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Abstract

a/B-hydrolase domain-containing 6 (ABHDG6) represents a potentially attractive therapeutic target
for indirectly potentiating 2-arachidonoylglycerol signaling, however, the enzyme is currently
largely uncharacterized. Here we describe a five element, ligand-based pharmacophore model
along with a refined homology model of ABHDG6. Following a virtual screen of a modest database,
both the pharmacophore and homology models were found to be highly predictive, preferentially
identifying ABHDG6 inhibitors over druglike noninhibitors. The models yield insight into the
features required for optimal ligand binding to ABHD6 and the atomic structure of the binding
site. In combination the two models should be very helpful not only in high throughput virtual
screening, but also in lead optimization, and will facilitate the development of novel, selective
ABHD®G inhibitors as potential drugs.

Introduction

The endocannbinoid 2-arachidonoylglycerol (2-AG; Fig. 1) is a potent agonist at both
cannabinoid receptors (CB1 and CB2). Approximately 85% of brain 2-AG hydrolase
activity /in vivo can be attributed to monoacylglycerol lipase (MGL) (1-4). Two largely
uncharacterized enzymes, a/B-hydrolase domain-containing 6 (ABHDG6) and a/p-hydrolase
domain-containing 12 (ABHD12), are responsible for the majority of the remaining 15%
(1). MGL, ABHD6, and ABHD12 display different subcellular distributions, suggesting that
they may be responsible for regulating distinct 2-AG pools in the nervous system (1). While
ABHD®G accounts for only a small percentage (~ 4%) of total brain 2-AG hydrolysis, in
neurons its efficacy is similar to that of MGL (5). Neuronal ABHD® is located post-
synaptically at the site of 2-AG production, where it acts as a rate-limiting control point for
2-AG accumulation and efficacy, its acute inhibition leads to activity-dependent
accumulation of 2-AG (5). Enhanced tissue 2-AG levels are considered therapeutic against
pain, inflammation, and neurodegenerative/neuroinflammatory disorders including
Alzheimer’s and Parkinson’s diseases (6—10). Additionally, ABHDG is differentially
expressed in some cancer cell lines and has been linked to tumorigenesis (11, 12).

Of the enzymes involved in 2-AG degradation, MGL is the most well-characterized. The
high-yield bacterial expression and purification of human MGL (hMGL) has been reported
(13) along with the proteomic characterization of hMGL’s active site (14). Both apoand
inhibitor-bound X-ray crystal structures are available (15, 16), and the enzyme’s structure
has been studied with nuclear magnetic resonance techniques (17). MGL inhibitors of
varying selectivities have been reported (18-21).
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Methods

MGL and ABHDG6 are both lipases with an a/g hydrolase fold, in which a core of p sheets is
flanked by a helices with a highly conserved active-site GXSXG motif. Both enzymes
contain a Ser-His-Asp catalytic triad (postulated as S148, D278, and H306 in ABHD®6 (22)).
In marked contrast to MGL, ABHD®G is otherwise largely uncharacterized, although a potent
and selective ABHD®6 inhibitor has been reported, WWL70 (23) (Fig. 1).

Selective ABHD®G inhibition is emerging as a potentially attractive therapeutic goal as
obstacles arise with inhibition of MGL and ABHD12. It has been shown that long-term
MGL inhibition, resulting in 2-AG overload, desensitizes CB1 transmission countering any
effect of increased 2-AG level on CB1 mediated signaling (24, 25). As ABHDS is
responsible for far less net 2-AG hydrolysis than MGL, but displays equivalent efficacy to
MGL in neurons, it is possible that selective ABHD®6 inhibition may not be associated with
this drawback. Additionally, the essential role that ABHD12 has been shown to play in both
the central and peripheral nervous systems and the eye, dampen enthusiasm for pursuing
ABHD12 as therapeutic target because of the potential risk of long-term adverse effects
(26). Hence, ABHD6 may be a potentially more attractive therapeutic target for indirectly
potentiating CB1 mediated 2-AG signaling over MGL and ABHD12.

Here we describe a five element, ligand-based pharmacophore model along with a refined
homology model of ABHD6. We detail the structural requirements for ABHDG inhibition
and examine the enzyme’s active site. Following a virtual screen of a modest database, both
the pharmacophore and homology models were found to be highly predictive. The ability to
preferentially identify known ABHDG inhibitors over druglike noninhibitors verifies the
models. Knowledge of the features required for optimal ligand binding to ABHDG6 along
with an understanding of the atomic structure of the binding site will facilitate the
development of novel, selective ABHD®6 inhibitors as potential drugs.

Creation of the Ligand Database

40 carbamate compounds with known ABHDG6 activity were chosen from the literature (20,
23, 27). 36 compounds were active (0.05 pM < ICgq < 7 pM) and four ligands were inactive
(ICs0 > 50 uM) (see Supporting Information). The average Tanimoto similarity coefficient
for the actives is 0.26 (molecules with a coefficient below 0.4 are not considered to be
similar). All inhibitors are thought to act by covalent modification of the catalytic Ser148.
Molecular mechanics methods are unable to account for the intrinsic reactivity of an
inhibitor and it may be quite possible for actives and inactives to satisfy the correct
pharmacophore query or docking grid. However, these high-throughput approaches are
highly useful for identifying ligands that complement the active site, which can help achieve
selectivity and improve potency. Ideally we would prefer to have active compounds from
more than one class; unfortunately the only compounds with ABHD6 ICsg data currently
available are carbamates.

The 40 carbamate compounds (average molecular weight of 443) were seeded into a
database of 1,000 decoy ligands with an average molecular weight of 400, taken from the
Glide enrichment studies (28, 29). Multiple conformations of each compound for use with
pharmacophore models were generated with the conformational import methodology from
MOE (30). Additionally, all compounds were prepared for docking with Glide by using the
LipPrep protocol (31) and the OPLS_2005 force field.

Ligand-based pharmacophore model

The 36 ABHDG6 inhibitors and 4 known non-inhibitors were used to construct a series of
pharmacophore models with the pharmacophore elucidator in MOE (30). The approach
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exhaustively searches for all pharmacophore queries that induce good overlay of the active
molecules and separates actives from inactives. Each query was required to be satisfied by at
least 90% of the known actives, with a maximum of five pharmacophore elements. The
initial distances between features were set to integer multiples of 0.6 A. The large numbers
of resultant pharmacophore queries were clustered to a RMSD of 1.25 A. The radii of the
aromatic and hydrophobic elements was set to 1.4 A, and to 1.0 A for all other elements.
This produced 19 pharmacophore models, with either four or five elements. The overlap
score, rating the active molecules atomic overlap when satisfying the query, ranged from
28.06 — 25.57. Visualization revealed that those queries with a score below 27.40 did not
have an appropriate overlap, these pharmacophore models were discarded, and nine models
remained. Further selection focused on the three models with five elements. The models
were very similar, so the five-element model with the highest overlap score (27.70) was
selected for virtual screening.

Homology modeling

The sequence for human ABHD®6 was taken from the SWISS—PROT protein sequence
database (primary accession number Q9BV23). Initial analysis of the ABHD6 sequence
indicates that first ~9 residues are extracellular, the next ~30 residues are involved in a
transmembrane helix, and the remaining ~290 residues are intracellular. Homology
modeling considered a truncated version of the protein consisting of the cytosolic amino
acids (residues 40-337). The model of truncated ABHD6 was constructed using the native
crystal structure of BphD from Burkholderia xenovorans LB400 (PDB ID: 20G1) (32) as a
template in Prime (33). An initial BLAST alignment between the two sequences was
adjusted by taking secondary structure into account using SSpro and PSIPRED (34). This
alignment was further refined manually to account for tertiary structure (22% identity, 42%
homology, 5% gaps; Fig. 2).

The expect (E) value is an indicator of the accuracy of a homology model (35). The E-value
describes the random background noise that exists between a sequence and template. While
the alignment of hRABHD6 with 20G1 has only 22% identity, the E-value is 2”17 which
means the chance of an alignment as good as or better than this occurring by chance is tiny
(2e17). With such a low E-value for the alignment of hABDHS, it is likely that the overall
fold will be correctly predicted. Additionally, analysis of the initial homology model shows
that residues in the active site (defined as residues within 6 A of Ser148 OG) share higher
sequence homology (54% identity, 0% gaps).

When using templates with low sequence identity, loops are the regions which are most
likely to be modeled inaccurately, and the extent of the inaccuracy increases with the length
of the loop. After construction of the initial model loops which did not feature mainly
homologous residues and or contained no gaps or insertions were refined using an ab initio
loop prediction algorithm. The loop refinement step deletes the loop and reconstructs it from
a backbone dihedral library; the loop is then exhaustively sampled to identify the lowest
energy conformation. This method has been shown to achieve average RMSDs to the native
structures of 0.43 A for 5 residue loops and 0.84 A for 8 residue loops (36).

As seen in Fig. 2 most loops are small and contain few gaps or insertions so should be
modeled relatively accurately. Upon examination of the initial homology model there are,
however, three loop segments of over 10 residues in length (excluding the C-terminus tail):
M105-L119, C172-N182, and S194-S205. Loop S194-S205 is located in the lid region and
is far from the catalytic site. Loop M105-L119 is also distant from S148. C172-N182 is in
close proximity to the catalytic site, however the section which is nearest (C172-L176) is
highly conserved with three of the five residues being identical to the template thus is likely
to be modeled accurately. Following loop refinement, the protein underwent a truncated-
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Refinement

Newton energy minimization, using the OPLS_2000 all-atom force field and a Generalized
Born continuum solvation model.

Homology models which are able to separate actives from decoys in prescreening
enrichment studies on a small subset of ligands are more likely to be useful for virtual
screening (37). An induced fit protocol (38) was used to generate a variety of ABHD6-
inhibitor complexes. The seven most potent ABHDG inhibitors (1C5q < 0.2 uM) were docked
into the binding site of the ABHD6 homology model with Glide at the standard precision
(SP) level (39). The van der Waals radii of the both the ligand and enzyme were scaled by
0.5. Up to 20 poses were carried forward for refinement with Prime. Residues within 5 A of
any ligand pose were refined; this consisted of a side-chain conformational search and
optimization, followed by full minimization of the residues and the ligand. Complexes
within 30.0 kcal/mol of the minimum energy structure were taken forward for redocking.
The related ligand was redocked into each low-energy, induced-fit structure with default SP
Glide settings (van der Waal radii scaling of 1.0 for ABHDG6 and 0.8 for the ligand). This
resulted in 83 ABHDG6-inihibitor complexes. Models where the carbonyl of the ligand was
further than 4 A from the catalytic Ser148 hydroxyl were discarded, 19 complexes remained.

Each of the 19 complexes were prepared as docking receptors in Glide (39). The seven most
potent ABHDG inhibitors were prepared for docking using the LipPrep protocol (31) and the
OPLS_2005 force field and docked to each grid at the SP level. Those models not yielding
docking poses for all seven inhibitors were discarded, nine models remained.

In the BphD template structure, similar to other meta-cleveage product hydrolases, the
catalytic His and Ser are not hydrogen bonded. However, it is more likely that for ABHDS,
as with many other serine hydrolases, that a hydrogen bonding network exists between the
catalytic triad to activate the serine hydroxyl for nucleophilic attack at the carbonyl carbon
of the scissile bond. To reproduce this hydrogen bonding network, each of the nine models
underwent further minimization, the three distance constraints were applied Ser148 Oy —
His306 Ne2 = 3.0 £ 0.4 A, His306 Ne2 — Asp278 062 =3.0 £ 0.4 A, and Ser148 Oy —
ligand carbonyl carbon =3.0 + 1.0 A.

Docking-based Virtual Screening

The full database of 1,040 compounds was docked to each of the nine modified ABHD6
models using the SP procedure in Glide (39). The successfully docked compounds were
sorted based upon the Glide scores. This ranked list was then used to plot accumulation
curves and generate enrichment metrics. The area under the accumulation curve ranged from
0.86 to 0.93 (a value greater than 0.90 is considered excellent whereas a value below 0.50
would be no better than random). After visualization of each of the structures the final
ABHD6 model was selected.

Covalent Docking

The seven most potent ABHDG6 inhibitors were covalently docked to the catalytic Ser148 of
ABHDG with a covalent docking module in Prime (33). This protocol forms the specified
covalent bond and exhaustively samples the rotatable bonds of the ligand, producing a large
number of potential poses. After clustering, the enzyme-ligand complexes are minimized
and ranked by Prime energy.
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Results and Discussion

Ligand-based pharmacophore model

The optimal pharmacophore model consisted of five elements; two hydrophobic, one
aromatic and two hydrogen bond acceptor projections (which annotate the projected location
of potential hydrogen bond donor atoms from a hydrogen bond acceptor based on implicit
lone pair directions) (Fig. 3a). All 36 known ABHDG6 inhibitors satisfied the query. Each of
the ABDH6 inhibitors features a phenyl or biphenyl head-group attached to the carbamate
oxygen. This head-group often includes electron-withdrawing substituents, most commonly
a p-nitro group. The head-group is represented by an aromatic pharmacophore element. The
carbonyl of the carbamate gives rise to the two hydrogen bond acceptor projections. The
moiety of the tailgroup directly attached to the carbamate nitrogen, often a piperazine or
piperidine ring, produces a hydrophobic pharmacophore element. The end of the tail group
yields the second hydrophaobic element.

Virtual screening of 1,040 compounds including 36 known ABHD®6 inhibitors against the
final pharmacophore revealed that the model is highly predictive. The enrichment curve
shows 92% of actives being recovered in the top 4% of the database, and all actives being
recovered in the first 10.1 % of the database screened. The model was highly selective; the
ROC curve shows a true positive rate of 0.97 with a false positive rate of only 0.04 (Fig. 4).

After visualization of the overlap of known ABHDG inhibitors with the pharmacophore
query, it was clear that the majority of moieties satisfying the second hydrophobic element
were also aromatic in character. To try to elucidate an even more selective model, this
element was changed to require an aromatic ring (Fig. 3b). The enrichment curve is similar
to the original model, with 92% of actives being recovered in the top 4% of the database.
97% of the actives were recovered in the first 5.6% of the database screened however one
known inhibitor (5, (23)) does not satisfy the model. The more stringent model was more
specific than the original with a true positive rate of 0.97 and with a false positive rate of just
0.02 (Fig. 4).

Homology model

To gain further insight into the requirements for ligand binding, a homology model of
ABHDG6 was created. The core domain (approximately residues 40-179 and 255-337) has
the canonical a/p hydrolase fold and the lid (residues 180-254) is comprised of four a-
helices. The ligand binding site is located between the two domains and contains the
catalytic triad, Ser148, Asp278, His306 (Fig. 5). The binding site is largely hydrophobic
with a smaller polar region (including Ser81, Ser148, Ser307, and His306) at the end. The
nature of the ABHD®6 binding pocket complements the composition of 2-AG with the head
group occupying the hydrophilic region, while the aliphatic tail of the signaling lipid lies in
the hydrophobic region. The presumptive oxyanion hole is formed by the backbone of
Phe80 and Met149.

It is likely that many of the known ABHDG6 inhibitors act by reversible or irreversible
covalent modification of the catalytic Ser148. To gain insight into the features required for
potent ABHDG inhibition, the most potent inhibitors were covalently docked into ABHDG.
The proposed mechanism for the covalent attachment was a Sy2 reaction resulting in
carbamylation of ABHDS at catalytic Ser148 and elimination of the phenyl or biphenyl
head-group from the ligand. In each docked pose, the ligand is found in the hydrophobic
binding channel, with the carbonyl oxygen forming hydrogen bonds with the oxyanion hole
(formed by the backbone of Phe80 and Met149) (Fig. 6a). The side-chain of Phe80 is
involved in m stacking, in the T-shaped conformation, with an aromatic moiety in the
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ligand’s tail. Examination of the binding site indicates that the side-chain of Phe184 could
form a similar 1 stacking stabilizing interaction with the head group of the ligand, prior to
elimination of this group.

Comparison of the ligand based pharmacophore model with the homology model of ABHD6
shows that the representations are congruous. The oxyanion hole is duplicated by the two
hydrogen bond acceptor projections in the pharmacophore model. The side-chain of Phe184
corresponds to the aromatic pharmacophore element arising from the head-group of the
ligands. The hydrophobic channel is echoed by the hydrophobic elements resulting from the
tail-group, and the successful substitution to an aromatic element in the more stringent
model is supported by the possibility of 1t stacking with the side-chain of Phe80.

While covalent docking may describe the ABHDG6-ligand complex more accurately than
non-covalent docking, it is time consuming and not suitable for high through-put screening.
Hence, virtual screening was conducted with non-covalent docking, this approach can
identify ligands that complement the active site, which can help achieve selectivity and
improve potency (Fig. 6b).

Docking of the decoy database seeded with known ABHDG6 inhibitors against the final
homology model confirmed that the model is highly predictive. The enrichment curve shows
92% of actives being recovered in the top 12% of the database. The model is also selective;
the ROC curve shows a true positive rate of 0.89 with a false positive rate of 0.06 (Fig. 7).

Conclusions

A five element ligand-based pharmacophore model of ABHD6 has been validated and found
to be highly predictive; identifying known ABHDG6 inhibitors over drug like decoy ligands.
Requirements for enzyme inhibition were further explored by the creation of a homology
model which was also found to be highly predictive. The models are complementary and
indicate that ABHDG inhibitors should possess a hydrophilic tail, probably including an
aromatic component, which may interact with Phe80. The head-group should be aromatic in
nature to form favorable interactions with Phe184, with a polar tip, to complement the
binding channel. The oxyanion hole, formed by the backbone of Phe80 and Met149, is
available to stabilize formation of the tetrahedral intermediate. The models give insight into
the requirements for ABHDG inhibition and increases understanding of the enzyme’s
substrate-interaction site. This will accelerate the identification of potent ABHDG6 inhibitors
which will be valuable as pharmacological probes and help define this enzyme’s role in the
endocannabinoid signaling network.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

2-arachidonoylglycerol (2-AG), the native substrate for ABHD6; WWL70, a potent and
selective ABHDG inhibitor; and 5 a non-selective ABHD®6 inhibitor.
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Figure2.

hABHD6
20G1

Modeling alignment for the sequences of human ABHD6 (Q9BV23) and BphD from
Burkholderia xenovorans LB400 (PDB ID: 20G1). Aligned query and template residues
that are identical are highlighted in black; conserved residues (according to the BLOSUMG62
scoring matrix), in gray. The predicted secondary structure for ABHD6 and the
experimentally determined secondary structure for BphD are shown above and below the
sequence, respectively. B sheets are denoted by an arrow, and a helices by a block. The
residues of the catalytic triad are marked with an inverted triangle (V).
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Figure 3.

(a) Final ligand-based pharmacophore model with the potent, ABHD6 selective inhibitor
WWL70 overlaid (grey carbons). (b) More stringent ligand-based pharmacophore model
with the potent inhibitors 33e (cyan carbons) and JZL195 (magenta carbons) overlaid.
Orange spheres require aromatic interactions, green spheres are hydrophobic, and cyan
spheres are hydrogen-bond acceptor projections. Figures generated with the PyMOL
Molecular Graphics System, Version 1.4.1 Schrddinger, LLC.
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Figure4.

Receiver operating characteristic (ROC) curve for the final ligand-based pharmacophore
model is shown in red and for the more stringent model in blue. The curve for a random hit
recovery is given in a solid black line.
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Figure5.
Predicted tertiary structure of ABHDG6 with a close up of the catalytic triad. Figure generated
with the PyMOL Molecular Graphics System, Version 1.4.1 Schrddinger, LLC.
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Figure6.
The ABHD®6 binding pocket with the (a) predicted covalent binding mode of WWL70

(magenta carbons) and (b) non-covalent docking pose of JZL195 (cyan carbons). The pocket
is shown in gray, and residues that may be important in the active site are shown in stick
representation (green carbons). Figure generated with the PyMOL Molecular Graphics
System, Version 1.4.1 Schrédinger, LLC.
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Figure7.
Receiver operating characteristic (ROC) curve for the ABHD6 homology model is shown in
blue. The curve for a random hit recovery is given in a solid black line.
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