figure 4. Correlation between predicted and actual potencies
of tetraene anandamide analogs. Predicted EDso values of
anandamide analogs to decrease spontaneous locomotor activ-
ity and tail-flick latency are plotted against their actual EDsg
values. The top graphs are obtained when predictions are made
solely on the basis of classical and nonclassical cannabinoids
(i.e., no anandamide analogs in training set): 1 = anandamide,
2 = arachidonic acid propanolamide, 3 = arachidonic acid
pentanolamide, 4 = arachidonic acid 2,2-dimethylethanola-
mide, 5 = arachidonic acid 2'-fluoroethylamide, 6 = arachi-
donic acid morpholinoamide, 7 = arachidonic acid methyl ether
ethanolamide, 8 = arachidonic acid phenyl ether ethanolamide.
The lower graphs show the prediction of the anandamide
analogs (solid symbols) when they are included in the training
set of classical and nonclassical cannabinoids (open symbols).

anandamide analogs on the QSAR analyses. Although
some differences can be noted between analyses, the
inclusion of the anandamide analogs and the rederiva-
tion of the QSAR model did not appear to adversely
affect its accuracy for predicting behavioral potency
(Figure 4).

Comparison of CoOMFA Fields. Plotting the CoM-
FA results contoured according to their PLS contribu-
tion enables visualization of important steric and elec-
trostatic regions that are correlated with experimentally
determined differences in behavioral potency. As one



Structure—Activity Analysis of Anandamide Analogs

Table 2. Cross-Validated and Final r2 Values for QSAR Analyses?2
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r2
optimal no. of Cross- standard
QSAR analysis components validated final error F value
ability to fit the EDsg values for inhibition of spontaneous acitivity 4 0.63 0.92 0.43 86
using leave-one-out cross-validation process (model derived without
anandamides, total number of compounds = 33)
ability to fit the EDsp values for inhibition of spontaneous acitivity 3 0.62 0.90 0.45 116

using leave-one-out cross-validation process with anandamides

(model derived with anandamides, total number of compounds = 41)
ability to fit the EDsg values for tail-flick inhibition using leave-one-out 4 0.45 0.89 0.50 58
cross-validation process (model derived without anandamides, total

number of compounds = 33)

ability to fit the EDso values for tail-flick inhibition using leave-one-out 5 0.45 0.93 0.40 85

cross-validation process with anandamides (model derived with

anandamides, total number of compounds = 41)

a The cross-validated (leave-one-out) r2 values are provided along with the final r2 values obtained with an equation set to the optimal

number of components.

would expect, the results derived based on classical and
nonclassical cannabinoids using a 1 A grid spacing were
similar to the results obtained in our original analyses
based on a 2 A spacing (data not shown, see ref 15 for
complete description). However, when the PLS analysis
was rederived with the eight anandamide analogs
included, the steric and electrostatic plots still revealed
only minor changes. Specifically, when examining the
steric plots, one could see that a region where decreased
predicted potency is associated with steric bulk behind
the plane of the aromatic ring at the C11 position of
AS-THC had changed slightly. This area corresponds
to the volume occupied by the inactive isomers of
classical and nonclassical compounds and is only slightly
extended after the inclusion of the anandamide analogs.
Anandamide analogs whose steric bulk would penetrate
into this region include the propanolamide and pen-
tanolamide analogs. Areas indicating where steric bulk
is associated with increased predicted potency also
appeared to be only marginally affected by the inclusion
of the anandamide analogs. Similarly, the electrostatic
maps, when generated with and without inclusion of the
anandamide analogs, were extremely similar. Thus, as
the cross-validation runs had indicated, the pharma-
cophore models for pharmacological potency in the
spontaneous activity and tail-flick assays of cannabimi-
metic activity appear to be able to accommodate the
anandamide analogs into the training set without
dramatically altering the QSAR analyses.

Discussion

The dynamics simulations used in this study have
previously been shown (with arachidonic acid and other
fatty acids) to accurately evaluate conformational mo-
bility.2® In this research on fatty acids, Rich demon-
strated that simulations of arachidonic acid, linoleic
acid, oleic acid, and arachidic acid at 500 K provided
the most thorough conformational sampling. Further-
more, it was shown that simulations for 1000 ps did not
increase the number of low-energy conformations as
compared to those obtained in simulations lasting 100
ps. Inthe present study, a three-dimensional structure
of anandamide was obtained through dynamics simula-
tions at 500 K and subsequently used to establish a
hypothetical alignment with A%-THC. This three-
dimensional structure of anandamide is in agreement
with the conformational studies of arachidonic acid®
and the chemistry of arachidonic acid as noted by Corey

and colleagues.?® This conformation possesses (1) a low
RMS deviation from A%-THC, (2) the greatest volume
overlap with A%-THC, and (3) a relatively low confor-
mational energy (<2 kcal/mol above global minimum
energy). The rationale for its selection as a putative
pharmacophoric conformation involved a number of
criteria, including its ability to align key electronegative
atoms and hydrocarbon side chains with A°-THC while
maximizing their overlap with respect to molecular
volume. In this conformation, the degree of steric
overlap and electrostatic similarity between ananda-
mide and A°-THC is relatively high. Indeed, the
similarity in its steric and electrostatic properties with
those of A°-THC is such that it is correctly predicted to
possess pharmacological activity by our original COMFA
QSAR study?!® based on 33 classical and nonclassical
compounds (predicted EDsg in inhibiting spontaneous
locomotor activity in mice of 11.6 umol/kg vs actual EDsg
of 50.3 umol/kg; predicted EDsq in increasing tail-flick
latency in mice of 22.4 umol/kg vs actual EDsg of 17.4
umol/kg).

The molecular dynamics simulations also indicate
whether a particular anandamide analog can achieve a
conformation that allows the alignment of key atoms
within our hypothesized pharmacophore overlay. By
comparing a number of anandamide analogs with dif-
fering degrees of unsaturations, we have shown that:
(1) the number of double bonds can affect their ability
to overlay with AS-THC, (2) that as their ability to
overlay specific atoms with A%-THC increases, pharma-
cological potency also increases, and (3) at five double
bonds, the restricted conformational mobility, although
still allowing atom to atom overlap, appears to compro-
mise its ability to maximize volume overlap. Therefore,
there appears to be a correlation, although qualitative,
between the ability to attain a pharmacophoric confor-
mation and pharmacological potency.

Interestingly, all of the tetraene analogs that have
been investigated have been able to fit to AS-THC with
a low rms deviation, even the phenyl ether and mor-
pholino analogs. Since all of the tetraene anandamide
analogs have been reported to bind with reasonable
affinity to the cannabinoid receptor, or produce can-
nabimimetic activity in mice,® the ability of these
analogs to achieve similar overlaying conformations
supports the proposed pharmacophoric alignment of
anandamide and anandamide analogs to A°>-THC. Fur-
thermore, the ability to predict the potency of these



478 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 2

compounds, which represent a structural class of com-
pounds entirely different from those on which the initial
model is based and also possess a limited range of
pharmacological potencies (ca. 1 log unit as compared
to a model based on a dynamic range of 5 log units),
provides quantitative support for this pharmacophoric
alignment. Although the correlation coefficients of 0.54
and 0.37 are not statistically significant, the ability to
correctly indicate a potency trend for compounds pos-
sessing structural variations which are not represented
by some of the entries in the training set is extremely
difficult.2® This is particularly the case when transport,
distribution, and metabolism within the biological test
system may be quite different between the anandamides
and the classical and nonclassical cannabinoids. Fi-
nally, the validity of the proposed pharmacophore model
is substantiated by its ability to include the anandamide
analogs into the previously derived QSAR without
compromising the accuracy of the model’s predictions
or altering the shape of the CoMFA-derived pharma-
cophores.

Although previous molecular modeling studies sup-
port the existence of a pharmacophore that can accom-
modate classical and nonclassical cannabinoids3-15.24.25
as well as the aminoalkylindoles,?%:15 the ability to also
include anandamide analogs had not been tested.
Indeed, due to the anandamides’ relatively uncon-
strained conformational freedom, the identification of
a “relevant” alignment with fatty acid ethanolamides
has proven to be particularly difficult. However, the
pharmacophore model described by CoMFA is consistent
with the behavioral data thus far obtained for ananda-
mide and its analogs,®1° which suggests the presence
of an active site, or overlapping binding sites, on the
cannabinoid receptor that can accommodate a wide
variety of cannabinoid analogs.

It should be emphasized that the proposed pharma-
cophore alignment of fatty acid ethanolamides and
classical cannabinoids should not be interpreted as
indicating an exact atom to atom overlap or a mapping
of structurally-required features for these two distinct
classes of compounds. For example, the N-propy-
larachidonylamide analog synthesized and tested by
Pinto et al. in 1994,° despite the substitution of the
hydroxyl group with a methyl, possesses a 3-fold greater
affinity for the cannabinoid (CB1) receptor. This is
unusual in that classical and nonclassical cannabinoids
typically show reduced affinity for the CB1 receptor and
decreased biological potency when the phenolic hydroxyl
is replaced with a hydrogen.2” A plausible explanation
for the apparent activity of this compound is that it
possesses additional functionality that compensates for
the absence of the hydroxyl group. In addition, the
guestion remains as to whether the decrease in potency
in classical and nonclassical cannabinoids that occurs
with the removal of the hydroxyl is due to the removal
of an electrostatic region, the absence of a region of
steric bulk (which would not be the case in N-propy-
larachidonylamide), or a combination of these features.
Unfortunately, the N-propylarachidonylamide com-
pound has not been tested in the behavioral paradigms
we are modeling. Nevertheless, the proposed alignment
represents a theoretical framework allowing rational
structural comparison between the fatty acid ethano-
lamides and other cannabimimetics. Since the model

Thomas et al.

possesses predictive power, future extension of this work
will include prediction of candidate compounds for
synthesis and further development of our pharmacoph-
ore model to include the wide variety of cannabinoid
agonists (and antagonists) that have been described.
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