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ABSTRACT:

Structure-based virtual screening was applied to design combinatorial libraries to discover novel and potent soluble epoxide
hydrolase (sEH) inhibitors. X-ray crystal structures revealed unique interactions for a benzoxazole template in addition to the
conserved hydrogen bonds with the catalytic machinery of sEH. By exploitation of the favorable binding elements, two iterations of
library design based on amide coupling were employed, guided principally by the docking results of the enumerated virtual products.
Biological screening of the libraries demonstrated as high as 90% hit rate, of which over two dozen compounds were single digit
nanomolar sEH inhibitors by IC50 determination. In total the library design and synthesis produced more than 300 submicromolar
sEH inhibitors. In cellular systems consistent activities were demonstrated with biochemical measurements. The SAR under-
standing of the benzoxazole template provides valuable insights into discovery of novel sEH inhibitors as therapeutic agents.

’ INTRODUCTION

Oxidative metabolism of arachidonic acid yields a class of
potent biological lipids collectively referred to as the eicos-
anoids.1 These lipid mediators act physiologically to modulate
a variety of cellular activities and play a role in pathophysiology of
many illnesses, especially inflammatory and cardiovascular dis-
eases. Two arachidonic acid oxidative enzyme systems, cyclooxy-
genases and lipoxygenases, are well studied, the inhibition of
which have yielded important anti-inflammatory drugs. The third
major family of arachidonic acid oxidative enzymes, cytochrome
P450s, also generates physiologically important eicosanoids.2

Epoxyeicosatrienoic acids (EETs) are cytochrome P450-de-
rived eicosanoids.3,4 When synthesized in endothelial cells, EETs
produce vasodilation and inhibit cytokine-induced inflammatory
responses in the vasculature, heart, and kidney.5-7 The major

catabolic pathway of EETs is catalyzed by soluble epoxide hydro-
lase (sEH), which converts EETs to biologically less active and
more rapidly excreted dihydroxyeicosatrenoic acids (DHETs).
In this hydrolyzing function of incorporating the oxirane into the
vicinal diol product, sEH shows a high degree of selectivity for
lipid epoxides including the regioisomeric EETs. Inhibition of
sEH circumvents the major metabolic pathway of EETs, thus
enhancing their circulating concentrations and the associated
beneficial biological responses. Effective sEH inhibitors have the
potential of treating cardiovascular dysfunction and preventing
renal damage.8-12
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sEH is a member of the R/β hydrolase fold family of enzymes.
It forms homodimers with each monomer containing two doma-
ins with distinct activities. The N-terminal domain possesses
phosphatase activity but is not involved in epoxide hydro-
lysis.13,14 The epoxide hydrolase activity resides exclusively in
the C-terminal domain, which possesses anR/β-sheet core domain
and a lid domain.15,16 The catalytic unit, situated between the R/β
hydrolase fold domain and the lid domain, contains anAsp-His-Asp
catalytic triad and two neighboring tyrosine residues in the lid
domain, Tyr381 and Tyr465, pointing toward the active site cavity.
The catalytic mechanism proceeds via an SN2-type reaction in
which the epoxide is activated by hydrogen bonds with Tyr381
and/or Tyr465 and undergoes nucleophilic attack by Asp333 to
form an alkyl enzyme intermediate, which subsequently collapses
into the diol product via incorporation of awatermolecule activated
by His523.15,17-20

A small molecule inhibitor blocking the hydrolase activity of
sEH intersects directly the catalytic machinery. The hallmark of
such binding interaction consists of simultaneous hydrogen
bonds with the two tyrosine residues on the lid and with the
catalytic Asp333 from the R/β-sheet domain. Such hydrogen
bonds are usually instituted by a urea or amide moiety of the
inhibitor molecule. Urea-containing inhibitors,21-23 arylamides,24

and piperidylureas25 have been cocrystallizedwithmammalian sEH.
Elucidated by high-resolution X-ray crystal structures, the residues
of the sEH active site are conformationally rigid in general, regard-
less of whether the catalytic pocket is occupied by a urea inhibitor
or not.22,23,26,27

Using sEH crystal structures for virtual screening, we designed
combinatorial libraries to facilitate the discovery of potent sEH
inhibitors based on a benzoxazole template linked to the amide
moiety. Surveying commercially available sources, we identified
more than 2000 reagents to form the benzoxazole-based pro-
ducts. With the aid of primary binding interactions elucidated by
crystal structure, we evaluated plausible binding of the virtual
products by computational docking experiments. In place of the
docking scores, we applied the distances of the critical inhibitor-
enzyme hydrogen bonds as measures of goodness-of-fit. Virtual
screening selected over 500 products for synthesis, of which
nearly 400 compounds were synthesized. Biological assay of the
library and compounds from the follow up libraries yielded
exceptionally high hit rates and multiple single-digit nanomolar
sEH inhibitors, testifying to the success of virtual screening. The
enhanced understanding of the structure-activity relationship
(SAR) for the benzoxazole series helps accelerate the design and
discovery of novel potent sEH inhibitors.

’RESULTS

Crystal Structure of Benzoxazole Compound Bound in
sEH. From our screening effort the benzoxazole compound 1
emerged as a potent sEH inhibitor (IC50 = 32 nM). To understand
its interaction, the crystal structure of 1 bound to the active site of
sEH was determined by cocrystallization of the ligand with the
C-terminal domain. Depicted in Figure 1, the compound binds
deeplywithin the active site of sEH, forming a network of hydrogen-
bonding interactionswith key protein atoms. The amide nitrogen of
the ligand forms a hydrogen bond with one of the oxygen atoms of
the catalytic aspartate residue, Asp333. The carbonyl oxygen of the
ligand forms H-bonds with the hydroxyl group of Tyr381 and the
side chain amide nitrogen ofGlu382.The hydroxyl group ofTyr465
is within hydrogen-bonding distances of the carbonyl oxygen and

the nitrogen of the benzoxazole moiety of the inhibitor, although
the geometry is imperfect. The oxygen atom of the benzoxazole
group is engaged in a strong hydrogen-bonding interaction with the
imidazole side chain of His523. The 5-chlorobenzoxazole moiety
occupies the smaller of the two lipophilic pockets in the sEH active
site, forming van der Waals interactions with several hydrophobic
amino acids including Phe265, Phe385, Leu395, Leu406, Met418,
Leu427, andTrp524. The larger, solvent exposed pocket of the sEH
active site is occupied by the cyclopentyl group of the ligand which
forms stacking interaction with the indole side chain of Trp334 and
is engaged in van derWaals contacts with the side chains ofMet337
and Leu498. The crystal structure also reveals the presence of
several well-defined solventmolecules in the larger lipophilic pocket
of sEH which could be potentially displaced to further optimize the
binding affinity of the compound.
In summary X-ray crystallography revealed a novel interaction

mode of the benzoxazole amide template with the sEH hydrolase
domain: the hydrogen bonds with the two tyrosine residues are
shared by the carbonyl oxygen and the benzoxazole nitrogen of
compound 1, which in turn directs the amide NH straight to the
Asp333 side chain.
Compound Library Design. Revealed by X-ray crystallogra-

phy, the enhanced hydrogen bonds with the tyrosine residues via
the benzoxazole moiety are novel to known sEH inhibitors. As a
result, the benzoxazole template is perceived to achieve high
efficiency of sEH inhibition. To efficiently explore the SAR
within this chemical space that exploits such favorable binding
interactions, a combinatorial library approach was undertaken
in pursuit of potent sEH inhibitors. On the basis of our
internal experience with dozens of published and internal X-ray
crystal structures, molecular docking was predictive of small
molecule binding to the sEH protein. In order to fully take
advantage of the rich structural information of sEH, docking
and virtual screening were employed as the primary engine
to the generate binding hypothesis for the virtual library com-
pounds.

Figure 1. Molecular structure of sEH inhibitor compound 1 and its
binding interactions illustrated by X-ray crystal structure of its complex
in the human sEH hydrolase domain. The benzoxazole nitrogen and the
amide oxygen form concurrent hydrogen bonds (dotted lines) with the
two tyrosine residues of the lid domain, Tyr381 and Tyr465, respec-
tively. Additional hydrogen bonds are formed between the ligand and
His523 and Asp333 of the catalytic triad. The structure is generated
using PyMOL.39
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In addition to discovering potent sEH inhibitors, we aimed to
improve the ADME properties of 1, especially its poor metabolic
stability (10% remaining in microsomal metabolic stability assay)
and low solubility (4 μM kinetic solubility). It has a relatively
high ClogP value of 4.2, to which a significant contribution comes
from the cyclopentyl moiety. It was conjectured that the un-
protected aliphatic groups could undergo rapid metabolism
by cytochrome P450 enzymes.28 Therefore, lowering ClogP was a
strategywe apply to alleviate themetabolic burden in thefinal products
of the combinatorial library. Molecular properties that were tailored
under the rule of 5 and beyond are MW, ClogP, and tPSA.29,30

Molecular modeling suggested that the benzoxazole pocket of
sEH binding site is relatively enclosed, limiting the size of func-
tional groups that could possibly fit in. On the acid side of the
molecule, on the other hand, the pocket is less constricted; hence,
an abundance of chemical variations are allowed. The pocket
eventually extends into the solvent without encountering much
steric restriction. Therefore, our initial focus was to identify the
cyclopentyl replacements of 1 by exploring the relatively open
pocket of the sEH binding site to derive both potent sEH
inhibition and improved ADME properties. Accordingly the
one-dimensional exploration used the 5-chlorobenzoxazole as
the single amine of choice.
By use of vendors of commercially reliable sources and remo-

ving the reagents that contain diacids or othermultifunctions that
may interfere with the reaction scheme, a total of 2654 acids and/
or acid chlorides were found as possible building blocks for the
benzoxazole library. The acids and/or acid chlorides were then
combined with the 5-chlorobenzoxazoleamine to form the amide
products (Scheme 1). The transformed products were docked
into the sEH hydrolase active site as a means to evaluate the
goodness of fit for the individual acids and/or acid chlorides.
Docking and Virtual Screening. Molecular docking has

been proven a valuable tool in screening a large number of com-
pounds in silico and selecting the best candidates for synthesis
and biological testing. However, accurately predicting binding
free energy of a given protein-ligand complex is yet an ongoing
endeavor of computational research.31,32 Knowing this limitation
of the theoretical prediction, we avoided using docking scores as
the determining criteria for compound selection but as a guidance to
infer reasonable fit of a candidate in the binding site while visual
inspection of large number of docking poses became challenging.
Rather, given the critical role of Tyr381, Tyr465, and Asp333 of the
sEH active site in recognizing the inhibitor binding, we used the
strength of the hydrogen bonds formed between these residues and
the amide moiety of the inhibitor, measured by their respective
heavy atom distances, as the selection criterion of final products.
The hydrogen bond distances with the tyrosine and aspartate

residues are highly correlated (r2 = 0.99, Figure S1). Such high
synergy is consistent with the structural revelation, where the
hydrogen bonds engaging both sides of the trans amide moiety
anchor the inhibitor into the narrow channel of the sEH binding
site. On the other hand, the energy scores showed only moderate
correlations with the hydrogen bond distance (Table S2),

possibly a reflection of poor performance of scoring functions in
estimating binding affinity as discussed previously. By applicationof a
distance cutoff of 2.8 Å for both hydrogen bonds to the tyro-
sine and aspartate residues, 574 reagents were selected. They
exhibited favorable energies by different scoring methods; i.e.,
the most favorable values for FlexXscore, DockScore, PMFscore,
chemScore, andGoldScore are-16.3,-71.2,-83.8,-30.1, and
-104.1 kcal/mol, respectively. For the next round of selection
the hydrogen bond distance criteria were loosened up to 3.5 Å in
a search for additional fit by visual inspection of docking
generated binding complex. Nineteen additional acids were
salvaged for their representation of different chemical space from
the ones that were already pooled in. The final selection of 591
reagents, accounting for 22% of the entire collection of suitable
carboxylic acids and/or acid chlorides, was submitted for synth-
esis via combinatorial chemistry.
sEH Inhibition. A fluorometric in vitro enzyme assay was

used to identify compounds that inhibit soluble epoxide hydro-
lase activity. The hydrolysis of a surrogate substrate, 6,8-difluoro-
4-methylumbelliferyl trans-2,3-epoxy-3-phenylpropylcarbonate
(DIFMUEC), by purified recombinant sEHwas used to measure
inhibition of sEH activity. Hydrolysis of the surrogate substrate
by sEH causes cyclization and release of umbelliferone, which acts
as the assay readout with an excitation at 360 nm and emission at
460 nm. The higher the relative fluorescence unit (RFU), the more
product is produced through sEHactivity. Each compoundwas tested
in four measurements to yield an average percent inhibition.
Out of the 591 products designed, the first one-dimensional

library was delivered in two batches with a total of 383 com-
pounds synthesized, corresponding to a synthetic success rate of
65%. Figure 2a depicts molecular weight and ClogP distributions
of this library. The compounds were tested in two batches. The
first batch contained 143 compounds that were tested at 10 μM
screening concentration in the sEH enzyme assay. The results
corroborated an outstandingly high hit rate of 89% at a cutoff of
50% inhibition (Table 1). As a consequence, the screening con-
centration was lowered to 1 μM to test the second batch of 240
compounds. Similarly, compounds that exhibited 50% inhibition
or greater were deemed hits. This stringent criterion yielded a
remarkable hit rate of 65%, conveying that about two-thirds of
this batch of compounds are nanomolar sEH inhibitors. Figure 3
displays the distribution of percent inhibition for compounds in
the one-dimensional library, demonstrating robust enrichment of
potent sEH inhibitors delivered by rational design.
To afford consistent discussion for the second batch of the

one-dimensional compounds, their percent inhibition at 10 μM
was calculated from the corresponding IC50, if one is available
(see next section on IC50),

% inhibiton ¼ ½inhibitor�
½inhibitor� þ IC50

where [inhibitor] denotes the inhibitor concentration. In the
absence of IC50 values, the % inhibition at 10 μMwas converted
from 1 μM % inhibition using the following equation:

% inhibition2

¼ % inhibition1½inhibitor�2
% inhibition1½inhibitor�2 þ ð1-% inhibition1Þ½inhibitor�1

The distribution of percent sEH inhibition after the conversion is
plotted in Figure 3b. It is apparent that the converted percent

Scheme 1
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inhibition has a similar distribution as the first batch (Figure 3a)
after they are converted to the same screening concentration. Sub-
sequent discussions will be based on actual or calculated percent
inhibition at a consistent 10 μM concentration for all compounds.

In our practice the library design is primarily driven by the
theoretically predicted strength of the critical ligand-protein
hydrogen bonds. It is curious to investigate how the results may
have differed if the selection of final products had been guided by

Table 1. Summary of Synthesis and sEH Activities of Compounds from the One-Dimensional Librarya

batch no. compds proposed no. compds delivered screening concn (μM) no. sEH activeb % sEH activeb

1 591 143 10 127 88.8%

2 240 1 155 (216) 64.6% (90.0%)
aActive compounds are defined as >50% sEH inhibition at the screening concentration. bNumber in parentheses corresponds to the result after
converting to 10 μM screening concentration. Conversion of percent inhibition to 10 μM is described in Results.

Figure 3. Distribution of percent inhibitions against sEH enzyme of the one-demensional library: (a) 143 compounds tested at 10 μM; (b) 240
compounds tested at 1 μM (black box) and converted to 10 μM (gray box). Each compound is measured for four data points to produce an average
percent inhibition.

Figure 2. Distribution of molecular weight and ClogP properties for the first one-dimensional library (a) and the second two-dimensional library (b).
The second iteration library further improves on molecular weight and ClogP (toward lower trend) compared to the first library.
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the docking scores. To address that question, we let each scoring
function select its top ranking 591 candidate compounds and
retrospectively compared the hit rates in Table 2. It is intriguing
that all of the scoring functions are far less effective than the
interaction-based virtual scoring, yielding at best one-third of the
active compounds that were discovered by our undertaken strat-
egy. These results once again speak to the deficiency of scoring
functions, as they are designed to be rapidly evaluated and appli-
cable across heterogeneous receptors and ligands.
IC50 Determinations. The active compounds identified by

primary enzymatic screeningwere followedupby IC50determinations.
A total of 223 compounds were tested for their IC50 values. The
number of compounds at different ranges of sEH activities is
summarized in Table 3. All of the compounds were confirmed to
have IC50 values below 10 μM, of which 192 were submicromolar
sEH inhibitors. Seventy-nine compounds exhibited less than 100
nM activity, and 23 of them were single-digit nanomolar inhi-
bitors. The ensuing IC50 values confirmed the hits from the
primary screening and substantiated the modeling predictions.
Follow-Up Two-Dimensional Library. On the basis of anal-

ysis of the crystal structures, we predicted that there would be
room for small substitutions off the benzoxazole ring. To expand
the learning from the one-dimensional library and to develop
structure-activity relationship of benzoxazole variations, a fol-
low-up library was designed. Two-dimensional combinations of
different amines and acids were instituted in a parallel matrix.
The benzoxazole templates were derived from a number of amino-
phenols via nucleophilic ring formation using di(imidazole-1-yl)-
methanimine as the one-carbon source (Scheme 2).33

Eight aminophenols were selected to form a small diverse set
of substituted benzoxazoles. The substituted benzoxazoles were
then coupled with a smaller number of acids to form the final
products using Scheme 1. Approximately 200 acids were selected
from the one-dimensional library for amide coupling based on three
considerations. First, compounds containing chiral centers that are
not critical are removed to reduce molecular complexity. Since the
sEH binding pocket is bottlenecked around the amide moiety, we

visually inspected the acids that contain a stereogenic carbon R to
the forming amide bond. It was therefore decided to keep the cyclic
stereocenters and remove the acyclic ones that are less attractive.
Second, more stringent ClogP criteria were applied, bringing most
of the final products into the range of ClogP < 3. Third, we chose a
structurally diverse subset of acids, attempting to covermore or less
the same chemical space as the one-dimensional library. As a result,
218 acids were selected to react with the eight aminophenol derived
benzoxazoles to form the final products.
Figure 2b shows a histogram of the molecular weight and

ClogP for the second iteration library. Compared to compounds
in the first library, both molecular weight and ClogP are trended
toward the lower values, indicating continued optimization of
these properties. Results of the two-dimensional library are
summarized in Table 4. The unsubstituted benzoxazoles showed
respectable sEH activity. Methyl substituted benzoxazoles dis-
played differentiated preference for sEH interaction. In decreas-
ing hit rates they are ordered by 5,7-dimethyl-, 4-methyl-,
6-methyl-, and 5-methylbenzoxazoles. Modeling predicted that
large and polar functional groups are detrimental for the benzoxazole
pocket because of the limited size and the hydrophobic nature of the
pocket. In keeping with the prediction, low hit rates were displayed
by 5-ethylsulfonyl and 5-methyl ester benzoxazoles. The intolerance
of polarity of the benzoxazole pocket is further asserted by the
oxazolopyridine entry, inwhich case a single carbon to nitrogen atom
change abolished sEH activity of 96 compounds.
SAR of Benzoxazole Series. By application of docking-based

virtual screening to the combinatorial library design, a number of
potent sEH inhibitors were discovered. Depicted in Figure 4 is
the distribution of compounds in different ranges of IC50 values.
Of all the compounds tested out of the one-dimensional and two-
dimensional libraries, 291 compounds (88%) are nanomolar sEH
inhibitors. The remaining compounds range from 1 to 10 μM in
activity. Extremely potent sEH inhibitors were identified, of which
27 compounds showed single digit nanomolar IC50 values.
Examples of potent sEH inhibitors are given in Table 5, with

their IC50 values ranging from 3 to 270 nM. We hypothesized at
our design stage that lowering ClogP would result in sEH
inhibitors with improved metabolic stability and solubility. In
Table 5 none of the exemplified compounds have ClogP values
exceeding 4.5, with most of the ClogP values below 3. Stability of
the compounds in the presence of human liver microsomes was
assessed and is represented in Table 5 as percentage of the
remaining parent compound after 30 min of incubation. It is
notable that we have improved the metabolic stability of this set
of compounds upon the initial lead compound 1 (10% re-
maining). Compounds 1a, 1g, and 1i all demonstrated greater
than 50% remaining in the microsomal assay. The compounds
were further characterized using an in vitro COS-7 cell-based
assay to identify inhibitors of sEH which are cell-permeable and
active on native enzyme with endogenous substrate. Consistent
translation from the sEH enzyme assay to the cellular activities
was observed. In general the cellular data correlate well with the
biochemical measurement. Compounds 1b, 1c, 1d, 1h, 1i, and 1j
are identified as single digit nanomolar sEH inhibitors in the cell.

Table 2. Hit Rate Comparison of Hydrogen Bond Distances and Docking Scores

H-bond distance FlexXscore DockScore PMFscore ChemScore GoldScore

no. active compds 343 86 82 101 115 116

hit rate, % 90.0 22.5 21.4 26.4 30.0 30.3

Table 3. Summary of Activity Ranges of the sEH Inhibitors
from the One-Dimensional Library

no. compds hit rate, %

IC50 < 10 nM 23 10.3

IC50 < 100 nM 79 35.4

IC50 < 1 μM 192 86.1

IC50 < 10 μM 223 100.0

Scheme 2
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Two-dimensional heat map provides an overall SAR picture.
In Figure 5, compounds of different couplings of R1 amines and
R2 acids are presented by sEH enzyme inhibition. The leading

column, the unsubstituted benzoxazole as R1, serves as the
baseline. From analysis of crystal structures it is appreciated that
the 5-chlorobenzoxazole occupies a hydrophobic pocket of sEH,
being in close contact with the side chains of Phe265, Leu427,
Leu406, and Pro266. Therefore, removal of 5-chloro is antici-
pated to reduce potency, and this is confirmed by comparing
compounds in entry 1 of the two-dimensional library with
those from the one-dimensional library. Noted in Figure 5 for
pairwise comparisons of the benzoxazole and 5-chlorobenzox-
azole compounds, the 5-chloro substituent principally renders
the compounds more potent than the unsubstituted benzoxazole
analogs.
Entry 5 of the two-dimensional library installs a methyl repla-

cement of chloro on the benzoxazole, a bioisosteric transforma-
tion frequently applied in medicinal chemistry. Comparing direct
analogues of 5-methylbenzoxazole and 5-chlorobenzoxazole in-
dicates that such replacement engendered noticeable diffe-
rences in sEH inhibition. The 5-chloro analogues are in general
more active than the 5-methyl compounds. This is perceived to
be a ClogP effect. As illustrated in Table 5, the ClogP increases by
5-chloro and 5-methyl additions to benzoxazole are 0.8 and 0.5
units, respectively. Therefore, by incursion of a slightly higher
lipophilicity, the 5-chlorobenzoxazole compounds could outper-
form their 5-methylbenzoxazole direct analogues by more favor-
able desolvation as well as stronger hydrophobic interaction in
the benzoxazole pocket of sEH. Consistent and yet marginal
trends are displayed by IC50 comparisons in Figure 6.

Table 4. Summary of Synthesis and sEH Activities of the Two-Dimensional Librarya

aActive compounds are defined as >50% sEH inhibition at 10 μM.

Figure 4. Distribution of compounds by sEH IC50 values, ranging
between 1 nM and 10 μM. A total of 402 compounds out of the library
design have passed >50% inhibition from the primary screening and are
determined for their IC50 values. Each IC50 curve is an 11-point titration
in duplicate.
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In IC50 comparisons in Figure 6 it is apparent that either 4- or
6-methyl substitution off the benzoxazole generally cause loss
of activity by a magnitude of approximately 10-fold compared
to the unsubstituted benxozazoles. On the other hand, small
substitutents off 5-benzoxazole are beneficial to activity by
filling up the hydrophobic subpocket, demonstrated by improve-
ment in activity of both 5-methyl- and 5-chlorobenzoxazoles over
the unsubstituted benzoxazoles. Methyl and chloro appear to be

good bioisosteres of each other, yielding analogues of comparable
sEH potencies.

’DISCUSSION

It is observed that 6-methyl substitution is detrimental to sEH
inhibition in general, while 5-methylbenzoxazole improves po-
tency compared to unsubstituted benzoxazole. Modeling sug-
gested that the 6-methyl off the benzoxazole shall poke into the

Table 5. Examples of sEH Inhibitors Discovered by Library Designa

aNT: not tested.
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sEH pocket if the benzoxazole ring remains in the orientation
elucidated by the crystal structure. In order to avoid steric clashes
with the protein, the 6-methylbenzoxazole likely undergoes a
180� rotation along the connecting bond between the benzox-
azole and the amide to direct the 6-methyl into the same
hydrophobic subpocket as the 5-methyl off the benzoxazole. In
the flipped conformation the critical hydrogen bonds with the
tyrosine residues are preserved by the benzoxazole oxygen atom
in place of the nitrogen. Despite their seemingly comparable
abilities for accepting protons, the hydrogen bond to the oxygen
atom is much weaker than to the nitrogen in the benzoxazole
system. Theoretical calculations showed that the hydrogen bond
to oxazole nitrogen is more stable than to oxygen by as high as
10 kJ/mol in energy.34 Survey of crystal structures of organic
molecules confirmed that the frequency of hydrogen bonds to
nitrogens largely outnumbers that to oxygens when they are both
available in a competing situation of heterocycles.34,35 This
difference in hydrogen bond strength rejects symmetry of ben-
zoxazole and presumably accounts for the activity loss of the
6-methylbenzoxazole from the 5-methylbenzoxazole compounds.

The 5,7-dimethylbenzoxazoles displayed respectable sEH
activities when combined with a number of acids. On the basis
of modeling, the benzoxazole undergoes a slight rotation around
the connecting bond to amide from the crystal structure to direct
the 7-methyl to the open channel of the binding pocket. The
4-methylbenzoxazoles, on the other hand, displayed significant

loss of activities. This could be rationalized by modeling analysis,
which suggested that in the standing conformation represented
by compound 1 the 4-methyl is crashing into the side chains of
His523 and Trp524. One possible way to alleviate the steric clash
is that the benzoxazole ring flips along the 2-benzoxazole bond so
that the 4-methyl points to the open channel, in a spatial location
that is equivalent to the 7-methyl discussed in the 5,7-dimethyl-
benzoxazoles. In such orientation the benzoxazole oxygen would
accept the protons from Tyr381 and Tyr465, which based on
previous discussion, is a much weaker interaction than the hydro-
gen bond with the benzoxazole nitrogen. Therefore the 4-methyl-
benzoxazoles are less active against sEH for similar reasons to the
6-methylbenzoxazoles.

Although predicted binding modes may be considered gen-
erally reliable, current scoring functions are found to have very
limited accuracy in ranking compounds from diverse series or
indeed even from homologous series. Over the past two decades
significant amounts of effort have been put into refining the
scoring functions to accurately predict the binding free energies,
at least in the relative sense, so they can be used for rank ordering
if not for quantitative measures of activities. Nevertheless, given
the complexity of the ligand-protein binding process and the
approximations made in calculating desolvation and entropic terms,
the docking scores have not proven accurate in predicting binding
affinities.36-38 Progress can be made through the derivation of a
broader range of descriptors relevant to receptor-ligand binding.

Figure 5. Heat map of sEH compounds, colored by percent inhibition at 10 μM in gradients: 100% is red, 50% is yellow, and 0% is green. The x-axis
represents six benzoxazole amines, and the y-axis depicts different acid reagents.
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On the other hand, it is more productive, based on our experi-
ence, that docking scores are treated as general guidance of
goodness-of-fit and combined with more accurate measures of
the tightness-of-fit by specific molecular parameters that reflect
the essence of the binding event. Such parameters could be
derived frommonitoring the critical hydrogen bonds discussed in
this study, the geometry of an essential π-π stacking, and/or the
occupation of a hydrophobic pocket that prepositions the ligand
in the binding site. In order to apply different computational
strategies to virtual screening in an effectivemanner, it is paramount
that the unique interactions that drive ligand binding to the specific
biological target are thoroughly understood.

’CONCLUSION

Structure-based virtual screening was successfully applied to
the design of combinatorial libraries based on a benzoxazole
template exemplified by lead compound 1 to discover novel and
potent sEH inhibitors. Critical ligand-protein hydrogen bond
formation of the modeled binary complexes was utilized as the
major selection criteria. The first library focused on the coupling
of 591 acids with the 5-chlorobenzoxazoleamine. Of the 383 final
compounds synthetically delivered 90% are tested active in the
sEH enzyme assay, corroborating the high success rate of the
design. Subsequent IC50 determination confirmed 23 com-
pounds as single digit nanomolar sEH inhibitors. Retrospective
analysis of docking scores computed by five different scoring
functions suggested that they were less effective at differentiating
good binders from poor ones than the hydrogen bond criteria
used in the design. The second combinatorial library further
explored the SAR by the amide bond formation between a subset
of the acids and eight (aza)benzoxazole amines. Of the 840
compounds produced 322 were active against sEH. Cellular
activities demonstrated consistent translation from the sEH
enzyme assay results. These studies revealed intriguing SAR of

the benzoxazole template for potent sEH inhibition and valuable
insights into discovery of potent and efficacious modulators of
this potential therapeutic target.

’EXPERIMENTAL SECTION

Molecular Modeling. Transformation of acids and/or acid chlo-
rides according to Scheme 1 to their prototypical products was conducted
within Pipeline Pilot 7.5 (Accelrys Software Inc., www.accelrys.com).
The products were subsequently standardized by assigning the appro-
priate protonation states at physiological pH 7.4.

The FlexX program was used for docking calculations. The X-ray
structure of the binary complex of sEH and compound 1 was used as the
protein model. Docking protocol was tailored to increase the goodness
of match to crystal structures. The residues within 6.5 Å of the cocrystal
ligand were included in the binding site definition. In order to account
for potential charge interactions with several acidic and basic residues
within the sEH binding site, “assign formal charges” option was turned
on. No partial charges were precomputed but were assigned by the
GASTEIGERmethod during CScore calculation, which included FlexX,
DOCK, GOLD, ChemScore, and PMF. In order to account for stereo-
chemistry, the sp3 nitrogen and the R/S carbon centers were allowed to
be modified during FlexX runs. The rest of the FlexX parameters were
set to default.

For validation compound 1 was extracted out of the crystal complex
and redocked into the binding site of sEH. The root mean squared dis-
tance (rmsd) between the docked conformation and the crystal struc-
ture is 0.95 Å, with the amide and the 5-chlorobenzoxazole moieties
closely matching the crystal conformations. Most of the discrepancies
arise from the cyclopentyl group, which goes toward the opening of the
pocket. Hence, its higher flexibility could be expected.

An SPL (Sybyl programming language) script was written to extract
the hydrogen bond distances. For Tyr381/Tyr465 interaction, the shor-
ter distance between the amide carbonyl oxygen and either one of the
side chain oxygens of Tyr381 or Tyr465 was registered. For the hydro-
gen bonds with Asp333 side chain, the distances between the amide

Figure 6. Heat map of sEH compounds, colored by IC50 values in gradient: 10 nM and less (red), 100 nM (yellow), and 1000 nM and greater (green).
The x-axis represents six benzoxazole amines, and the y-axis depicts different acid reagents.
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nitrogen of the inhibitor and the two oxygen atoms of the aspartate side
chain were measured, and the shorter length was registered.
X-ray Crystallography. The C-terminal hydrolase domain of

human sEH (amino acids corresponding to 225-555) with an N-term-
inal thrombin-cleavable hexahistidine tag was expressed in insect cells
using a baculovirus expression system. Following cell lysis and centri-
fugation, the supernatant was purified by Ni affinity chromatography
using a HisTrap FF column. The bound sEH protein was eluted with
200 mM imidazole after washing with 30 mM imidazole. Subsequently,
the protein was further purified over a Sephacryl S200 column by size
exclusion chromatography. The pooled fractions were analyzed by
SDS-PAGE and mass spectrometry for purity and evaluated in bioche-
mical assays.

Cocrystals of the His-tagged hydrolase domain reagent complexed
with the ligand (1:5 stochiometry) were generated by hanging drop
vapor diffusion experiments at room temperature. Typically, 1 μL of
protein solution (5-7mg/mL, 50mMNaCl, 10% glycerol, 2 mMDTT,
50 mM sodium phosphate at pH 7.4) was mixed with 1 μL of precipitant
solution (26-30% PEG 6000, 70 mM ammonium acetate, 200 mM
magnesium acetate, 100 mM sodium cacodylate at pH 6.5). Crystals
appeared overnight and were harvested straight from the drop for
diffraction experiments.

Diffraction data were collected to 2.6 Å resolution. The crystal
belongs to the space group P212121 with unit cell dimensions a =
46.523 Å, b = 79.902 Å, and c = 89.318 Å. The crystal structures of the
complex were solved by difference Fourier methods using the known
structure of sEH. Electron density maps were calculated after a few
cycles of rigid body, positional, and B-factor refinement. Inhibitors were
modeled into the electron density using the program O and further
refined using the program X-plor. The structure of the sEH complex was
refined to Rwork of 27.9% and Rfree of 33.3%. Complete data collection
and refinement statistics are provided in Table S1 of Supporting Infor-
mation (SI).
Compounds and Analytical and Purification Processes.

Compounds were received in 96-well-plate format dissolved in 100%
DMSO. The targeted synthetic amount was 100 μmol. Then 20 μL from
each well was transferred to a daughter plate and diluted with 200 μL of
DMSO. The libraries were analyzed on LC/MS and purified using a
50 mm � 20 mm C18 column with gradient conditions. The fractions
were collected on aGilson 215 liquid handler at a maximumof 10mL/tube
using pretared tubes. The purified fractions were selected based on
comparisons of the purification chromatogram with the prepurification
LC/MS analysis, and tubes were combined that contained pure com-
pound. The final selections were analyzed on the LC/MS. Following the
analysis, the fractions were evaporated to dryness in Zymark evaporators
using nitrogen gas in a water bath at 40 �C. When the tubes were com-
pletely dried, they were placed in a 40 �C vacuum oven for 4 h and
weighed on a Bohden robot. The final weight was subtracted from the
pretared weight to give the quantity of compound present. The tubes
containing compounds that passed identity and purity specifications
were dissolved in DMSO and transferred to shipment plates. Com-
pounds were purified by chromatography to a purity of at least 95% as
determined by HPLC. Purity of the 12 exemplified compounds in
Table 5 is provided in Supporting Information Table S3 by HPLC-UV,
HPLC-ELSD, and APCI-TIC. Mass spectra were obtained using atmo-
spheric pressure chemical ionization (APCI). Full spectroscopic char-
acterization of all example compounds is provided in the Supporting
Information.
sEH Enzyme Assay. The chimeric mouse-human sEH enzyme

was expressed using a baculovirus system and comprising an N-terminal
6-His domain followed by a thrombin cleavage site and the N-terminal
domain of mouse sEH (amino acids 1-222) connected to the C-term-
inal domain of human sEH (amino acids 224-555). Sequences corres-
pond to GenPept accession numbers NP_001970 for human sEH and

NP_031966 for mouse sEH. Insect cells expressing sEH were lysed and
centrifuged at 30000g for 30 min at 4 �C. Supernatants were filtered
(0.45 μm filter) and loaded onto a 5 mL HisTrap FF column (GE
Healthcare). After washing in HisTrap buffer and 30 mM imidazole,
6-His-containing protein was eluted with 200 mM imidazole in HisTrap
buffer. Fractions containing protein were loaded onto and washed
through a HiPrep 16/60 Sephacryl S200 column (GE Healthcare) for
preparative size-exclusion chromatography. Before pooling, fractions
containing >90% purified full-length protein were identified by SDS-
PAGE and analytical size-exclusion chromatography using a BioSil250
column (Bio-Rad Laboratories). Identity of the protein was confirmed
by mass spectrometry.

The soluble epoxide hydrolase (sEH) fluorometric assay is an in vitro
enzyme assay used to identify compounds that inhibit soluble epoxide
hydrolase activity. Instead of the native EETs substrate, the hydrolysis of
a surrogate substrate, 6,8-difluoro-4-methylumbelliferyl trans-2,3-epoxy-
3-phenylpropylcarbonate (DIFMUEC), by sEH was used to follow
activity. DIFMUEC (MW = 388.32) was purchased from Invitrogen
Molecular Probes (www.invitrogen.com, 100 μg/vial) at 99% purity.
Characterization results of DIFMUEC are provided in Supporting Infor-
mation. Conversion of the surrogate substrate by sEH causes cyclization
and release of umbelliferone. The assay was performed in 384-well black
polystyrene flat bottom plates (Corning no. 3654) in PBS at pH 7.4
(GIBCO no. 10010-023). Compounds dissolved in 1% dimethylsuf-
oxide (DMSO) were incubated with the sEH enzyme at 1 nM for 10min
at room temperature. The reaction was initiated with the addition of
DIFMUEC at 5 μM. The reaction was measured kinetically or run as an
end point assay with the addition of acetonitrile to 25% final concentra-
tion as a stop reagent after 5 min of reaction. Umbelliferone was mea-
sured as the assay product with an excitation at 360 nm and emission at
460 nm using a TECAN Safire2 (Tecan Group, San Jose, CA). Relative
fluorescence units (RFU) are proportional to the amount of product
produced through sEH activity.

Compounds received preliminary biochemical evaluation by de-
termining percent inhibition at 1 and/or 10 μM. Those demonstrating
50% or greater inhibition were then tested in an 11-point concentra-
tion-response assay in duplicates for IC50 determinations. The inhi-
bition data were fit to a competitive inhibition model to determine
IC50 values.
sEH Cell-Based Assay in COS-7 Cells. COS-7 cells were spiked

with exogenous 11,12-epoxyeicosatrienoic acid (11,12-EET) substrate,
and its hydrolysis to 11,12-dihydroxyeicosatrienoic acid (11,12-DHET)
was monitored. COS-7 cells (American Type Culture Collection,
Manassas, VA) were maintained in high glucose Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT) and 1% penicillin-strepto-
mycin/L-glutamine (Invitrogen) at 37 �C in a humidified atmosphere
containing 5% CO2. Cells were plated at 30 000 per well in 96-well
format and allowed to attach overnight. Inhibitors solubilized in DMSO
were added to the wells in a final concentration of 1%DMSO. Cells were
incubated with the inhibitors for 1 h at 37 �C. The substrate, 11,12-EET
(Cayman Chemical, Ann Arbor, MI), was added to a final concentration
of 800 nM, and cells were incubated for an additional 2 h at 37 �C. The
cell culturemediumwas removed and analyzed for 11,12-DHET via LC/
MS/MS. Quantification was accomplished by online C-18 trapping of
11,12-DHET (Microm BioResources and Keystone Scientific) followed
by liquid chromatography and tandemmass spectrometry. An API-3000
mass spectrometer (Applied Biosystems) was operated in the negative
ion turbospray multiple reaction-monitoring mode using Analyst 1.4.1
software. The amount of 11,12-DHET in the sample was determined by
normalization of the integrated 11,12-DHET to an octadeuterated
11,12-DHET standard chromatographic signal.
Microsomal Stability. Human microsomal assays are performed

using pooled microsomes from Gentest to determine the clearance of a
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compound due to phase I (including cytochrome P450) metabolism. In
humans, variability in P450 expression is a significant factor, so a large
number of liver microsome preparations are pooled to represent an
average array of P450s. Substrates of 1 μM are added to the 100 mM
phosphate buffer (pH 7.4) containing the regenerating system (1 mM
NADPþ, 5 mM isocitric acid, 1 U/mL isocitric dehydrogenase) and
cofactor of 1 mM MgCl2. The samples are analyzed at the 30 min time
point for the remainder of the parent compound.

’ASSOCIATED CONTENT

bS Supporting Information. Correlation of hydrogen bond
distances and energy scores, data collection and refinement sta-
tistics for X-ray crystallography, purity and spectroscopic char-
acterization data of new compounds, and purity and character-
ization of DIFMUEC. This material is available free of charge via
the Internet at http://pubs.acs.org.
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