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Abstract
Inhibition of the mammalian soluble epoxide hydrolase (sEH) is a promising new therapy in the treatment of disorders resulting
from hypertension and vascular inﬂammation. A spectrophotometric assay (4-nitrophenyl-trans-2,3-epoxy-3-phenylpropyl carbonate, NEPC) is currently used to screen libraries of chemicals; however this assay lacks the required sensitivity to diﬀerentiate the
most potent inhibitors. A series of ﬂuorescent a-cyanoester and a-cyanocarbonate epoxides that produce a strong ﬂuorescent signal
on epoxide hydrolysis by both human and murine sEH were designed as potential substrates for an in vitro inhibition assay. The
murine enzyme showed a broad range of speciﬁcities, whereas the human enzyme showed the highest speciﬁcity for cyano(6-methoxy-naphthalen-2-yl)methyl trans-[(3-phenyloxiran-2-yl)methyl] carbonate. An in vitro inhibition assay was developed using this
substrate and recombinant enzyme. The utility of the ﬂuorescent assay was conﬁrmed by determining the IC50 values for a series
of known inhibitors. The new IC50 values were compared with those determined by spectrophotometric NEPC and radioactive
tDPPO assays. The ﬂuorescent assay ranked these inhibitors on the basis of IC50 values, whereas the NEPC assay did not. The ranking of inhibitor potency generally agreed with that determined using the tDPPO assay. These results show that the ﬂuorescencebased assay is a valuable tool in the development of sEH inhibitors by revealing structure–activity relationships that previously were
seen only by using the costly and labor-intensive radioactive tDPPO assay.
 2005 Elsevier Inc. All rights reserved.
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The soluble epoxide hydrolase (sEH, EC 3.3.2.3)1 is a
member of the a/b-hydrolase fold family of enzymes [1]
and catalyzes the hydrolysis of an epoxide to its corre*
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sponding diol through the catalytic addition of a water
molecule [2]. The endogenous substrates for the sEH include epoxides of arachidonic acid [3,4] and linoleic acid
[5,6]. Arachidonic acid epoxides (epoxyeicosatrienoic
acid epoxides, EETs) are known modulators of blood
pressure [7,8] and vascular permeability [9,10]. It has
been shown that sEH inhibition not only lowers blood
pressure in rodent models but also oﬀers protection
against hypertension-related renal damage [4,11,12].
For the past 6 years, we have investigated the therapeutic role of inhibition of mammalian sEH. Our inhibitor structures have evolved from simple symmetrical
ureas to compounds containing multiple pharmacophores that possess increased potency, aqueous solubil-
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ity, and bioavailability in rodent models [13–18]. Evaluation of these inhibitors typically begins with in vitro assays using puriﬁed recombinant sEH prior to in vivo
studies. Traditionally, we have used racemic 4-nitrophenyl-trans-2,3-epoxy-3-phenylpropyl
carbonate
(NEPC) as a substrate for a continuous kinetic assay
to determine inhibitor potency [14,19]. As the potency
of our inhibitors increased (lower IC50), we found that
the NEPC absorption-based assay was not sensitive enough to separate structurally diﬀerent inhibitors on the
basis of IC50 values. We addressed this issue previously
by using a radioactive-based assay to measure these IC50
values [15]. Although this assay was able to separate the
most potent inhibitors, allowing structure–activity analysis, it has the disadvantage of being time-consuming
and costly. Therefore, with a view to assay hundreds
of possible sEH inhibitors, it was necessary to investigate alternative assay strategies.
Spectroscopic assays present the advantages, compared with radioactive- and chromatographic-based assays, of being straightforward in design and execution
and of using common laboratory instrumentation. One
major limitation of the spectroscopic assay is that it requires a substrate whose optical output is modulated on
reaction with the enzyme. The hydrolysis of an epoxide
by sEH typically results in a diol whose spectral properties are similar to those of the parent epoxide; therefore,
a substrate that has additional mechanisms in place for
generating an optical signal is required. This has been
addressed in the literature recently by oxidative cleavage
of diols to the corresponding aldehyde using periodate
[20–23]. The resultant aldehydes can then be coupled
to suitable chromophores or ﬂuorophores and quantiﬁed using absorption or ﬂuorescence methods. Although
these methods detect epoxide hydrolase activity eﬀectively, they require high concentrations of substrate
(millimolar) and rely on external chemical modiﬁcation
steps. An alternate strategy was presented by our previously described substrate, NEPC, which undergoes an
intramolecular cyclization liberating the highly colored
4-nitrophenolate anion following hydrolysis of the epoxide moiety [19].
We recently reported that a-cyanoesters [24,25] and
a-cyanoethers [26] are eﬀective ﬂuorescent substrates
for the detection and quantitation of esterase and
P450 activities, respectively. In the case of the a-cyanoesters, O-deacylation liberates a cyanohydrin intermediate that rapidly decomposes to the highly ﬂuorescent 6methoxy-2-naphthaldehyde (1). These substrates are
highly sensitive, are hydrolytically stable, and show
large changes in their UV and ﬂuorescence spectra on
hydrolysis. We would like to report the development
of a series of ﬂuorescent substrates for mammalian
sEH, which combines the decomposition mechanism of
NEPC with the latent ﬂuorophore of the a-cyanoesters
(Fig. 1). In addition, we have designed a continuous
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Fig. 1. Proposed substrates for sEH. Following hydrolysis of the
oxirane, the resultant diol undergoes an intramolecular cyclization,
eliminating the cyanohydrin of aldehyde 1. The cyanohydrin rapidly
decomposes to ﬂuorescent aldehyde 1.

kinetic assay for the evaluation of sEH inhibitors. The
substrates described in this work will be useful tools in
the further development of potent sEH inhibitors.

Materials and methods
Reagents
All reagents and solvents were purchased from Aldrich Chemical (Milwaukee, WI, USA) unless otherwise
noted and were used without further puriﬁcation. Triethylamine (TEA) was distilled over CaH2 prior to
use. 4-Chlorocinnamyl alcohol was synthesized as per
Charette et al. [27]. Hept-3-enoic acid (85%) was purchased from TCI Chemicals (Portland, OR, USA) and
was used as received. Although not explicitly labeled
as such, 1H NMR indicated greater than 85% trans-isomer when compared with an authentic sample [28]. 6Methoxy-2-naphthaldehyde (1) was purchased from
Avocado Research Chemicals (Heysham, UK). 2-Hydroxy-2-(2-methoxynaphthalen-6-yl)-acetonitrile
was
synthesized as per Shan and Hammock [25]. (±)-NEPC
was synthesized as per Dietze et al. [19].
Synthesis
The ﬂuorescent substrates used in this study (Table 1)
were synthesized as shown in Scheme 1. All substrates
were synthesized as racemic mixtures, each containing
a trans-epoxide functionality. All chemical reactions
were conducted under a nitrogen atmosphere using
anhydrous solvents unless otherwise noted. Reaction
progress was monitored using thin-layer chromatography (TLC) with 0.2-mm glass plates precoated with silica gel 60 F254 (Merck, Darmstadt, Germany).
Chemical detection was based on the quenching of ﬂuo-
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Table 1
Substrates described in Scheme 1

Substrate

Structure

Human sEH speciﬁc activity (nmol/min/mg)

Mouse sEH speciﬁc activity (nmol/min/mg)

2

532 ± 24

275 ± 4

3

714 ± 23

214 ± 63

4

408 ± 14

125 ± 32

5

1022 ± 35

255 ± 45

6

11.7 ± 0.2

8.4 ± 0.1

7

2689 ± 44

781 ± 129

8

376 ± 6

859 ± 11

9

359 ± 6

1040 ± 93

Note. Substrates were assayed at 30 C in BisTris–HCl buﬀer (25 mM, 0.1 mg/ml BSA, pH 7.0) with [S] = 10 lM, [murine sEH] = 0–3.6 lg/well, and
[human sEH] = 0–12 lg/well. Data are the slopes ± standard errors determined by linear regression methods.

rescence from 254 nm ultraviolet light. Flash chromatography was performed with 32–63 lm silica gel (Sorbent Technologies, Atlanta, GA, USA). NMR spectra
were recorded on a Varian Mercury 300 (Varian, Palo
Alto, CA, USA) in CDCl3 using tetramethylsilane
(TMS) as an internal reference unless otherwise noted.
NMR peaks are reported in parts per million (ppm, d)
relative to TMS. High-resolution mass determinations
were performed on a Micromass LCT, an orthogonal
acceleration time-of-ﬂight (oa-TOF) mass spectrometer,
in both positive and negative modes (Micromass, Manchester, UK). Mass spectral calibration was performed
using poly-D-L-alanine (P9003, Sigma, St. Louis, MO,
USA). For brevity, representative synthetic procedures
are listed below. For additional synthetic procedures
and spectral characterization, refer to the accompanying
supplemental information.

Cyano(6-methoxy-naphthalen-2-yl)methyl trans-[(3phenyloxiran-2-yl)methyl] carbonate (7)
A solution of KCN (206 mg) in H2O (0.50 ml) was
added dropwise via syringe pump to a solution of aldehyde 1 (531 mg, 2.85 mmol) and (±)-NEPC (1.0 g,
3.17 mmol) in tetrahydrofuran (THF, 25 ml) over 1 h.
The reaction was allowed to stir at 0 C for 2 h and then
was warmed to room temperature and stirred for an
additional 2 h. Ethyl acetate (50 ml) was added to the
reaction. The bright yellow precipitate was ﬁltered,
and the ﬁltrate was washed with K2CO3(aq) (1 M) until
the aqueous layer was colorless. The organic layer was
dried over MgSO4, ﬁltered, and evaporated. The residue
was chromatographed twice on SiO2 (5% ethyl acetate in
hexanes) to give the product as a clear viscous oil
(589 mg, 53%). 1H (300 MHz) d: 7.91 (br s, 1H), 7.76
(d, J = 8.8 Hz, 1H), 7.72 (d, J = 9.3 Hz, 1H), 7.52 (dd,
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Scheme 1. Synthetic routes used for the synthesis of the a-cyanocarbonates (route A) and a-cyanoesters (route B) used in this study.

J = 6.6, 1.9 Hz, 1H), 7.30–7.10 (m, 7H), 7.15 (d,
J = 2.4 Hz, 1H), 6.38 (br s, 1H), 4.57–4.52 (m, 1H),
4.30–4.20 (m, 1H), 3.89 (s, 3H), 3.80–3.78 (m, 1H),
3.30–3.23 (m, 1H). 13C (75 MHz) d: 158.8, 153.2,
135.6, 135.4, 129.8, 128.4, 128.1, 128.0, 125.6, 125.5,
124.7, 119.9, 115.6, 105.5, 68.5, 68.2, 67.0, 58.3, 56.1,
56.0, 55.2. HRMS (m/z): calculated for C46H39N2O10
[2M + H]+: 779.2605, found: 779.2589.
Cyano-(6-methoxynaphthalen-2-yl)methyl trans-2pentenylacetate
trans-Hept-3-enoic acid (236 ll, 1.73 mmol), hydroxy-(6-methoxy-naphthalen-2-yl)-acetonitrile
(355 mg,
1.65 mmol), EDCI (330 mg, 1.73 mmol), and DMAP
(42 mg) all were dissolved in dichloromethane (15 ml)
and stirred for 36 h. The reaction was washed with
K2CO3(aq) (1 M, 2 · 20 ml) and dried over MgSO4.
The solvent was evaporated, and residue was chromatographed on SiO2 (3:1 toluene:hexanes) to give the product as a yellow oil (339 mg, 66%). 1H (300 MHz) d: 7.91
(d, J = 1.6 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.76 (d,
J = 8.7 Hz, 1H), 7.50 (dd, J = 8.6, 1.8 Hz, 1H), 7.20
(dd, J = 8.9, 2.9 Hz, 1H), 7.14 (d, J = 2.5 Hz, 1H),
6.55 (s, 1H), 5.63–5.43 (m, 2H), 3.92 (s, 3H), 3.20–3.05
(m, 2H), 2.00 (q, J = 7.2 Hz, 2H), 1.36 (m, 2H), 0.86
(t, J = 7.3 Hz, 3H). 13C (75 MHz) d: 170.2, 158.8,
135.9, 135.2, 129.8, 128.2, 128.0, 127.8, 126.5, 124.9,
120.0, 119.9, 116.2, 105.6, 63.0, 55.3, 37.4, 34.4, 22.1,
13.5.

Cyano(2-methoxynaphthalen-6-yl)methyl trans-2-(3propyloxiran-2-yl)acetate (2)
Cyano-(6-methoxynaphthalen-2-yl)methyl trans-2pentenylacetate (723 mg, 2.23 mmol) was dissolved in
dichloromethane (10 ml) and treated with m-chloroperbenzoic acid (m-CPBA, 516 mg, 3.0 mmol). The reaction
was stirred for 3 days. The reaction was washed with
K2CO3 (1 M, 3 · 10 ml), and the organic layer was dried
over MgSO4. The solvent was removed, and the residue
was chromatographed on SiO2 (15% ethyl acetate in
hexanes) to give the product as a clear oil (87 mg,
13%). 1H (300 MHz) d: 7.91 (d, J = 1.6 Hz, 1H), 7.79
(d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.50 (m,
1H), 7.20 (dd, J = 8.9, 2.9 Hz, 1H), 7.14 (d,
J = 2.5 Hz, 1H), 6.58 (s, 1H), 3.93 (s, 3H), 3.10–3.00
(m, 1H), 2.77–2.58 (m, 3H), 1.57–1.36 (m, 4H), 0.92 (t,
J = 7.2 Hz, 3H). 13C (75 MHz) d: 168.7, 168.6, 158.9,
135.3, 129.8, 128.2, 128.1, 127.9, 126.2, 126.2, 124.9,
119.9, 116.0, 116.0, 105.6, 63.3, 58.3, 55.3, 53.1, 53.1,
37.2, 37.2, 33.5, 19.0, 13.8. HRMS (m/z): calculated
for C40H43N2O8 [2M + H]+: 679.3019, found: 679.3014.
Recombinant enzyme production and puriﬁcation
Recombinant MsEH and HsEH were produced in a
baculovirus expression system and puriﬁed by aﬃnity
chromatography [29–31]. The enzyme preparations were
at least 97% pure, as evidenced by SDS–PAGE and
scanning densitometry. No detectable esterase or gluta-
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thione transferase activities, which can interfere with
sEH assays, were detected [19]. Protein concentration
was quantiﬁed by using the Pierce BCA assay using
Fraction V bovine serum albumin (BSA) as the calibrating standard.
Standardization curves
Fluorescence was measured in relative ﬂuorescent
units (RFU), and absorbance was measured in optical
density (OD). Therefore, a conversion of the measured
signal into moles of ﬂuorophore or moles of chromophore was necessary for quantitative assessment. For
this purpose, stock solutions of aldehyde 1 in dimethyl
sulfoxide (DMSO) and 4-nitrophenol in ethanol at
known concentrations were prepared. The stock solutions were diluted (1:25 stock:buﬀer for aldehyde 1
and 1:12.5 for 4-nitrophenol) with buﬀer (BisTris–HCl,
25 mM, pH 6.5, 7.0, 7.5, and 8.0 containing 0.1 mg/ml
BSA) and were added to the same buﬀer in a black polystyrene 96-well microtiter plate (Greiner Bio-One, Longwood, FL, USA) or in a clear polystyrene 96-well plate
(ThermoLabsystems, Franklin, MA, USA), giving a ﬁnal assay volume of 200 ll and a ﬁnal DMSO or ethanol
concentration of 1 or 2%, respectively (v/v). Fluorescence measurements were taken at 30 C with an excitation wavelength of 330 nm (bandwidth = 20 nm) and an
emission wavelength of 465 nm (bandwidth = 20 nm)
using a SpectraFluor Plus (Tecan, Research Triangle
Park, NC, USA) ﬂuorescent plate reader with the following settings: manual gain, 60; integration time,
40 ls; number of ﬂashes, 3. The OD readings of 4-nitrophenol were taken with a SpectraMax 340PC384 microplate
spectrophotometer
(Molecular
Devices,
Sunnyvale, CA, USA) at 405 nm. The relationship between moles of aldehyde 1 and RFU, as well as between
moles of 4-nitrophenol and OD, was plotted, and the
resulting calibration curve was used to determine the
concentration of the respective reporter molecule in
the subsequent experiments. All determinations were
performed with at least three replicates, and linear
regressions were performed with at least ﬁve datum
points.
Aqueous solubility determination
Solubility determinations were performed in clear 96well styrene ﬂat-bottom microtiter plates using a SpectraMax 340PC384 microplate spectrophotometer. Stock
solutions of the ﬂuorescent substrates in DMSO were
prepared at the following concentrations: 10, 7.5, 5,
2.5, 1.5, 1.0, 0.75, 0.5, 0.25, 0.1, and 0.05 mM. These
solutions were further diluted 1:25 (v:v) in buﬀer (BisTris–HCl, 25 mM, pH 7.0, containing 0.1 mg/ml BSA).
Then 50 ll of the diluted stock solutions was added to
150 ll of assay buﬀer in a clear 96-well plate (ﬁnal con-

tent of stock solution per well = 1%), and the absorptions of these mixtures at 800 nm were read. The
measurements were performed in triplicate at 30 C.
Aqueous stability determination
Stock solutions of substrate 7 (0.5 and 2.0 mM in
DMSO) and NEPC (2.0 and 2.5 mM in ethanol) were
prepared. These were diluted 1:25 (v:v) in BisTris–HCl
buﬀer (25 mM, 0.1 mg/ml BSA, pH 6.5, 7.0, 7.5, and
8.0) except for the 2.5 mM NEPC stock solution, which
was diluted 1:12.5 in buﬀer. Then 50 ll of the resultant
dilutions was added to 150 ll of the corresponding buﬀer in a black or clear 96-well microtiter plate. The ﬂuorescent substrateÕs hydrolysis was monitored using a
SpectraFluor Plus ﬂuorescent plate reader by measuring
the appearance of aldehyde 1 (excitation ﬁlter 330 nm,
emission ﬁlter 465 nm) for 10 min and recording the
ﬂuorescence emission every 30 s at 30 C. NEPC hydrolysis was monitored by measuring the absorbance at
405 nm for 10 min using a SpectraMax 340PC384 microplate spectrophotometer. All determinations were conducted with at least three replicates.
Speciﬁc activity determination
A 1 mM ﬂuorescent substrate stock solution in
DMSO was prediluted 1:25 in BisTris–HCl buﬀer
(25 mM, 0.1 mg/ml BSA, pH 7.0). Then 50 ll of the
resultant solution was added to 150 ll of previously
incubated (5 min at 30 C) enzyme solution in a black
96-well microtiter plate ([S]ﬁnal = 10 lM). The enzyme
solutions consisted of recombinant sEH from mouse
or human in buﬀer (BisTris–HCl, 25 mM, pH 7.0, containing 0.1 mg/ml BSA) at various concentrations. The
amount of substrate turned over was measured by determination of ﬂuorescence as described above. Initial
velocities were calculated by linear regression and plotted against the corresponding protein concentrations.
Speciﬁc enzyme activities were determined by linear
regression of the linear portion of these curves and contained at least ﬁve datum points. These determinations
were performed in quadruplicate. Assays were run under
conditions where product formation was linearly dependent both on the concentration of enzyme and on the
time for the course of the assay.
Vmax/Km determination
These assays were performed as per the determination of speciﬁc enzyme activity (vide supra). Constant
enzyme concentrations of recombinant sEH (murine
sEH: 6.9 nM; human sEH: 2.9 nM) were tested for their
activity with various substrate concentrations. For this
purpose, stock solutions of substrate in DMSO were
prepared with the following concentrations: 2.5, 1.5,
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1.0, 0.75, 0.5, 0.25, 0.1, 0.05, and 0 mM. They were prediluted as described above and subsequently were added
to preincubated enzyme/buﬀer mixtures at 30 C as described above. Initial velocities of substrate turnover
were plotted versus corresponding substrate concentrations, and Vmax/Km values were determined by linear
regression of the linear portion of these curves and contained at least ﬁve datum points. These determinations
were performed in quadruplicate.
Kinetic assay optimization
The following procedure was used to determine the
optimal concentrations of enzyme and substrate for a
kinetic assay. Various amounts of human sEH in BisTris–HCl buﬀer (25 mM, pH 7.0, containing 0.1 mg/ml
BSA, range of human sEH content = 0–71 ng/well) were
tested with various ﬁnal substrate concentrations (0–
10 lM) in a matrix where well A1 contained the highest
enzyme and substrate concentrations and well H12 contained neither enzyme nor substrate. Enzyme activity
was monitored as described above, including preincubation of the enzyme. The chosen concentration of enzyme
and substrate was then reevaluated in quadruplicate.
Inhibitor assay
IC50 values were determined using compound 7 as a
substrate. Enzymes (0.88 nM for murine and 0.96 nM
for human sEH) were incubated with inhibitors
([I] = 0.5–10,000 nM) for 5 min in BisTris–HCl buﬀer
(25 mM, pH 7.0, containing 0.1 mg/ml of BSA) at
30 C prior to substrate introduction ([S] = 5 lM). Enzyme activity was measured as described above by monitoring the appearance of aldehyde 1. Assays were
performed in triplicate. By deﬁnition, IC50 values are
concentrations of inhibitor that reduce enzyme activity
by 50%. IC50 values were determined by regression of
at least ﬁve datum points, with a minimum of two datum points in the linear region of the curve on either side
of the IC50 values. The curve was generated from at least
three separate runs, each in triplicate. Results are given
as means and standard deviations.

Results and discussion
Design and synthesis
The substrates shown in Table 1 were designed to
follow the same mechanistic path of degradation as
reported by Dietze et al. [19] for NEPC. It was necessary to ﬁnd a ﬂuorescent reporter group whose ﬂuorescence was modulated on cleavage of the ester or
carbonate linker. Although umbelliferone phenylepoxyesters have been reported to be good ﬂuorescent sub-
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strates for sEH, they are hydrolytically unstable [19].
It has been shown that a-cyanoester derivatives of
aldehyde 1 are essentially nonﬂuorescent, whereas the
aldehyde produced by cleavage of the ester is highly
ﬂuorescent (vide supra). It was hypothesized that
replacement of the 4-nitrophenoxide portion of NEPC
with an a-cyanoester or a carbonate would result in an
acceptable ﬂuorescent substrate for sEH. Because it has
been shown previously [19] that there is little diﬀerence
between (+)-NEPC and ( )-NEPC, we opted for a
racemic synthesis. In addition, to maintain consistency
with Dietze and coworkersÕ study [19], we chose to
incorporate only trans-epoxides into the substrates described. On hydrolysis of the epoxide functionality, the
resultant diol undergoes an intramolecular cyclization
with the carbonyl of either the ester or the carbonate,
followed by elimination of the cyanohydrin. The cyanohydrin rapidly decomposes to give the highly ﬂuorescent 6-methoxy-2-naphthaldehyde. Although aliphatic
alcohols do not possess the leaving group ability required for the proposed substrates [19], we felt that
the steric bulk of the cyanohydrin leaving group would
facilitate the decomposition of the substrate following
epoxide hydrolysis.
The substrates that possess carbonate linkages
were synthesized as shown in Scheme 1 (route A).
The synthesis began with a trans-allylic alcohol that
either was commercially available or, in the case of
p-chlorocinnamyl alcohol, was known in the literature
[27]. The starting allylic alcohols were reacted with
p-nitrophenylchloroformate to give the corresponding
carbonate in an acceptable yield. The carbonates were
then smoothly converted to the corresponding epoxides using the mild oxidant m-CPBA. Initially, we
thought that p-nitrophenyl epoxycarbonates would react with 2-hydroxy-2-(2-methoxynaphthalen-6-yl)-acetonitrile to form the desired a-cyanocarbonate
substrates; however, we found that this procedure
resulted solely in decomposition of the cyanohydrin.
Therefore, we formed the cyanohydrin in situ via
reaction of 6-methoxy-2-naphthaldehyde with KCN
under phase transfer conditions. This methodology allowed the facile synthesis of the carbonate-based substrates described in Table 1 with yields ranging from
6 to 34% (overall) and purity greater than 95% (via
1
H NMR).
The desired a-cyanoesters were synthesized by ﬁrst
coupling commercially available carboxylic acids to
2-hydroxy-2-(2-methoxynaphthalen-6-yl)-acetonitrile using
the well-known coupling agent 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) [32]
(Scheme 1, route B). Subsequent epoxidation of the
resulting a-cyanoester was accomplished with m-CPBA.
It should be noted that this oxidation step occurs in
very low yield (yields were <20%) and requires a lengthy
reaction time.
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Substrate selectivity
Having the required substrates in hand, we ﬁrst investigated the selectivity of each substrate for both murine
and human sEH. For this purpose, activity was measured for varying concentrations of enzymes while having a constant concentration of substrate ([S] = 10 lM).
Speciﬁc activities for both enzymes were determined via
linear regression of the linear portion of the curves of
activity versus [E]. These results are summarized in Table 1. Carbonate 6 showed the lowest speciﬁc activity
among the substrates tested for both human and murine
sEH. This observation is easily explained by considering
the steric congestion around the epoxide and is consistent with earlier observations that sEH converts disubstituted epoxides faster than it does trisubstituted
epoxides (see [33] and references therein). The murine
enzyme showed little preference for alkyl carbonates
over alkyl esters, as evidenced by the similarity between
speciﬁc activities determined for carbonates 4 and 5 and
ester 2. In contrast, the human enzyme showed a preference for carbonate 5 over carbonate 4 and ester 2.
Although the murine enzyme showed higher speciﬁc
activities for aryl carbonates 7, 8, and 9 over the alkyl
carbonates and esters, the picture is not so clear for
the human enzyme. The human enzyme showed lower
speciﬁc activities for carbonates 8 and 9 than for esters
2 and 3 and carbonates 4, 5, and 7. It is interesting to
note that Dietze et al. [19] found that aryl-epoxy esters
were four times more active than alkyl-epoxy esters in
the murine epoxide hydrolase. The highest speciﬁc activity for the murine enzyme was obtained with carbonate
9, whereas the highest speciﬁc activity for the human enzyme was obtained with carbonate 7. Because human
sEH is the ultimate target for inhibitor development,
we chose to focus exclusively on the use of phenylepoxy-carbonate 7 as a ﬂuorescent substrate in this study.

a substrate that had increased hydrolytic stability.
Fig. 2 illustrates the hydrolysis of both NEPC and
carbonate 7 at diﬀerent pH values and concentrations.
Comparing the hydrolysis of NEPC to the hydrolysis
of substrate 7 at equal concentrations shows that compound 7 is approximately three to four times more
stable in aqueous solution at pH 7.0 than is NEPC. In
addition, the hydrolytic stability of NEPC and compound 7 was investigated using optimized assay concentrations of substrate (50 and 5 lM, respectively). As can
be seen in Fig. 2, compound 7 gives an overall lower
background signal than does NEPC, due in part to the
much lower concentration of substrate.
After determining the hydrolytic stability and aqueous solubility of substrate 7, we then attempted to determine the Michaelis–Menten parameters, KM and kcat.
The rate of appearance of aldehyde 1 as a function of
concentration of substrate 7 in both murine and human
systems is shown in Fig. 3. Because of the substrateÕs low
solubility in the studied system, the curves plateau at
[S]  10 lM and do not follow a hyperbolic shape as
expected (r2 < 0.97 for both enzymes), thereby making
it impossible to calculate both kinetic constants accurately. However, using the linear portion of the graph,
we determined the Vmax/KM values for compound 7 to
be 14.3 ± 1.3 and 12.5 ± 1.0 pmol/min/lM with the
murine and human enzymes, respectively. Converting
these to kcat/KM values, 0.368 and 0.172/s/lM for the
human and murine systems, respectively, allows comparison with those for NEPC as determined by Morisseau et al. [13]. NEPC was shown to have kcat/KM
values of 2.6 and 3.3/s/lM for the human and murine
systems, respectively. From these data, we can see that

Aqueous solubility, stability, and Michaelis–Menten
parameters
To determine the limit of solubility of 7 in buﬀer,
solutions of various concentrations of the substrate were
diluted with BisTris–HCl buﬀer (25 mM, pH 7.0, containing 0.1 mg/ml of BSA) in a clear 96-well microtiter
plate. Substrate precipitation was seen at concentrations
above the solubility limit and was detected by an increase in absorption at 800 nm. We determined that
the limit of solubility for carbonate 7 was between 15
and 20 lM, which is at least twofold lower than the solubility of NEPC [13,19].
One of the shortcomings we have found in using
NEPC to assay inhibitor potency is its large background
hydrolysis. Because 4-nitrophenolate is a good leaving
group, it was hypothesized that replacing this group
with the 6-methoxynaphthyl cyanohydrin would yield

Fig. 2. Hydrolytic stability of ﬂuorescent substrate versus pH.
[NEPC] = 50 lM (open bar) and 20 lM (ﬁlled bar), and [7] = 20 lM
(hatched bar) and 5 lM (cross-hatched bar), in BisTris–HCl buﬀer
(25 mM, 0.1 mg/ml BSA) at the indicated pH values. Data are
means ± standard deviations of at least three replicates.
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Fig. 3. Vmax/Km determination for substrate 7. [Murine
sEH] = 6.9 nM and [human sEH] = 2.9 nM. Linear portion of the
data is indicated by a solid line for the murine sEH and by a broken
line for the human sEH. Data are reported as average velocities ± standard deviations (n = 4).

NEPC is hydrolyzed roughly 10–20 times faster by the
murine and human sEH than is substrate 7. However,
this is oﬀset by the lower background hydrolysis and
much higher sensitivity of the ﬂuorescent reporter
group.
Inhibitor assays
To choose the appropriate substrate/enzyme concentration combination for a kinetic assay, we looked at the
hydrolysis of substrate 7 by both the human and murine
recombinant enzymes. Using a black 96-well microtiter
plate, a matrix of varying enzyme and substrate concentrations was prepared and evaluated. From this experiment, we chose concentrations of substrate and
enzyme that satisﬁed the following stipulations: (i) substrate turnover was at least 10 times above background
hydrolysis, (ii) enzyme concentrations were as small as
possible, (iii) the substrate turnover rate was linear for
a period of 10 min, and (iv) the enzyme concentration
was low enough to ensure that the hydrolysis of the
epoxide was rate limiting. We found that useful concentrations of enzyme and substrate were 1 nM and 5 lM,
respectively. These concentrations were applicable to
both murine and human enzyme systems. A substrate
concentration of 5 lM is probably well below the KM
of substrate 7. It was observed that at low concentrations of enzyme, there was a lag time of approximately
2 min, which is consistent with the observations made
by Dietze and coworkers when developing the NEPC
substrate [19]. In spite of the observed lag time and
the fact that this assay could not be run under saturation
conditions, we hypothesized that we could still use it to
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rank those inhibitors that could not be ranked using the
NEPC absorption-based assay.
If substrate 7 is to be used in a kinetic assay, it is
imperative that the cyclization of the diol is not the
rate-limiting step. Attempts to compare the rate of substrate consumption to the rate of aldehyde appearance
using HPLC methods were unsuccessful due to decomposition of compound 7 during the HPLC run. Analysis
of the data obtained from the speciﬁc activity determination revealed that the rate of hydrolysis of compound
7 approached saturation with increasing concentrations
of human and murine enzymes. In both cases, the maximal hydrolysis rate of substrate 7 was approximately
400 pmol/min. Because the rate of epoxide hydrolysis
should increase linearly with enzyme concentration,
the observed saturation can be attributed to the fact that
epoxide hydrolysis occurs faster than diol cyclization at
high concentrations of enzyme. Based on the data
shown in Table 1, an enzyme concentration of 1 nm corresponds to a hydrolysis rate of approximately 30 and
9 pmol/min for the human and murine enzymes, respectively. At this low concentration of enzyme, epoxide
hydrolysis is the rate-limiting step of the process.
To investigate the usefulness of this new assay, a series of sEH inhibitors were evaluated for inhibition
potency. The inhibitors chosen (Fig. 4) were published
previously and represent a wide range of potencies
[14,15,17]. Table 2 compares the experimentally determined IC50 values using three diﬀerent assay techniques:
the absorption-based NEPC [19], radioactive tDPPO
[15], and the currently described ﬂuorescent assay. In
the murine enzyme system, the ﬂuorescent assay gives
a relative pattern of inhibition for this series of compounds that is comparable to that obtained previously
with the other assays. In contrast, the relative ranking
of CHU and DCU in the human enzyme system diﬀers
between the radioactive- and optic-based assays. This
highlights the diﬃculties encountered when relating
IC50 values to inhibitor potency because it is apparent
from Table 2 that IC50 values can be dependent on the

Fig. 4. Inhibitors used to validate new assay.
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Table 2
Comparison of IC50 values for selected sEH inhibitors
Substrate

Mouse sEH IC50 (nM)a
b

[S] (lM)
[Enzyme] (nM)
CEU
CHU
DCU
CDU
AUDA
a
b
c

Human sEH IC50 (nM)a
b,c

NEPC

tDPPO

7

NEPCb

tDPPOb,c

7

50
100
51,700 ± 700
110 ± 30
90 ± 10
50 ± 10
50 ± 10

50
8
n.d.
55 ± 3
81.8 ± 0.7
9.8 ± 0.4
18 ± 1

5
1
>100,000
75 ± 8
240 ± 20
17 ± 3
27 ± 1

50
200
42,000 ± 2000
70 ± 20
160 ± 10
100 ± 10
100 ± 10

50
16
n.d.
221 ± 2
63 ± 0.3
85.2 ± 0.5
69 ± 2

5
1
7500 ± 130
25 ± 0.1
52 ± 1
7.0 ± 0.2
3.2 ± 0.1

Values are reported as averages ± standard deviations of at least three replicates.
Data determined previously (see text).
tDPPO = [3H] trans-1,3-diphenylpropene oxide.

method of determination. Because of the relatively large
concentration of enzymes used, the NEPC assay does
not allow us to diﬀerentiate the best inhibitors (CDU
and AUDA) from each other on the basis of IC50 values.
The high sensitivity of the ﬂuorescent assay allows the
use of a 100-fold lower concentration of enzyme, contributing to the diﬀerentiation of the more potent inhibitors. Compared with the tDPPO assay, which is also
able to diﬀerentiate the best inhibitors, the new ﬂuorescent assay yields a fourfold higher relative separation of
CDU and AUDA for human sEH. Considering these results, the ﬂuorescent assay described in this article has
an eﬀective range for IC50 values that is two orders of
magnitude lower than NEPC.

Conclusion
We have developed a ﬂuorescent assay for mammalian sEH inhibition studies. This assay is based on the
enzymatic hydrolysis of a readily synthesized b-epoxycarbonate that results in the production of a ﬂuorescent
aldehyde. This new assay has a sensitivity that is 100
times greater than that in the previously used spectrophotometric assay. This assay will be an invaluable tool
for the development of new sEH inhibitors and will further our investigations into the relationship among sEH
inhibition, hypertension, and vascular inﬂammation.
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