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Abstract—Substituted (thio)hydantoins (2-thioxoimidazolidinones and imidazolidinediones) were reported as new potential revers-
ible inhibitors of fatty acid amide hydrolase (FAAH). Their binding mode to FAAH was explored to rationalize their activity and
give idea to design highly active inhibitors. Starting from the crystal structure of one of these molecules, docking studies provide us
with rational basis for the design of new inhibitors within the thiohydantoin family.

© 2006 Elsevier Ltd. All rights reserved.

Fatty acid amide hydrolase (FAAH) is a membrane en-
zyme, responsible for the hydrolysis of signaling lipids,
including endocannabinoids like anandamide and 2-
arachidonoylglycerol.!> FAAH rat isoform was crystal-
lized* and is the only characterized mammalian member
of the amidase signature superfamily of serine hydrolase
bearing a unique catalytic mechanism (Ser-Ser-Lys).>¢
Anandamide exhibits a range of biological properties
having clinical implications in the treatment of sleep dis-
orders, anxiety, epilepsy, cancer, and neurodegenerative
disorders.”® Inhibition of FAAH is therefore an inter-
esting and very promising therapeutic target.'® Some
FAAH inhibitors have already been disclosed.!! These
include a series of reversible (e.g., arachidonoyl trifluo-
romethyl ketone)'? and irreversible inhibitors (e.g.,
phenyl methylsulfonyl fluoride!? or methyl arachidonyl
fluorophosphonate (MAFP)'4). More recently, two clas-
ses were identified: a series of irreversible aryl carba-
mates (e.g., URB597,15 JP104'°) and reversible o-
ketoheterocycle-based inhibitors (OL-92).!7 In our
group, (thio)hydantoins (2-thioxoimidazolidinones and
imidazolidinediones) were identified as potential revers-
ible and competitive FAAH inhibitors, devoid of affinity
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for the cannabinoid receptors.'® In order to understand
the structure—activity relationships (SAR) of this series,
characterize their binding mode in the FAAH, and pro-
pose potentially more active analogues, structural stud-
ies were performed on five selected compounds (Fig. 1).
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Figure 1. Chemical structure of selected (thio)hydantoin compounds
with their inhibitory potency'® (plsy = —logICsy, obtained using rat
brain homogenates and [*H]-anandamide).
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Crystal structure of compound 1.

Crystal structure determination of 1 (Fig. 2) was carried
out in order to elucidate its structural properties, the po-
tential functional groups interacting with the target, and
give a stable conformation useful for docking studies.'®
Both phenyl groups are orthogonal and the alkyl chain
is stabilized in an extended conformation. Intramolecu-
lar C15H- - -O1 bond restraints the orientation of phenyl
groups. In the crystal packing, H bond, CH- - -n and n—=
interactions are observed and can influence the binding
to the enzyme.

Binding mode of (thio ) hydantoins by docking studies. Ac-
tive site of the rat FAAH (rFAAH) is formed by a
hydrophobic tunnel, called the acyl chain binding chan-
nel (ACB), leading from the membrane-bound surface
to the hydrophilic catalytic triad (Ser241, Ser217, and
Lys142). From the membrane, the ACB bifurcates into
a lipophilic bulge. A second tunnel, the cytoplasmic ac-
cess channel (CA), is exposed to the solvent and emerges
at about 80° angle from the ACB.# The crystal structure
of TFAAH in complex with MAFP* being the only
reported structure of the enzyme was chosen as target
for the docking studies even though MAFP is covalently
bound to the enzyme (PDB code: IMTS5). MAFP atoms
were removed and hydrogens were added to the protein
(pH 7.4). As shown in Figure 3, the proposed binding
mode of 1 (with the highest fitness score of GOLD,
i.e., 56.96, and the best ligand-enzyme complementarit-
ies) shows that the alkyl chain replaces the one of
MAFP in the ACB. One of the phenyl rings of 1 points
toward the catalytic triad. Here the thiohydantoin moi-
ety would play the role of the double bonds of MAFP to
correctly orientate the phenyl (nonlinearly curved
shape). The other phenyl group fills a lipophilic pocket
(I1e491, Phel94, Leud04, Leul92, Gly48S, and Leud01)
unoccupied by the irreversible inhibitor. The 2-thioxo
group points just above Phe381. Such contact is also ob-
served in the crystal packing of 1. It is important to note
that no binding mode where the hydantoin moiety car-
bonyl interacts with the catalytic triad was proposed
since the conformation of the molecule does not allow it.

To test the proposed binding mode, less and more active
analogues of 1, compounds 2-5 (Fig. 1), were also
docked in rFAAH. The general binding mode is the
same as 1. For 2, both phenyl rings occupy the same

Figure 2. ORTEP view of 1 (50% probability level).
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Figure 3. Proposed binding mode of 1 (pink) (a) in the active site of
rFAAH, superimposed with the co-crystallized irreversible inhibitor
MAFP (orange); (b) in the schematic active site of rFAAH.

pocket as 1 but the hydrophobic bulge is no more filled
because the additional N-substituting phenyl rather
interacts with Phe381 (m—m interaction), flipping the
thiohydantoin moiety by 180°. Essential hydrophobic
interactions are therefore probably lost. Compound 4
is more active than 1 because the two additional carbons
of the alkyl chain can better occupy the hydrophobic
bulge where there is enough space to accommodate
longer chains.

Calculated interaction energy is in accordance with the
inhibitory potency (Table 1), with the exception of 3
and 5. In the case of 3, molecular mechanics cannot
reproduce the subtle difference between CO and CS
groups. Quantum mechanics was therefore used to ex-
plain the better activity of 1 compared to 3.

Molecular electrostatic potential (mep) maps of the 2-
thioxoimidazolidinone and imidazolidinedione moieties
were calculated and showed significant differences
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Table 1. plsy and interaction energy for compounds 1-5

Compound plso Interaction energy® (kcal/mol)

1 5.35+£0.02 —32.8
2 4.53+0.18 —26.4
3 5.02£0.02 —33.0
4 5.52%£0.02 —35.8
5 3.23+0.11 -29.0

#Interaction energy is the sum of columbic and VAW interactions.

(Fig. 4). The negative zone around CS is less attractive
than the one around CO (—44.5 and —55 kcal/mol,
respectively) due to a smaller charge on the sulfur atom.
If we compare these maps with the one of a benzyl group
(mimicking Phe381 interacting with CO and CS), we
easily understand why CS is more prone to favorably
interact with Phe381 than CO. Even though CS mainly
interacts with the CH of a phenyl group, as shown in
Figure 5a (data from CSD databank, deduced from Iso-

Figure 4. Mep maps of imidazolidinedione moieties (magenta,
—30 kcal/mol) and 2-thioxoimidazolidinone (blue; —30 kcal/mol), in
comparison with the map of a benzyl group mimicking Phe381 (red,
—10 kcal/mol).

Gly485
Leu401

Figure 5. (a) CS-phenyl interactions observed in the CSD databank.
The pink phenyl interacts with the thioxo group by CS...n bond; (b)
Mep map of a Phe-Br (—10 kcal/mol), mimicking the one of compound
5, facing Gly485 and Leu401 of the active site of FAAH.

star program?°), CS- - - bonds like the one between the
thiohydantoin and Phe381 are also observed (pink phen-
yl in Fig. 5a).

In the case of 5, one of the bromine atoms has unfavor-
able clashes with the size-limited lipophilic pocket, flip-
ping the phenyl group by 90° and destabilizing the
interaction energy. In addition, the electronegative part
of bromine atom, highlighted in the mep map (Fig. 5b),
faces the carbonyl of Gly485 and Leu401. Such repulsive
interaction is probably not correctly modeled thus
explaining the discrepancy between the plsy and the
energy of interaction. All the results show the reliability
of the proposed binding mode which is in accordance
with SAR data.

Toward more active compounds.

Reference inhibitors, like JP104 and OL-92, depicted in
Figure 6 were also docked in the rFAAH and compared
with our new inhibitors. The binding mode observed in
GOLD for JP104 and OL-92 is in accordance with the
one proposed in the literature.'®!” Both compounds
were noncovalently docked to highlight the initial
molecular recognition between the inhibitor and the en-
zyme. The saturated chain ended by an alkyne or a
phenyl group in JP104 and OL-92, respectively, binds
the same pocket as the phenyl and alkyl chain of 1
(Fig. 7). In the case of OL-92 and like 1, the phenyl
group can also occupy the lipophilic pocket. The carba-
mate or the carbonyl group lies near the hydrophilic cat-
alytic triad, forming H bonds, and the biaryl
substituents or the keto heterocycle is in the cytoplasmic
access (CA) channel, unoccupied by 1. Interaction ener-
gies of both compounds are better than 1 (—36.6 and
—40.9 kcal/mol for OL-92 and JP104, respectively),
reflecting the higher activity of the compounds, there-
fore further validating the proposed docking model.
As a result, the new 2-thioxoimidazolidinone inhibitors
and the reference ones bind to common (i.e., lipophilic
bulge and lipophilic pocket) and different pockets (i.e.,
CA channel). In order to enhance the inhibitory potency
of 1, polar groups, like a carbonyl or an amide moiety,
could be para-substituted to the phenyl to gain interac-
tions with the hydrophilic catalytic triad (Fig. 8).
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Figure 6. Molecular structure of two reference FAAH inhibitors:
JP104 and OL-92, an irreversible and a reversible inhibitor,
respectively.
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Figure 7. Proposed binding mode of JP104 (gray) and OL-92 (blue),
superimposed to 1 (magenta), in the active site of rFAAH.
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Figure 8. Structural modifications proposed to enhance the activity of
1 on FAAH.

The proposed molecule (Fig. 8) was docked in rFAAH
and shows a better interaction energy than 1
(—39.8. kcal/mol), due to additional H bonds.

In conclusion, binding mode of new potential (thio)hy-
dantoin inhibitors of FAAH was analyzed with the help
of crystallography and docking studies. The alkyl chain
binds to the ACB and one of the phenyl rings points to-
ward the catalytic triad. The other phenyl group fills a
lipophilic pocket often unoccupied by other reference
inhibitors. The present model is in accordance with
reported SAR of the series and will help to design more
active compounds.
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ethanol solution. Data were collected with a CAD4
Nonius diffractometer. The structure was solved using
direct methods and refined with the Shelx197 program.?!
Molecular modeling. All computational experiments were
conducted on a Silicon Graphics Octane2, running under
IRIX 6.5 operating system. Docking studies were carried
out using the genetic algorithm GOLD, performing
automatic docking of flexible ligands into proteins with
partial flexibility (Ser, Thr, Tyr, and Lys).**> Default
settings were used. GOLD is reported to have a good

docking accuracy.?’> To take protein flexibility into
account, the DISCOVER3 program,®* from InsightII
software,>> was used to refine the complexes (CVFF
forcefield and dielectric constant = 1#r). Two steps of
energy minimization were applied: the Steepest Descent
algorithm (convergence: 10 kcal mol™! ~!) followed by the
Conjugate Gradient algorithm (convergence:
0.01 kcal mol™' 7). Quantum mechanics calculations
were performed ab initio using 6-31 g* basis set (GAUSS-
IAN98 program).®



