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The EPXH2 gene encodes soluble epoxide hydrolase (sEH), which has two distinct enzyme activities:
epoxide hydrolase (Cterm-EH) and phosphatase (Nterm-phos). The Cterm-EH is involved in the metabo-
lism of arachidonic acid epoxides that play important roles in blood pressure, cell growth, inflammation,
and pain. While recent findings suggested complementary biological roles for Nterm-phos, research is
limited by the lack of potent bioavailable inhibitors of this phosphatase activity. Also, a potent bioavail-
able inhibitor of this activity could be important in the development of therapy for cardiovascular dis-
eases. We report herein the development of an HTS enzyme-based assay for Nterm-phos (Z0 > 0.9)
using AttoPhos as the substrate. This assay was used to screen a wide variety of chemical entities, includ-
ing a library of known drugs that have reached through clinical evaluation (Pharmakon 1600), as well as a
library of pesticides and environmental toxins. We discovered that ebselen inhibits sEH phosphatase
activity. Ebselen binds to the N-terminal domain of sEH (KI = 550 nM) and chemically reacts with the
enzyme to quickly and irreversibly inhibit Nterm-phos, and subsequently Cterm-EH, and thus represents
a new class of sEH inhibitor.

� 2012 Elsevier Inc. All rights reserved.
In mammals, The EPHX2 gene encodes the soluble epoxide
hydrolase (sEH), a cytosolic enzyme ubiquitous in vertebrates [1].
While highly expressed in the liver, sEH is also expressed in other
tissues including vascular endothelium, leukocytes, red blood cells,
smooth muscle cells, adipocytes, and the proximal tubule [1–3].
The sEH protein is a homodimer with a monomeric unit mass of
62.5 kDa [4]. Interestingly, sEH has two distinct activities in two
separate structural domains of each monomer: the C-terminal
epoxide hydrolase activity (Cterm-EH; EC 3.3.2.10) and the
N-terminal phosphatase activity (Nterm-phos; EC 3.1.3.76) [4].
The Cterm-EH is responsible for the biological roles associated with
sEH [1,2,5–7], while a magnesium-dependent hydrolysis of phos-
phate esters is associated with the Nterm-phos [8,9]. The Cterm-
EH hydrolyzes epoxy-fatty acids such as epoxyeicosatrienoic acids
that are potent endogenous signaling molecules [10]. Through the
development of potent selective inhibitors, we demonstrated the
Cterm-EH to be a novel pharmacological target to treat hyperten-
sion, inflammation, and pain in animal models [5–7,11], Pharmaco-
logical inhibition of Cterm-EH has resulted in anti-inflammatory
[5,6], anti-hypertensive [12,13], neuroprotective [14], and cardio-
protective effects [5].
ll rights reserved.

isseau).
Although the role of the Nterm-phos activity is not known, re-
cent findings suggest a biological role. The sEH-null mice that lack
both Cterm-EH and Nterm-phos activities have lower cholesterol
and steroid levels [15]. Furthermore, in recombinant HepG2 cells,
Cterm-EH activity lowered cholesterol synthesis while Nterm-phos
activity increased it [16]. Taken together, these data suggest that
sEH regulates cholesterol levels in vivo and in vitro and that the
Nterm-phos is a potential therapeutic target in hypercholesterol-
emia-related disorders. Similarly, in recombinant endothelial cells,
both Cterm-EH and Nterm-phos activities contribute to growth
factor expression and cell growth [17]. In mice, it seems that the
Nterm-phos may play a role in the development of hypoxia-
induced pulmonary hypertension [18]. The phosphatase activity
of sEH was shown recently to play a pivotal role in the regulation
of endothelial nitric oxide (NO) synthase activity and NO-mediated
endothelial cell functions [19]. Human polymorphism studies have
shown that the Arg287Gln polymorph of sEH is associated with the
onset of coronary artery calcification in African-American subjects
[20] and insulin resistance in type 2 diabetic patients [21]. This sin-
gle-nucleotide polymorphism (SNP G860A) of sEH reduces both
Cterm-EH and Nterm-phos activities [22,23]. Furthermore, people
having a Lys55Arg polymorphism of sEH, which has reduced
Nterm-phos but increased Cterm-EH, have higher risk of coronary
heart diseases. The presence of this SNP also increases the long-
term risk of ischemic stroke in men [24]. In support of a role for
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Nterm-phos in these processes, sEH phosphatase activity was re-
cently shown to represent a significant part of cellular lysophos-
phatidic acid hydrolysis in various tissues [25].

Specific catalytic enzyme inhibitors are important research
tools to help understand the mechanism of an enzyme and of
pathologies that may be associated with dysfunctions of this en-
zyme. A potent bioavailable inhibitor of this activity could also
be important as a potential therapeutic in some cardiovascular dis-
eases. Because common commercial phosphatase inhibitors do not
influence the Nterm-phos activity [9], it is necessary to develop
new phosphatase inhibitors for Nterm-phos as biochemical and
physiological probes. We recently developed the first generation
of Nterm-phos inhibitors. While sulfates were shown not to be
Nterm-phos substrates [8], we described sulfate, sulfonate, and
phosphonate lipids as novel potent inhibitors of Nterm-phos
[26]. These compounds are competitive inhibitors with inhibition
constant (KI) values in the low-micromolar range. They act by
mimicking the binding of the phosphate substrate in the catalytic
cavity [26]. Farnesyl derivatives were also shown to inhibit
Nterm-phos in the micromolar range by chelating the catalytic
magnesium ion [27,28]. While these inhibitors are effective
in vitro, they have limited efficacy in cell cultures, and they are
completely inactive in vivo. These results highlight the need to im-
prove the potency of Nterm-phos inhibitors as well as their avail-
ability. To achieve this goal, we report herein the development of
an HTS assay for Nterm-phos and the screening of two chemical
libraries containing a wide variety of chemical entities: a 176-
synthetic-chemical library of mostly pesticides [29] and another
library of 1600 known drugs from the U.S. and International
Pharmacopeia (Pharmakon 1600).
Materials and methods

Materials

The environmental chemical library was prepared previously in
the laboratory [29]. The Pharmakon 1600 library of chemicals was
obtained from Microsource Discovery Systems (Gaylordsville, CT,
USA). The AttoPhos substrate was obtained from Promega (Madi-
son, WI, USA). All chemicals and solvents were obtained from Fish-
er Scientific (Pittsburgh, PA, USA) or Sigma–Aldrich (St. Louis, MO,
USA) and were used without further purification.

Enzyme preparations

Recombinant human sEH (HsEH) was produced in a baculovirus
expression system [30], and purified by affinity chromatography
[31]. This enzyme preparation was at least 97% pure, based on
SDS–PAGE followed by scanning densitometry. The enzyme prepa-
ration was kept at �80 �C until usage. Protein concentration was
quantified by using the Pierce BCA assay using fraction V bovine
serum albumin (BSA) as the calibrating standard.

Optimization of assay conditions

To optimize enzyme and substrate concentrations, a checker-
board assay was carried out, which tested combinations of several
final concentrations of substrate (AttoPhos, 12.5–100 lM) and se-
rial dilutions of enzyme (HsEH, 1.6–105 nM, 0.02–1.31 lg/well,
200 ll/well) in BisTris–HCl buffer (25 mM, pH 7.0), containing
1 mM MgCl2 and 0.1 mg/ml BSA (buffer A). BSA was used to stabi-
lize the human sEH and to reduce nonspecific inhibition [29]. The
progress of the reaction was followed by measuring the appear-
ance of the fluorescent alcohol (kex 435 nm, kem 555 nm, kcutoff

515 nm) using a SpectraMax M2 microplate reader (Molecular De-
vices, Sunnyvale, CA, USA) at room temperature (23 �C) with reads
every 3 min for 2 h. Each condition was done in triplicate.

Several chemicals and solvents were tested for their ability to
stop the Nterm-phos enzymatic reaction for a fluorescence end-
point measurement setting. These chemicals and solvents were
examined for their ability to prohibit enzyme reaction and sub-
strate autohydrolysis, as well as to maintain the existing fluores-
cent signal. Reactions were conducted using optimized assay
conditions ([E]final 2.1 nM; [S]final 25 lM). After a 60-min incuba-
tion at room temperature in the dark, 100 ll of stop solution was
added to each well; buffer A was added in the control wells. After
the addition of candidate stop solutions, we tested their efficacy at
stopping the reaction and effects on the fluorescent signal strength
and stability by measuring the fluorescence (kex 435 nm, kem

555 nm, kcutoff 515 nm) every 5 min for 30 min at room tempera-
ture (23 �C). Each condition was done in 16 replicates. Hydrolysis
rates were determined by linear regression analyses employing
the plate reader’s software (SoftMax Pro 4.7). The signal-to-back-
ground ratio (S/B) was calculated by dividing the reaction average
velocity in the presence of enzyme (Aveenz) by the average back-
ground hydrolysis rate (Aveblank). The signal-to-noise ratio (S/N)
was calculated by dividing the reaction velocity in the presence
of enzyme by the standard deviation of the background hydrolysis
(SDblank). The Z0 factor was calculated following the method of
Zhang et al. [32] using the formula Z0 = 1 � ([3 � (SDenz + SDblank)]/
(Aveenz � Aveblank)).
Assay validation for inhibition study, interplate variation, and
accuracy

Assay validation for the endpoint assay system was performed.
To a black polystyrene 96-well plate, 150 ll of buffer A was added
to each well. Two microliters of inhibitor solution in dimethyl sulf-
oxide (Me2SO) was then added to 3 wells for each concentration
(0.8 < [I]final < 100 lM); 2 ll of carrier solvent only was added to
the 100% activity control wells. Then, 20 ll of a 21 nM solution
of HsEH in buffer A was added to the wells ([E]final 2.1 nM); for
the background hydrolysis wells, the enzyme was replaced by
20 ll of buffer A. After thorough mixing and preincubation at room
temperature for 5 min, the reaction was started by the addition of
30 ll of a 167 lM solution of AttoPhos in buffer A ([S]final 25 lM).
After 60 min incubation at room temperature in the dark, 100 ll of
0.1 M NaOH in water was added to each well. After strong mixing,
the progress of the reaction was measured as described above.
Measurement of three plates testing three inhibitors, in ABC,
BCA, and CAB order, was repeated three times on three separate
days, using different solutions of enzyme, inhibitors, and substrate
each time.
Assay in 384-well plate

To a black polystyrene 384-well plate, 37.5 ll of buffer A was
added to each well. One microliter of inhibitor solution in Me2SO
was then added to 3 wells for each concentration (0.8 < [I]final <
100 lM); 1 ll of carrier solvent only was added to the 100% activ-
ity control wells. Then, 5 ll of a 21 nM solution of HsEH in buffer A
was added to the wells ([E]final 2.1 nM); for the background hydro-
lysis wells, the enzyme was replaced by 5 ll of buffer A. After thor-
ough mixing and preincubation at room temperature for 5 min, the
reaction was started with the addition of 7.5 ll of a 166.7 lM solu-
tion of AttoPhos in buffer A ([S]final 25 lM). After 60 min incubation
at room temperature in the dark, 25 ll of 0.1 M NaOH in water was
added to each well. After strong mixing, the progress of the reac-
tion was measured as described above.



Table 1
Results of the checkerboard assay for the optimization of [E] and [S] after 60 min of
reaction at room temperature.

[E] (nM) [S] (lM)

12.5 25 50 100

105.0
r2 0.006 0.151 0.028 0.048
%TO 100 100 100 100
S/B 199 65 40 29
S/N 671 918 215 352
Z0 0.81 0.85 0.89 0.96

52.5
r2 0.365 0.213 0.325 0.412
%TO 100 100 65 43
S/B 179 79 35 16
S/N 611 1123 186 190
Z0 0.95 0.91 0.93 0.84

26.2
r2 0.835 0.734 0.912 0.935
%TO 100 48 25 13
S/B 190 57 26 19
S/N 646 802 137 225
Z0 0.95 0.79 0.78 0.85

13.1
r2 0.98 0.908 0.989 0.986
%TO 45 26 12 5
S/B 143 60 49 33
S/N 488 856 262 393
Z0 0.89 0.83 0.84 0.85

6.6
r2 0.999 0.999 0.999 0.999
%TO 28 13 6 3
S/B 89 52 31 18
S/N 305 730 165 216
Z0 0.82 0.88 0.81 0.66
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Library screening

We used a small library of 176 compounds distributed on two
96-well plates (88 chemicals dissolved at 10 mM in Me2SO per
plate, plus 8 wells containing only Me2SO for control and blank)
and a 1600-compound library distributed over 20 plates (80 com-
pounds dissolved in 10 mM in Me2SO per plate, plus 16 wells con-
taining only Me2SO for control and blank). The inhibitors were
diluted down to 100 lM by 10-fold increments in buffer A. In a
black polystyrene 96-well plate, 20 ll of the inhibitor solution
was delivered to every well ([I]final 10 lM). Then, 150 ll of a
2.8 nM solution of HsEH in buffer A was added to the wells ([E]final

2.1 nM); for the background hydrolysis wells, the enzyme was re-
placed by 150 ll of buffer A. After thorough mixing and preincuba-
tion at room temperature for 5 min, the reaction was started by the
addition of 30 ll of a 167 lM solution of AttoPhos in buffer A
([S]final 25 lM). After 60 min incubation at room temperature in
the dark, 100 ll of 0.1 M NaOH in water was added to each well.
After strong mixing, the amount of fluorescent alcohol produced
was measured as described above. Compounds that gave more
than 80% inhibition at 10 lM were selected as positive hits, be-
cause the fluorescent signal observed for them was not signifi-
cantly different from the signal for 100% inhibition. For
counterscreening, fresh solutions of all positive compounds were
prepared in Me2SO. The IC50 for each compound (i.e., the concen-
tration of an inhibitor that inhibited 50% of the enzyme activity)
was determined by measuring Nterm-phos activities in the ab-
sence and presence of increasing concentrations of inhibitor
(0.1 < [I] < 10 lM) using AttoPhos as substrate in a kinetic setup
as described [26]. IC50 was calculated by nonlinear regression of
at least five data points using SigmaPlot. Results are means ± stan-
dard deviation of at least three separate measurements.
3.3
r2 0.998 0.999 0.999 0.999
%TO 15 6 3 2
S/B 48 26 16 9
S/N 162 370 84 107
Z0 0.87 0.91 0.74 0.88

1.6
r2 0.998 0.999 0.999 0.999
%TO 8 4 2 1
S/B 25 15 8 5
S/N 86 206 42 60
Z0 0.87 0.78 0.80 0.85

0
r2 0.055 0.083 0.214 0.333
%TO <1 <1 <1 <1

%TO, percentage of substrate turnover.
Results and discussion

Optimization of HTS assay

AttoPhos was previously shown to be a good fluorescent sub-
strate for sEH phosphatase activity [26]. Prior to using this sub-
strate for a screening assay, we first tested the effects of enzyme
and substrate concentrations and time on the assay performances.
Although measurements were obtained for up to 120 min, at
time = 60 min (a common HTS assay endpoint), we calculated for
each condition the linearity of the reaction (r2), the percentage of
substrate turnover (%TO), the S/B, the S/N, and the Z0 factor (Table 1
and Supplementary Fig. S1). Linear (r2 > 0.99) increases in fluores-
cence were observed for [E] 66.6 nM, at all the [S] tested, and this
increase stayed linear for up to 2 h (Fig. 1). The best results were
obtained for [S] P 25 lM and [E] < 3.3 nM. Under such conditions,
less than 5% of the initial substrate is consumed. However, for the
higher [S] (50 and 100 lM) the S/B and S/N ratios decreased, be-
cause the background hydrolysis rate increased while the enzy-
matic rate did not change, as expected, because we were under
saturation conditions ([S] > 5 � KM). For the lowest [E], the S/B
and S/N ratios decreased. Thus, the best conditions are [S] 25 lM
and 1 6 [E] 6 6.6 nM. For screening of libraries we used [E] 2.1 nM.

The search for an appropriate stop solution was then carried out
to increase flexibility of the fluorescence endpoint assay for Nterm-
phos. If it were possible to stop an ongoing substrate hydrolysis
reaction and conserve the current signal, the endpoint assay could
potentially be interrupted any time between 60 and 90 min after
substrate addition. Most importantly, the quantification of the
fluorescent signal could be achieved independent of the assay
starting time, which would significantly improve the adaptability
of the system. Three kinds of conditions were tested: addition of
cosolvent to denature the enzyme (i.e., methanol, ethanol), addi-
tion of selective Nterm-phos inhibitor [26], and change to a pH
at which Nterm-phos is inactive. As seen in Table 2, addition of
methanol and ethanol reduced significantly the enzymatic hydro-
lysis rate as well as the fluorescence signal, thus decreasing the as-
say performance. The alkalization of the reaction with NaOH
completely stopped the reaction at pH values above 10. Further-
more, the fluorescent signal was increased by an order of magni-
tude; this is probably due to the formation of the fluorescent
phenolate (Supplementary Fig. S2). It resulted in higher S/B and
S/N ratios as well as higher Z0 factors. As seen in Supplementary
Fig. S3, the increase in fluorescence by 0.1 M NaOH is proportional
(r2 > 0.99) to the fluorescence resulting from the enzymatic activity
at pH 7.0. Interestingly, the addition of a high concentration of SDS
(10 mM), a low-nanomolar Nterm-phos inhibitor [26], resulted in
complete loss of the fluorescent signal. At such high concentra-
tions, SDS forms micelles that could quench the fluorescent signal.



Fig.1. Time course analysis of the hydrolysis of 25 lM AttoPhos by various
concentrations of human sEH. The lines are the regression for the first 60 min of
the reaction.
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Assay validation

To validate the assay, we first investigated its ability to differen-
tiate between and classify known inhibitors of various potencies.
The IC50 values of previously characterized sEH inhibitors were
determined employing the endpoint assay system described above.
Using a kinetic assay [26], dodecyl phosphate was found to be a
better inhibitor than dodecyl sulfonate or dodecyl sulfate (Table 3).
In a second experiment, we tested the repeatability of the assay by
measuring its accuracy and precision by measuring the inhibition
of three inhibitors over several plates (three plates/day) and sev-
eral days (3 days total). Overall, we found less than 5% variation
in the assay performance (Table 3). For inhibition above 20%, we
obtained accuracy above 95% and a variation in precision under
5%. This results in less than 10% variation in the calculated IC50. Re-
sults for each day were very similar. When looking at the differ-
ence in signal between inhibited and uninhibited enzyme
samples, a significant separation of the signals (Z values >0.6)
was obtained for inhibition below 80% (Supplementary Fig. S4).
Put together, these data indicate that the assay is highly reproduc-
ible and accurate, with a good separation and signal-to-noise ratio
between inhibition of 20% and 80%. Accuracy decreased below 20%,
and above 80% the signal was not statistically discernible from the
background. Finally, we tested the performance of the assay in a
384-well format. As shown in Supplementary Table S1, overall, lar-
ger variations were obtained but the results obtained from 384-
well plates were similar to those from 96-well plates in terms of
assay performance (S/B, S/N, and Z0) and ability to measure accu-
rately inhibitor potency. The assay performance could probably
be improved further by robotic addition of reagents.
Table 2
Effect of stop solutions on the assay performance.

Stop solution Activity (RFU)a

[E] 0 [E] 2.1 nM

Control 7 ± 1 124 ± 3
100 ll of buffer 8 ± 1 158 ± 5
100 ll of methanol 7 ± 2 62 ± 1
100 ll of ethanol 12 ± 2 45 ± 5
100 ll of 50 mM NaOH (pHfinal 10) 80 ± 6 2792 ± 138
100 ll of 0.1 M NaOH (pHfinal 12) 71 ± 4 2647 ± 81
100 ll of 1 M NaOH (pHfinal 14) 69 ± 3 1874 ± 59
100 ll of 30 mM SDS ([I]final 10 mM) 5 ± 1 8 ± 1

a Results are average ± standard deviation of 16 wells.
Library screening

To test the ability of the assay to select new chemical entities
that potently inhibit Nterm-phos, we first screened a small library
of pesticides [29] at two final concentrations of the tested chemi-
cals (1 and 10 lM). Overall, we obtained S/B = 170 ± 17, S/
N = 1180 ± 120, and Z0 = 0.92 ± 0.02, indicating that the assay per-
formed very well. Of 176 compounds, 3 compounds gave more
than 50% inhibition at 10 lM and only 1 of them at 1 lM. This most
potent compound was identified as dodecyl phosphoric acid, a
known Nterm-phos inhibitor (see above) with an IC50 of
2.2 ± 0.3 lM, confirming the ability of the assay to discriminate
sEH phosphatase inhibitors, and to discover new structures that in-
hibit Nterm-phos, one should screen at 10 lM [33]. The potencies
of the 2 other positive compounds, Folpet and Nabam, were tested
using freshly made solutions. Nabam was found not to significantly
inhibit Nterm-phos (IC50 > 100 lM), while Folpet yielded an IC50 of
25 ± 3 lM.

A library of 1600 commercial drugs was then screened at a final
concentration of 10 lM, following the method described above.
Overall, we obtained on average for the 20 plates S/B = 55 ± 10, S/
N = 840 ± 210, and Z0 = 0.92 ± 0.03, indicating that the assay per-
formed very well. Of 1600 compounds, 24 (1.5%) inhibited
Nterm-phos by over 50% at 10 lM, and 9 of these inhibited the en-
zyme by over 80% (Supplementary Fig. S5). The 24 compounds
were retested, but using the AttoPhos assay in kinetic mode to
eliminate compounds that affect the fluorescent signal. Only 6
compounds were found to give more than 80% inhibition. The
potencies of these 6 positive compounds were then measured
using freshly made solutions (Table 4). Only 2 compounds (ebselen
and sodium tetradecyl sulfate) were found to significantly inhibit
Nterm-phos. Because sodium tetradecyl sulfate is a detergent, its
inhibition of Nterm-phos could be due to a nonspecific promiscu-
ous effect. However, sodium tetradecyl sulfate (STS) critical micelle
concentration is around 2 mM [34], roughly 100-fold higher than
the concentrations at which we observed Nterm-phos. Thus, it is
unlikely that Nterm-phos inhibition by STS is not specific. Further-
more, we previously showed that alkyl sulfates are competitive
inhibitors of the sEH phosphatase activity [26]; thus one could ex-
pect that sodium tetradecyl sulfate inhibits Nterm-phos in a simi-
lar fashion. On the other hand, ebselen represents a new class of
potent sEH phosphatase inhibitor. To our knowledge, this is the
second report of direct inhibition of a phosphatase by ebselen,
the first being for a hog gastric phosphatase [35]. Because we found
that it did not inhibit the human alkaline phosphatase, ebselen is
probably not a general phosphatase inhibitor.
Selectivity, kinetic constants, and mechanism of ebselen inhibition

To test the selectivity of ebselen toward sEH phosphatase, we
tested its ability to inhibit Cterm-EH activity as well as human
S/B S/N Z0 Stability over 30 min

18 152 0.89 Increase linearly
20 178 0.89 Increase linearly (similar to control)
9 38 0.85 Increase linearly (50% of control)
4 28 0.45 Increase linearly (25% of control)
35 450 0.84 Slight increase
38 726 0.90 Stable
27 543 0.90 Stable
2 8 <0 Stable



Table 3
Accuracy, precision, and repeatability of AttoPhos assay for human sEH.

[I]
(lM)

Nominal
inhibition (%)

Day 1 Day 2 Day 3 Overall accuracy/
precision (%)

Accuracy/
precision (%)

Z Accuracy/
precision (%)

Z Accuracy/
precision (%)

Z

O S O

O-

O

C12H25

Na+ 25 85 ± 1 100/1 0.5 ± 0.2 99/1 0.4 ± 0.2 99/1 0.4 ± 0.1 100/1
12.5 67 ± 1 99/3 0.8 ± 0.1 100/3 0.6 ± 0.1 98/3 0.7 ± 0.1 98/2
6.3 40 ± 2 97/3 0.8 ± 0.1 98/3 0.9 ± 0.1 95/5 0.8 ± 0.1 96/2
3.1 17 ± 1 94/5 0.9 ± 0.1 99/8 0.9 ± 0.1 95/12 0.8 ± 0.1 90/3
1.6 5 ± 1 81/48 0.9 ± 0.1 72/25 0.9 ± 0.1 91/30 0.9 ± 0.1 77/21

IC50 (lM) 9.4 ± 0.6 9.0 ± 1.1 9.0 ± 0.3 10.1 ± 1.6

O S O

O-

C12H25

Na+ 25 89 ± 1 99/1 0.3 ± 0.1 100/1 0.3 ± 0.1 99/2 0.3 ± 0.1 100/1
12.5 78 ± 3 96/1 0.5 ± 0.1 100/2 0.6 ± 0.1 96/3 0.6 ± 0.1 100/1
6.3 54 ± 4 92/3 0.7 ± 0.1 97/2 0.7 ± 0.1 95/6 0.7 ± 0.1 98/2
3.1 26 ± 4 80/2 0.8 ± 0.1 89/6 0.8 ± 0.1 91/9 0.8 ± 0.1 96/6
1.6 9 ± 6 63/11 0.8 ± 0.1 68/19 0.8 ± 0.1 91/17 0.8 ± 0.1 79/16

IC50 (lM) 6.6 ± 0.8 6.3 ± 0.3 6.1 ± 0.3 7.5 ± 1.2

O P OH

OH

O

C12H25

12.5 98 ± 1 99/1 <0 99/1 <0 100/1 <0 98/2
6.3 91 ± 1 99/1 0.1 ± 0.1 99/1 0.1 ± 0.1 100/1 0.2 ± 0.1 97/6
3.1 70 ± 3 95/1 0.7 ± 0.1 100/4 0.7 ± 0.1 95/1 0.7 ± 0.2 94/5
1.6 39 ± 5 87/2 0.8 ± 0.2 98/13 0.8 ± 0.2 86/4 0.8 ± 0.1 90/13
0.8 19 ± 4 86/21 0.9 ± 0.1 89/26 0.9 ± 0.1 80/8 0.8 ± 0.1 69/22

IC50 (lM) 2.2 ± 0.3 1.8 ± 0.2 2.3 ± 0.2 2.4 ± 0.1
S/B 19.3 ± 0.2 17.6 ± 0.3 14.2 ± 0.3 17 ± 3
S/N 87 ± 11 87 ± 11 84 ± 10 86 ± 2
Z0 0.88 ± 0.02 0.81 ± 0.08 0.87 ± 0.05 0.85 ± 0.04

Table 4
Counterscreening of positive hits.

Structure Name IC50 (lM)

O
OH

O

HN S NH
O

O N
S Phthalylsulfathiazole >100

HO

H

Ergocalciferol >100

N N
O

O O

O
N

N

ClCl

Ketoconazole >100

N
H

N

O

NH2
F

Fluocytosine >100

Se
N

O Ebselen 0.40 ± 0.02

O
S
O

OOC14H29 Na
Sodium tetradecyl sulfate 7.0 ± 0.6

Potencies against Nterm-phos (IC50) were determined with freshly made solution of the compounds in
Me2SO.
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microsomal EH, human alkaline phosphatase, and a series of ester-
ases and amidases [26,29]. Interestingly, we found that, in addition
to Nterm-phos, ebselen also inhibits Cterm-EH but not the other
enzymes tested. However, it does so with an IC50 (2.2 ± 0.3 lM)
that is fivefold higher than that observed for Nterm-phos (Table 3).
To test the hypothesis that ebselen inhibition of both activities of
sEH is independent, we measured the effect of ebselen on both do-
mains of sEH expressed separately [22,26]. We found that 10 lM



Fig.2. Determination of kinetic constants of Nterm-phos and Cterm-EH inhibition
by ebselen using a model of irreversible inhibition [35]. The human sEH (3.3 nM)
was incubated under the conditions described in the text with various concentra-
tions of ebselen. Activities were measured at several time points (0.5 to 30 min)
after inhibitor addition, by adding a saturating concentration of substrates (25 lM
AttoPhos for Nterm-phos [26] and 50 lM PHOME for Cterm-EH) [29]. The initial
rate of the enzyme–inhibitor complex formation (q) was then calculated as
described [35]. The plot of q versus the inhibitor concentration permits the
determination of the dissociation constant (KI) and first-order formation rate of the
covalent enzyme–inhibitor complex (ki).
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ebselen for 5 min did not significantly inhibit the Cterm-EH ex-
pressed alone, while the Nterm-phos expressed alone was totally
inhibited by the same treatment. This result suggests that ebselen
interacts only with the N-terminal domain of sEH. Furthermore, we
tested whether ebselen inhibition was reversible. After incubating
20 nM human sEH with 10 lM ebselen for 15 min, we dialyzed the
enzyme to remove the small molecule. After exposure to the sele-
nium-containing compound, we were not able to recover any of
the Nterm-phos or Cterm-EH activities, suggesting that ebselen
chemically reacts with the human sEH. Pretreatment of the en-
zyme with 5 mM glutathione before exposure to 10 lM ebselen
for 5 min protected the human sEH activities. The addition of glu-
tathione to the enzyme 5 min after exposure to ebselen did not
permit the recovery of the Nterm-phos activity, but 30% of the
Cterm-EH activity was recovered. Taken together, these results
suggest a redox mechanism, which is not surprising since ebselen
is used as an antioxidant [35,36]. Interestingly, while Nterm-phos
is stably and quickly inhibited by ebselen (less than a minute),
Cterm-EH inhibition increases with time: its IC50 decreased from
2.0 ± 0.3 to 0.85 ± 0.05 lM if the incubation time increased from
1 to 15 min. To support this observation we determined the kinetic
constants of ebselen inhibition of Nterm-phos [26] and Cterm-EH
[29] using a model of irreversible inhibition (Fig. 2) [38]. Interest-
ingly, we observed similar dissociation constants (KI) for both
activities (Nterm-phos KI = 551 ± 6 nM, n = 3; Cterm-EH
KI = 560 ± 10 nM, n = 3), while the first-order formation rate of
the covalent enzyme–inhibitor complex (ki) is around sevenfold
faster for Nterm-phos (ki = 2.58 ± 0.05 min�1, n = 3) than for
Cterm-EH (ki = 0.39 ± 0.07 min�1, n = 3). Furthermore, sigmoidal
curves were obtained for both activities (Fig. 2), suggesting a coop-
erative or allosteric-like mechanism. Taken together these results
suggest that ebselen chemically reacts with the N-terminal domain
of the human sEH, rapidly inhibits Nterm-phos, and generates con-
formational changes leading to the slower denaturation of the en-
zyme and inhibition of Cterm-EH. In the mouse sEH, but not the
human sEH, a cysteine residue, which is not in the active site,
can allosterically inhibit the Cterm-EH activity when chemically
modified [39]. More recently, the human sEH was shown to be
redox regulated by 15-deoxy-D-prostaglandin, an electrophilic
oxidant that dilates the coronary vasculature [40]. The results ob-
served herein with ebselen are consistent with these previous
observations.

In conclusion, we developed an excellent HTS assay for measur-
ing the phosphatase activity of the human sEH that can be used to
screen chemical libraries. The observed inhibition of HsEH by ebse-
len is intriguing. Because ebselen is an antioxidant drug that has
numerous activities and targets [36,37], it is unlikely to be a mono-
specific Nterm-phos inhibitor in animals. Perhaps more impor-
tantly, the mode of action of ebselen suggests that the N-
terminal domain of sEH contains an allosteric regulatory site for
both of its catalytic activities. Nevertheless, it represents a lead
for a new class of potent sEH phosphatase inhibitors that may pro-
vide valuable tools to investigate the biological role of the Nterm-
phos. Toward such a goal, one will need to characterize what ad-
duct is formed on sEH in the presence of ebselen, as well as deter-
mining if mimics of glutathione peroxidases are a new class of sEH
inhibitors or if it is more specific to selenium-containing
antioxidants.
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Table S1: comparison of the assay in 96- and 384-well plates 

 
96-well plates 

(n = 9) 
384-well plates 

(n = 4) 

S/B 17 ± 3 66 ± 8 

S/N 86 ± 2 286 ± 39 

Z’ 0.85 ± 0.04 0.77 ± 0.10 

 IC50 (μM) 

 

9.4 ± 0.6 9.0 ± 2.2 

 

6.6 ± 0.8 5.5 ± 1.3 

 

2.2 ± 0.3 1.8 ± 0.9 

 
 



Figure S1: results of the checkerboard assay for the optimization of [E] and [S] after 60 min of 
reaction at room temperature. A: effect on substrate turn over; B: effect on r2; C: effect on signal 
to background ratio (S/B); D: effect on signal to noise ratio (S/N); E: effect on Z’. 

 



Figure S2: The reaction of Attophos with sEH, and subsequent alkalinization to produce the 
highly fluorescent phenolate product. 
 
 

 
 



Figure S3: comparison of the fluorescent signal from the enzymatic reaction obtained before and 
after the addition of 100 μL of NaOH 0.1M as stop solution.  
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Figure S4: Effect of Nterm-phos inhibition on Z value. 
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Figure S5: Primary screening results of the Pharmacon library. Percent of Nterm-phos inhibition 
for each compound tested at 10 μM. Compounds that gave more than 80% inhibition (dashed 
line) were selected for secondary screening. 
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