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Abstract

A structure-based drug discovery method is described that incorporates target flexibility through
the use of an ensemble of protein conformations. The approach was applied to fatty acid amide
hydrolase (FAAH), a key deactivating enzyme in the endocannabinoid system. The resultant
dynamic pharmacophore models are rapidly able to identify known FAAH inhibitors over drug-
like decoys. Different sources of FAAH conformational ensembles were explored, with both
snapshots from molecular dynamics simulations and a group of x-ray structures performing well.
Results were compared to those from docking and pharmacophore models generated from a single
X-ray structure. Increasing conformational sampling consistently improved the pharmacophore
models, emphasizing the importance of incorporating target flexibility in structure-based drug
design.

Introduction

Although it is well known that proteins are inherently flexible, most structure-based drug
design methods employ a single, rigid representation of the protein. This approximation has
been deemed necessary as the search space for a flexible ligand with a flexible target
becomes impractically large. Hence, incorporating protein flexibility without a substantial
increase in computational resources remains a challenge.! Whereas the functioning of some
drug targets is intrinsically linked with their structural flexibility, the substrate- or ligand-
binding sites of some seemingly rigid proteins have been shown to be flexible upon small-
molecule engagement.2 The range of protein conformations arising from this flexibility has a
dramatic effect on a ligands binding pose,3 and therefore greatly impacts drug discovery
efforts.

Several approaches have been proposed to address the issue of protein flexibility in drug
design, including docking methods where permissible rotations of side chains in the binding
site are allowed, induced fit docking protocols, and elastic network models.:4>
Furthermore, multiple techniques utilizing an ensemble of protein conformations, either
from experimental sources or molecular dynamics (MD) simulations, have been proposed.
These approaches encompass ensemble docking, combining conformers to an average
representation, hot-spot mapping over the ensemble and the relaxed complex method.14:6

Here, we present a computational study that focuses on incorporating protein flexibility into
structure-based drug discovery as applied to the enzyme, fatty acid amide hydrolase
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Methods

(FAAH). FAAH hydrolytically inactivates various lipid amide signaling molecules
including anandamide (AEA), a principal endogenous ligand that engages and activates the
G protein-coupled receptors of the endocannabinoid system’ and is a system of particular
interest in our laboratory.8:? Pharmacological studies have shown that elevated tissue levels
of AEA consequent to FAAH inhibition exert substantial therapeutic effects against pain,
inflammation and neuropsychiatric disorders.10-12 This indirect mode of activating
endocannabinoid-system signaling by augmenting local endocannabinoid tone avoids the
adverse motor and psychotropic motor side-effects associated with systemic application of
exogenous cannabinoid receptor-1 agonists.14 These considerations have made FAAH an
attractive therapeutic target for important medical indications, and drug-discovery efforts
have led to the discovery of potent, FAAH inhibitors with varying mechanisms of action,
potencies, and selectivities.1>-18 FAAH is a membrane-associated protein with an unusual
Ser-Ser-Lys catalytic triad. Several X-ray crystallographic structures have provided details
of the enzyme’s binding pockets.1%-23 FAAH exhibits an arrangement of channels which are
involved in substrate orientation and catalysis. The membrane access channel connects the
active site to the membrane face of the enzyme; the acyl chain binding channel is thought to
accommodate the substrate’s acyl chain during catalysis; and the cytosolic port could allow
hydrophilic products to exit to the cytosol.22

We have extended a previously reported structure-based pharmacophore model generating
approach?4:25 which utilized a “static” structure (i.e., a single, rigid, conformation of a
protein) to a methodology which includes structural variations of the flexible protein.
Pharmacophore queries can accommodate target flexibility by altering the radius of the
pharmacophore elements and/or excluded volumes.26:27 While the use of a static structure
can reduce considerably the computational expense of virtual screening or de novo design, it
can limit the resulting inhibitors to a small fraction of the appropriate chemical space that
could complement the receptor.28 By using multiple protein structures (taken from multiple
X-ray crystal structures, NMR ensembles or generated through MD simulations) to represent
an ensemble of conformational states of the receptor, protein flexibility can be incorporated
into structure-based drug discovery.29-31

FAAH is a structurally well characterized enzyme with a diverse set of known inhibitors,
making it an optimal test case for the dynamic pharmacophore methodology. This work
compares sources of structural ensembles, exploring the influence of different ligands on
protein MD shapshots and contrasting the results with those produced from a set of X-ray
crystallographic structures. The results for the pharmacophore models are compared to those
from traditional docking.

Protein Preparation

Rat FAAH (rFAAH) and human FAAH (hFAAH) share high sequence similarity (83%
identity and 91% similarity). However, because of difficulties in expressing hFAAH, a large
majority of work has been performed with rFAAH. hFAAH and rFAAH have the same
catalytic triad (Ser241-Ser217-Lys142) and the active sites are highly conserved with six
mutations (Leul92Phe, Phel94Tyr, Ala377Thr, Serd35Asn, lle491Val, and Val495Met).

X-ray crystallographic structures of rFAAH and humanized rFAAH (in which six active site
rFAAH residues were mutated to match those of the human enzyme) were downloaded from
the PDB.32 This resulted in nine complexes with unique ligands, PDB IDs: 1MT5,19
2VYA,20 2WJ1,21 2WJ2,2L 3K7F,22 3K83,22 3K84,22 316,22 and 3LJ7%3. PDB ID: 2WAP
has the same ligand as PDB ID: 3LJ6 but at a lower resolution and hence was not used in
this study. For each structure of a mutant rFAAH, a homology model was constructed of the
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wild-type enzyme with prime.32 The orientation of Asn and GlIn side chains and the
protonation states for His were optimized and hydrogens minimized to an RMSD limit of
0.3 A from the starting structure using the Schrodinger protassign and impref utilities,
respectively. 34

Molecular dynamics snapshot production

Three structures were selected as the starting point for molecular dynamics simulations. The
structures were chosen on the basis of the diversity of their complexed ligands: an a-
ketooxazole inhibitor (PDB ID: 2WJ1); PF3845, a urea-based inhibitor (PDB ID: 3LJ6); and
URB597, a carbamate inhibitor (PDB ID: 3LJ7) (Fig. 1). The backbone of each structure
was highly similar. The Ca RMSD between 2WJ1 and 3LJ6 is 0.265 A, between 2WJ1 and
3LJ7 is 0.266 A and between 3LJ6 and 3LJ7 is 0.268 A. The heavy atom RMSD of active
site residues between 2WJ1 and 3LJ6 is 1.311 A, and between 2WJ1 and 3LJ7 is 1.296 A,
the main difference is the orientation of the Phe432 side-chain (2WJ1 Phe432 1 = —90° and
3LJ6/3LJ7 Phe432 y1 = ~ —173°). The positions of the active site residues of 3LJ6 and 3LJ7
are more alike and the heavy atom RMSD is 0.506 A.

The covalent bond between the catalytic Ser241 and the ligand was broken and, if necessary,
any ligand atoms not present in the crystal structure were added in an iterative process based
on the position of the available moiety. Each structure was solvated in a box of water
extending at least 10 A from the enzyme. The system was made electrically neutral by
replacing six water molecules at the most positive electrostatic potential with six chloride
ions. The water and chloride ions were minimized, followed by a full minimization of the
entire system. Heavy atoms of the protein complex were held fixed during heating, initially
12 ps were performed in the NVT ensemble at 10 K. This was followed by simulations at 1
atm in the NPT ensemble; 12ps at 10 K and 24 ps at 300 K. Unrestrained equilibration MD
were then performed for 24 ps at 300 K and 1 atm. Finally unconstrained production MD
was performed on each system for 20 ns.

All MD simulations were performed using periodic boundary conditions and a time-step of 2
fs. The electrostatic interactions were computed with the Particle-Mesh Ewald (PME)
method.32:36 The OPLS_2005 all-atom force field and the simple point charge (SPC) water
model3” were used throughout. All simulations were carried out with the Desmond.38:39

Snapshots were taken every 48 ps during production MD (417 in total) and clustered into ten
bins using the atomic RMSD between backbone atoms with a hierarchical average linkage
clustering method (Fig. 2). The water molecules, ions and ligand were removed and each bin
leader was prepared as docking receptors in glide.40

Pharmacophore model generation

Fifteen probe molecules (Fig. 3) were prepared for docking using the LipPrep protocol4! and
the OPLS_2005 force field and docked to each grid at the XP level. Energy terms computed
by the Glide XP scoring function are mapped onto the probe atoms.24 The probes are
clustered and energies from each cluster’s atoms are summed.2> The clusters are then ranked
based on these energies and the most favorable sites are translated into pharmacophore
elements. Optimization of this method found that increasing the ligand diameter midpoint
box length from 10 A (the default) to 14 A (the maximum) improved sampling of the
binding site.

The pharmacophore models from each MD trajectory were overlaid and elements which
were conserved (present in 50% or more of the ensemble) were retained. The average
position of contributing elements determines the center of the each resultant element, with
the radius given by RMSD of contributing elements. In this way protein flexibility is
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incorporated as only those hot-spots which are conserved over a dynamics ensemble are
included in the pharmacophore query. A united model was also constructed which utilized
the bin leaders from all three trajectories (30 contributing models in total). For comparison,
the same protocol was applied to an ensemble of structures comprising of the nine FAAH X-
ray structures. Additionally, pharmacophore models based on a single X-ray crystal structure
were produced for PDB IDs: 2WJ1, 3LJ6 and 3LJ7. The radii for elements of the static
pharmacophore models was set at 1.5 A for aromatic and hydrophobic elements and 1.0 A
for the hydrogen-bond donors and acceptors.2®

Excluded volumes were positioned by identifying any atom which is within 3 A of the
ligand in any ensemble. The average position of each atom gives the center of each excluded
volume and the radii are given as 1.5 A for all atom types.

Creation of the Ligand Database

39 potent FAAH inhibitors were chosen from the literature with ICsq values in the range
0.047 — 10 nM.17 The ligands included representatives from the a-ketone, carbamate and
urea classes along with other miscellaneous FAAH inhibitors (see Supporting Information)
and had an average molecular weight of 370. All 39 inhibitors are thought to act by
reversible or irreversible covalent modification of the catalytic Ser241. It is likely that, in
addition to the formation of hydrophobic, aromatic and hydrogen-bond interactions within
the active site, chemical reactivity contributes to the potency of the compounds. Molecular
modeling methods such as docking and pharmacophore models are unable to account for the
intrinsic reactivity of an inhibitor. However, these approaches are proficient at identifying
ligands that complement the active site, which can help achieve selectivity and improve
potency. The FAAH inhibitors were seeded into a database of 1,000 decoy ligands with an
average molecular weight of 360, taken from the Glide enrichment studies.#243 Multiple
conformations of each compound were generated using the conformational import
methodology from MOE.44

Evaluation of Pharmacophore Models

Each pharmacophore model was screened against the virtual database using MOE.*4 For
models with n pharmacophore elements, screens were performed that required n-1 or n-2
sites to be satisfied, with a minimum of four sites required. However, it should be noted that
even if all the crucial pharmacophore elements for FAAH inhibition are present in a single
compound, other considerations (such as chemical reactivity and stability) also need to be
met in order for the compound to be a FAAH inhibitor.*® The database was ranked by the
lowest RMSD between the pharmacophore models elements and a matching ligand
annotation points. To increase the number of hits the radius of each pharmacophore element,
given by the RMSD of the contributing elements, was increased by a multiplication factor of
five for those model derived from MD shapshots and ten for the model utilizing the x-ray
structure ensemble. The results from the pharmacophore model screening were compared to
those from docking the same database of 1039 ligands to the each of the three MD starting
structures at the SP level with Glide.0

Results and Discussion

Performance of Dynamic Pharmacophore Models

Each model was screened against a database of 1000 drug-like decoy molecules seeded with
an additional 39 potent FAAH inhibitors. The performance of the pharmacophore models,
along with those from docking is given in Fig. 4. For each MD ensemble, models which
required n-1 elements to be satisfied from an n-site model were the most favorable. The
most optimal model was that from the 3LJ7 starting structure, with 20.5% of FAAH
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inhibitors identified in the first 5% of the ranked database and 53.8% of FAAH inhibitors
identified in the first 20% of the ranked database. This dynamic pharmacophore model
performed better than the docking protocol, and the equivalent models from single “static”
structures. As well as identifying more actives than the docking protocol, the
pharmacophore screening was more rapid than docking, allowing facile searching of much
larger databases.?’

It is interesting to note the impact that the choice of protein structure, whether for a MD
starting structure or to produce a docking grid, has on the predictive nature of the virtual
screening. In this case, results using the 2WJ1 coordinates were significantly poorer than
those employing the 3LJ7 structure. Such observations are a continuing reminder that a
judicial choice should be made when selecting a structure for aiding drug design.*8

The use of snapshots from all three MD trajectories improved the percentage of FAAH
inhibitors identified in the first 5% of the ranked database to 23.1%. Despite the
employment of the same snapshots as the single staring structure trajectories, the overall
increase in the number of conformations in the ensemble improved the performance of the
pharmacophore model.

There is some disparity as to the specific FAAH inhibitors being identified by each method,
but some parallels are also noted (Fig. 5). In general, compounds of low molecular weight
with only one or two aromatic centers were not highly ranked by the dynamic
pharmacophore models or by the docking protocols, e.g. 98.47 It is likely that for inhibitors
such as 98, chemical reactivity is a larger contributor to the compounds potency for FAAH
than active site complementarity. It is also possible that for such low molecular weight
compounds, more than one molecule is present in the active site. Compounds with a higher
molecular weight and three or four aromatic centers are ranked highly by both methods, e.g.,
URBB880.48 A subset of inhibitors was favored by the dynamic pharmacophore models and
ranked highly only with this methodology; these compounds featured three or four aromatic
centers and could be of larger molecular weight, e.g., 69.42 Similarly, several compounds
were scored preferentially by the docking protocol; these inhibitors were of lower molecular
weight and included two or three aromatic centers, e.g., URB597.%0

A noncovalent FAAH inhibitor was recently reported®! and was screened separately using
the same decoy database of 1000 compounds (Fig. 5). Because this compound does not rely
on chemical reactivity for potency, it is an excellent test of the dynamic pharmacophore
models’ ability to identify inhibitors which complement the binding hotspots of FAAH. The
noncovalent inhibitor was highly ranked by the dynamic pharmacophore models, having
been found in the top 1% of the database screened with the 2WJ1 and 3LJ7 n-1 models, in
the top 2% with the 3LJ6 n-1 model and in the top 3% with the model utilizing all 30
snapshots.

Dynamic Pharmacophore Model Comparison

Each dynamic pharmacophore model consists of two hydrogen-bond acceptor and either
three or four aromatic elements (Figs. 6a, 6b, 6¢). FAAH-inhibitor interactions can be
grouped into three regions: hydrophobic contacts in the acyl-chain binding channel; the
catalytic triad and oxyanion hole; and the cytosolic port.

In rFAAH the acyl-chain binding site is a highly hydrophobic region defined by Leu192,
Phel94, Phe244, Leu380, Phe381, Leud404, Phe432 Met436 and 11e491. There are two
aromatic elements in the acyl-chain binding channel in the 2WJ1 and 3LJ7 dynamic
pharmacophore model and three in the 3LJ6 model. These elements reflect the CH-n
interactions made between the small molecule probes with Phe194, Phe381, Phe432, and
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Met436. The pharmacophore element highest in the acyl-chain binding channel corresponds
to the trifluoromethyl pyridine moiety of PF-3845. The neighboring aromatic element,
present in the 3LJ6 and 3LJ7 models, corresponds to the m-phenylene part of PF-3845.

Every model had a hydrogen-bond acceptor element, reflecting the small molecule probes
interaction with the catalytic Ser241 hydroxyl. The interaction with Ser241 is well known
for both reversible and irreversible FAAH inhibitors, and this element corresponds to the
crucial carbonyl of many FAAH inhibitors.

The cytosolic port contains one aromatic element in both the 2WJ1 and 3LJ6 dynamic
pharmacophore models and two aromatic elements in the 3LJ7 model. There is also a
conserved hydrogen-bond acceptor element in all three models reflecting an interaction with
the amine backbone of both Cys269 and Val270. There is also crystallographic evidence that
certain a-ketoheterocycle-based FAAH inhibitors form hydrogen bonds from the meta
substituent on the pyridine ring to both Cys269 NH and Val270 NH (PDB IDs: 3K7F and
3K83).15‘22’52

United Dynamic Pharmacophore Model Comparison

Five pharmacophore elements were retained when the 10 snapshots from each MD
simulations were combined to produce a united model (Fig. 6d). There were three aromatic
elements in the acyl-chain binding channel in similar positions to those in the 3LJ6 model.
In addition, the two hydrogen-bond acceptor elements seen in the each separate dynamic
model are also included. However, no aromatic elements were conserved in the cytosolic
port.

Static Pharmacophore Model Comparison

The pharmacophore models derived from a single, static structure performed poorly for this
system (Fig. 4). Comparison of the models with those from the ensemble of structures
reveals some elements in common, but also extraneous sites and missing interactions (Figs.
7a, 7b, 7¢). There is a reduction in the number of aromatic sites in the acyl-chain binding
channel. In the model generated from the X-ray structure PDB ID: 2WJ1 an extra hydrogen
bond acceptor is seen in the channel reflecting the interaction of the small probe molecules
with the backbone amine of Phe194. A hydrophobic interaction is seen in the model derived
from PDB ID: 3LJ7. However, neither of these interactions is conserved over an ensemble
of conformations for rFAAH.

The models from PDB IDs: 3LJ6 and 3LJ7 both had a hydrogen-bond acceptor element
reflecting the small molecule probes interaction with the catalytic Ser241 hydroxyl as was
seen in the dynamic pharmacophore models. However, there is no analogous element in the
model derived from 2WJ1; in its place there is a hydrogen-bond donor element which
highlights the probe molecules interaction with the Ser241 hydroxyl oxygen. In the 3LJ7
static pharmacophore model, both a hydrogen-bond donor and hydrogen-bond acceptor
describe the interaction with the catalytic Serine.

The cytosolic port in each static pharmacophore model contains the highly conserved
hydrogen-bond acceptor element seen in the dynamic models (reflecting interactions with
the amine backbone of both Cys269 and Val270). An aromatic element is also present,
which is conserved among the X-ray structures. In addition, each model contains one or two
hydrogen-bond donors reflecting the interaction between the small molecule probes and
Ser217 hydroxyl (2WJ1), Met191 backbone carbonyl (3LJ6 and 3LJ7), and hydroxyl
Thr236 (3LJ7). However, none of these interactions are conserved across an ensemble of
rFAAH conformations.
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X-ray Pharmacophore Model Comparison

The pharmacophore model constructed using the ensemble of x-ray structures did perform
highly compared to the static models; however, the performance was similar to that seen in
the more successful docking protocols (3LJ6 and 3LJ7) (Fig. 4). The model consisted of just
four elements (Fig. 7d). There are two hydrogen-bond acceptor elements placed in
analogous positions to those found in the other rFAAH models, reflecting the small
molecule probes interaction with the catalytic Ser241 hydroxyl and the amine backbone of
both Cys269 and Val270. There are also two aromatic elements, one in the acyl-chain
binding site and the other in the cytosolic port.

The mean RMSD of heavy atoms in the X-ray structure ensemble to their average structure
was 0.48 A, compared to 1.17 A, 1.03 A and 1.12 A for analogous RMSD measurement in
the 2WJ1, 3LJ6 and 3LJ7 MD ensembles respectively. Less structural variations in the
active site leads to pharmacophore elements with small radii (due to their contributing
elements lower RMSDs), this effect is characteristic of models produced from an ensemble
of crystal structures.30-31 However, despite a close structural similarity among the X-ray
structures, the clustering process identified binding hot-spots and discarded superfluous
elements. The outcome was a model which was much more effective in identifying FAAH
inhibitors over drug-like non-inhibitors than models constructed using a single X-ray
structure.

Although the ensembles of structures generated from MD simulations yielded a larger range
of protein conformations which appears to be advantageous in structure-based drug design,
the time involved the running of such simulations may be prohibitive. If an ensemble of X-
ray structures is available, its use may provide an expedited route to generating a dynamic
pharmacophore model over a MD trajectory without a significant drop in performance.

Conclusion

The dynamic pharmacophore method we have described here has successfully been able to
identify known FAAH inhibitors from a drug-like decoy database. The screening is rapid,
and the protocol represents a large improvement over pharmacophore models based on a
single static x-ray structure. Dynamic pharmacophore models incorporate protein flexibility
and highlight binding hot-spots within the protein active site. For FAAH this represents an
advantage over docking protocols resulting in more FAAH inhibitors being ranked highly.
Increasing conformational sampling by combining snapshots from multiple trajectories
resulted in an improved model, emphasizing the importance of incorporating target
flexibility.53 Although our prime focus was generating pharmacophore models from MD
snapshots, it was shown that utilization of an ensemble of x-ray crystal structures produced
similar results without the need for lengthy MD simulations. The main advantage of the
dynamic pharmacophore method is that it is a structure-based method independent of known
inhibitors; this feature is valuable for targets for which there are a paucity of known ligands
and, moreover, can increase the novelty of a hit list.>* By highlighting only binding hot-
spots which are conserved over an ensemble of structures and altering the radius of the
resultant pharmacophore elements to reflect the RMSD of the interaction, the method
incorporates target flexibility at a much lower cost than docking methods. Additionally,
pharmacophore-based screening has an increased throughput when compared to docking
methods.

Now that the dynamic pharmacophore method has been shown to be a predictive structure-
based approach for FAAH, it can be extended to testing on systems where there are few
known inhibitors with hits confirmed through experimental evaluation. It is anticipated that
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this extension to blind testing will show dynamic pharmacophore models to be an efficient
and productive structure-based drug discovery tool.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FAAH inhibitors used in MD simulations with orientation in the binding channel indicated.
Moieties in red were not present in X-ray structure.
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Fig. 2.

Average backbone structure for MD snapshots from (a) 2WJ1, (b) 3LJ6, and (c) 3LJ7. A
red, thicker tube indicates greater RMSD across the ensemble, whereas a blue, narrow tube
shows limited flexibility. The oval indicates the substrate-binding site region, and a close-up
of the region is shown below.
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Small molecule probes used to elucidate binding hot-spots in the FAAH binding channels.
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Fig. 4.
Percentage of actives recovered in the top 5%, 10% and 20% of the ranked database.
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Fig. 5.

Examples of FAAH inhibitors not highly ranked by dynamic pharmacophore models or
docking (98), ranked highly by both methods (URB880), only ranked highly by dynamic
pharmacophore models (69), only ranked highly by docking protocols (URB597) and a
noncovalent FAAH inhibitor.
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Fig. 6.

The dynamic pharmacophore models utilizing snapshots from MD trajectories with starting
structure taken from PDB ID: (a) 2WJ1, (b) 3LJ6, and (c) 3LJ7. Also given is (d) a united
model generated using snapshots from all three trajectories. For clarity, elements of all
models are shown with radii of 1xRMSD and excluded volumes are not shown. Orange
spheres require aromatic interactions and red spheres are hydrogen-bond acceptors. The
catalytic Ser241 is shown in stick representation and the molecular surface, from 2WJ1,
3LJ6 or 3LJ7 appropriately, is shown in gray (Ser241 and the mesh do not represent any
feature of the pharmacophore models).
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Fig. 7.

The static pharmacophore models utilizing PDB IDs: (a) 2WJ1, (b) 3LJ6, and (c) 3LJ7. Also
given is (d) a model resulting from an ensemble of nine unique FAAH-inhibitor complexes.
For clarity, excluded volumes for all models are not shown and the elements of the X-ray
ensemble model are shown with radii of 1xRMSD. The radii of the aromatic and
hydrophobic elements in the static models are 1.5 A and 1.0 A for the hydrogen-bond donors
and acceptors. Orange spheres require aromatic interactions, green spheres are hydrophaobic,
red spheres are hydrogen-bond acceptors and blue spheres are hydrogen-bond donors. The
catalytic Ser241 is shown in stick representation and the molecular surface, from 2WJ1,
3LJ6 or 3LJ7 appropriately, is shown in gray (Ser241 and the mesh do not represent any
feature of the pharmacophore models).
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