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ABSTRACT: The EPXH2 gene encodes for the soluble epoxide hydrolase (sEH), a homodimeric enzyme
with each monomer containing two domains with distinct activities. The C-terminal domain, containing
the epoxide hydrolase activity (Cterm-EH), is involved in the metabolism of arachidonic acid epoxides,
endogenous chemical mediators that play important roles in blood pressure regulation, cell growth, and
inflammation. We recently demonstrated that the N-terminal domain contains a Mg2+-dependent lipid
phosphate phosphatase activity (Nterm-phos). However, the biological role of this activity is unknown.
The inability of known phosphatase inhibitors to inhibit the Nterm-phos constitutes a significant barrier
to the elucidation of its function. We describe herein sulfate, sulfonate, and phosphonate lipids as novel
potent inhibitors of Nterm-phos. These compounds are allosteric competitive inhibitors withKI in the
hundred nanomolar range. These inhibitors may provide a valuable tool to investigate the biological role
of the Nterm-phos. We found that polyisoprenyl phosphates are substrates of Nterm-phos, suggesting a
possible role in sterol synthesis or inflammation. Furthermore, some of these compounds inhibit the
C-terminal sEH activity through a noncompetitive inhibition mechanism involving a new binding site on
the C-terminal domain. This novel site may play a role in the natural in vivo regulation of epoxide hydrolysis
by sEH.

The EPXH2 gene encodes the soluble epoxide hydrolase
(sEH),1 a ubiquitous enzyme in vertebrates that transforms
epoxides to their corresponding vicinal diols (1, 2). While
highly expressed in the liver, sEH is also expressed in other
tissues including vascular endothelium, leukocytes, some
smooth muscle and the proximal tubule (3-5). This localiza-
tion reflects the importance of sEH in the metabolism of
epoxy fatty acids, such as epoxyeicosatrienoic acids (EETs)
generated by cytochrome P450 epoxygenases (6), with
critical roles in the regulation of cardiovascular, renal, and
inflammatory biology (7-10). The hydrolysis of epoxy fatty
acids modulates their intracellular fate (11, 12) and biological
activity (8, 10, 13, 14). Pharmacological inhibition of sEH
has resulted in blood pressure reduction in the spontaneously
hypertensive rat (SHR) and in the angiotensin II-induced
hypertensive rat model (15, 16). In this latter model, sEH
inhibition also protects the kidney from hypertension-induced
damage (17). Additionally, the deletion of this gene reduces
blood pressure in male mice to female levels (18), further
supporting the role of sEH in blood pressure regulation.

However, it should be realized that the sEH-null phenotype
is a double knockout.

At the molecular level, sEH is a homodimer with a
monomeric unit of 62.5 kDa (2). Analysis of the primary
structure suggests that the sEH gene (EPXH2) was produced
by the fusion of two primordial dehalogenase genes; the
C-terminal sEH domain has high homology to haloalkane
dehalogenase, while the N-terminal domain is similar to
haloacid dehalogenase (19). Interestingly, both domains
possess catalytic activity. The C-terminus is the site of the
epoxide hydrolysis activity (Cterm-EH) which is responsible
for the described biology associated with sEH (2, 20, 21),
while a magnesium-dependent hydrolysis of phosphate esters
(Nterm-phos) was recently associated with the N-terminal
domain of sEH (22, 23). Recent X-ray crystal structures of
the mouse and human sEH confirmed the gene fusion
hypothesis and showed that sEH exhibits a domain-swapped
architecture (20, 21), suggesting a structural role for the
N-terminal domain. The C-terminal domain of one subunit
interacts with both the C- and N-terminal domain of the other
monomer, while the N-terminal domain of one subunit
interacts only with the C-terminal domain of both monomers.
Aside from the physical interaction between the two C-
terminal domains, no cooperative allosteric effects have been
reported for the Cterm-EH activity (2). Kinetic analysis
revealed a positive cooperative Hill coefficient of∼2 for
the hydrolysis of the monophosphate of dihydroxystearic
acid, suggesting an allosteric interaction between the two
monomers (23).
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While the role and function of the C-terminal EH activity
are well-known (3), nothing is known about the biological
function of the Nterm-phos activity. It has been postulated
that this activity could participate in xenobiotic metabolism
(22) or in the regulation of the physiological functions
associated with sEH (23). Obtaining potent inhibitors of the
Nterm-phos activity will provide tools to better understand
the biological role(s) of this enzyme. Common commercial
phosphatase inhibitors do not influence Nterm-phos activity
(23), and to our knowledge there are no known small
molecule inhibitors for this activity. While sulfates are not
substrates for the Nterm-phos activity (22), such compounds
were recently shown to inhibit two tyrosine phosphatases
(24, 25). This paper describes the evaluation of lipid sulfates
as inhibitors for the Nterm-phos catalytic site and their effects
on the Cterm-EH activity. A series of commercially available
phophonates were evaluated in parallel. In addition, an
improved assay for the Nterm-phos is reported.

MATERIALS AND METHODS

Reagents.Fatty acids were purchased from NuChek Prep
(Elysian, MN). HPLC-grade chloroform (CHCl3), triethyl-
amine (TEA), and glacial acetic acid were purchased from
Fisher Scientific (Pittsburgh, PA). OmniSolv acetonitrile
(ACN) and methanol (MeOH) were purchased from EM
Science (Gibbstown, NJ). Compounds1-5 were synthesized
through the in situ generation of an activated sulfoimidate
which was used to sulforylate hydroxy fatty acids following
a method similar to the one used previously to synthesize
lipid phosphates (23, 27). As an example, synthesis of
compound1 is described below. In addition, reaction yield
and high-resolution mass spectrometry data for compounds
1-5 are given in Table 1.1H NMRs were performed using
a Mercury 300 NMR (Varian; Walnut Creek, CA). High-
resolution mass spectra were acquired on a time-of-flight

mass spectrometer (Micromass LCT, Manchester, U.K.)
using negative mode electrospray ionization (ESI) and
leucine-enkephalin as a lock mass compound. Chemical
purity was estimated at>95% for each compound on the
basis of1H NMR spectra and ESI-LC/MS analyses. Negative
mode electrospray ionization showed a single peak, while
positive mode confirmed TEA as the only ESI-LC/MS
detectable secondary component. Compound6 was synthe-
sized previously in the laboratory (23). Compounds7-37
were purchased from either Sigma (St. Louis, MO) or Aldrich
Chemical Co. (Milwaukee, WI), except for compound9
which was provided by Promega (Madison, WI), compound
10 which was provided by City Chemicals (West-Haven,
CT), and compound33 which was purchased from Polycar-
bon Industries, Inc. (Devens, MA).

10-Sulfonooxyoctadecanoic Acid (1). In a small reaction
vial, 100 mg of 10-hydroxyoctanoic acid was dissolved in
0.8 mL of acetonitrile and enriched with 150µL of
triethylamine, followed by 60µL of trichloroacetonitrile and
40 µL of 100% sulfuric acid. The mixture was stirred at 50
°C for 2 h. The acetonitrile was then evaporated, and the
resulting residue was dissolved in 10 mL of 1:4 methanol/
water (v/v). The mixture was purified using a 1 g C18solid-
phase extraction cartridge (SPE; Varian, Walnut Creek, CA)
equilibrated with water. The sulfurylated product was eluted
from the column with 2:3 methanol/water (v/v). Fractions
were screened for purity by ESI-LC/MS, and solvent was
removed under vacuum to yield 32 mg (25% yield) of a
yellow-brown waxy solid. Analysis revealed that the target
compound was obtained as a triethylamine (TEA) salt.1H
NMR (CDCl3/CD3OD, 1:1): δ 4.35 (m, 1H, C10), 3.18 (dd,
J ) 7.5 Hz, 6H, CH2s of TEA), 2.29 (t,J ) 7.2 Hz, 2H,
C2), 1.63 (m, 11H, CH3s on TEA and C3), 1.30 (m, 26H,
C4-C9 and C11-C17), and 0.88 (t,J ) 6.9 Hz, 3H, C18).
High-resolution MS:m/z 379.2165 (theoretical 379.2233).

Tandem Quadrupole Mass Spectrometry.The quantifica-
tion of geraniol, farnesol, and geranylgeraniol, the products
from dephosphorylation of compounds34-37, was per-
formed using HPLC with ESI and tandem mass spectrometric
detection (MS/MS). The Shimadzu ASP10 HPLC system
(Shimadzu Scientific Instruments, Columbia, MD) was set
at a flow rate of 0.2 mL/min, and a 2.1× 30 mm XTerra
MS C18 3.5 µm column (Waters, Milford, MA) was held at
20 °C. The samples were kept at 10°C in the autosampler.
The injection volume was 2µL. A solvent system consisting
of water with 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid (solvent B) was used and set at a
flow rate of 0.25 mL/min. The analytes were separated using
a gradient program starting with a solvent composition of
40% solvent B ramped using a linear gradient for 7 min to
100% solvent B and held for 0.5 min. Compound37 was
analyzed by direct injections of a 3µL sample into the mass
spectrometer at a 0.25 mL/min flow rate of 10% solvent A
and 90% solvent B. Pyrophosphate was analyzed by direct
injection of a 5µL sample into the mass spectrometer at a
0.05 mL/min flow rate of 50% solvent A and 50% solvent
B.

Analytes were detected by electrospray ionization-tandem
quadrupole mass spectrometry in the multiple reaction
monitoring mode (MRM) using a Quattro Premier tandem
quadrupole mass spectrometer (Micromass, Manchester,
U.K.). Nitrogen gas flow rates were fixed with a cone gas

Table 1: Hydroxy Lipid Sulfate Characterizationa

a Analyte purity was>95%. While a single structure is shown, diol
sulfate2 is a 1:1 mixture of the monosulfate of each possible alcohol.
Measured anionic masses are shown with theoretical masses in
parentheses.
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flow of 25 L/h and a desolvation gas flow of 700 L/h.
Electrospray ionization of geraniol, farnesol, and geranyl-
geraniol was performed in positive mode with a capillary
voltage fixed at 3.20 kV and a cone voltage fixed at 25 V
using a source temperature of 125°C and a desolvation
temperature of 350°C. Capillary voltage and cone voltage
were optimized in an infusion experiment. Intensities of
analyte molecular ions [M+ H]+ were low at 10µM
concentration of infused standards. However, intense [M+
H - 18]+ ions were produced in the source due to water
loss. Therefore, these ions were selected as precursor ions
to set the MRM acquisition mode. Monitored transitions were
m/z 137> 95 for geraniol,m/z 205> 121 for farnesol, and
m/z 273> 149 for geranylgeraniol at a collision voltage of
15 V for all analytes. Argon was used as collision gas (2.2
× 10-3 torr). Electrospray ionization of compound37 and
pyrophosphate was performed in negative ionization mode
at the same instrument conditions described above using the
MRM transition m/z 301 > 97 and m/z 177 > 79,
respectively.

Concentrations of geraniol, farnesol, geranylgeraniol, and
compound 37 were quantified using external standard
calibration. Calibration curves for geraniol, farnesol, and
geranylgeraniol contained six points from 0.03 to 10.0µM
and were linear (r2 > 0.99). The calibration curve for
compound37 contained seven points from 0.15 to 15µM
and had a good linear fit (r2 ) 0.97). Chromatogram
integration and analyte quantification were performed with
the QuantLynx module of the MassLynx 4.0 software
(Micromass, Manchester, U.K.). The limit of detection for
pyrophosphate was found by injecting serial dilutions of the
standard and was estimated to be 0.01µM at 5 µL sample
volume.

Enzyme Preparations.Recombinant human sEH (HsEH)
was produced in a baculovirus expression system (28) and
purified by affinity chromatography (29). The preparations
were at least 97% pure as judged by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and scanning densitom-
etry. No detectable esterase or glutathione transferase
activities were observed. Recombinant mouse-eared cress
sEH was produced in a baculovirus expression system and
purified as described (30). The nucleotide sequence of the
C-terminal region (Met237-Met554) of human sEH was
amplified by PCR using 5′-CCGGAATTCATGAGCCAT-
GGGTACGTGA-3′ as forward primer and 5′-ACGCGTC-
GACCTACATCTTTGAGACCACCG-3′ as reverse primer.
The resulting band was gel purified and restricted withEcoRI
and SalI, which were introduced by the primers, and the
restricted fragment was subcloned into the multiple cloning
site of the pFastBac1 vector (Invitrogen). After verification
of the obtained nucleotide sequence, the recombinant pFast-
Bac1 plasmid was introduced in competent DH10bac cells
leading to the formation of a recombinant plasmid containing
the DNA insert. The isolated recombinant plasmid was used
to produce recombinant baculovirus in Sf21 cells following
procedures recommended by the manufacturer. The truncated
HsEH was produced in high-5Trichloplusia nicell cultures
following published procedures (28). Seventy-two hours post
infection, the cells were collected by centrifugation (2000g
× 20 min). The cell pellet was then suspended in a sodium
phosphate buffer (76 mM, pH 7.4) containing 1 mM
phenylmethanesulfonyl fluoride, EDTA, and dithiothreitol.

The suspension was then homogenized by Polytron at 9000
rpm for 1 min and centrifuged (10000g × 20 min). The
resulting supernatant was frozen at-80 °C until used for
experiments. The human placental alkaline phosphatase
(APHP) was obtained from Sigma. Protein concentrations
were quantified with the Pierce BCA assay (Pierce, Rockford,
IL) using fraction V bovine serum albumin (BSA) as the
calibrating standard.

Enzymatic Assays.Nterm-phos activity was measured in
Bis-Tris HCl buffer (25 mM, pH 7.0) containing 0.1 mg/
mL fraction V BSA and 1 mM MgCl2 (buffer A) at 30°C.
For compounds8 and9, the appearance of the fluorescent
products was followed kinetically for 5-10 min on Spec-
tromax M2 (Molecular Devices, Sunnyvale, CA) at the
emission and excitation wavelengths recommended by the
manufacturers. APHP activity was measured as described
using7 as substrate (23). Compounds34-37were incubated
separately with the enzyme for a given time, and then the
reaction was stopped by the addition of 100µL of methanol.
The reaction products for compounds34-37were extracted
with 500 µL of ethyl acetate. The quantification of the
alcohol products was performed by LC/MS analysis of 2µL
of the organic phase. The Cterm-EH activity was measured
as described previously in buffer A, using either racemic
4-nitrophenyl-trans-2,3-epoxy-3-phenylpropyl carbonate (31)
or racemic [3H]-trans-1,3-diphenylpropene oxide as substrate
(32). This latter substrate was also used to measure the
activity of the cress sEH and the truncated human sEH.

Inhibition Experiments.IC50s for the Nterm-phos activity
were determined using Attophos (9) as substrate. Human sEH
(400 nM) was incubated with inhibitors for 5 min in buffer
A at 30 °C prior to substrate addition ([S]) 50 µM). IC50s
for the Cterm-EH activity were determined using racemic
4-nitrophenyl-trans-2,3-epoxy-3-phenylpropyl carbonate as
substrate as described (31, 33). Human sEH (100 nM) was
incubated with inhibitors for 5 min in buffer A at 30°C
prior to substrate addition ([S]) 50µM). By definition, IC50

is the concentration of inhibitor that reduces enzyme activity
by 50%. The IC50 was determined by regression of at least
five datum points with a minimum of two points in the linear
region of the curve on either side of the IC50 value.

Kinetic Assay Conditions.For the Nterm-phos activity,
dissociation constants were determined using Attophos as
substrate. Compound1 at concentrations between 0 and 25
µM was incubated in triplicate for 5 min at 30°C with 200
µL of purified human sEH at 40 nM in buffer A. Substrate
(3.1 e [S]final e 100 µM) was then added. Velocity was
measured as described above. The results were fitted to eq
1 corresponding to a competitive allosteric inhibition of two

catalytic sites (34), allowing the simultaneous determination
of KI, R, andKS. Resolution of the nonlinear equation was
performed using Sigma Plot (SPSS Science, Chicago, IL).
For the Cterm-EH activity, dissociation constants were
determined using racemic [3H]-trans-1,3-diphenylpropene

V )
VM([S] +

[S]2

RKS
+

[S][I]
RKI

)
KS + 2[S] +

[S]2

RKS
+

2[S][I]
RKI

+
2KS[I]

KI
+

KS[I]
2

RKI
2

(1)

Lipid Sulfates Inhibit sEH-Phosphatase Activity Biochemistry, Vol. 44, No. 36, 200512181



oxide as substrate. Compound1 at concentrations between
0 and 50µM was incubated in triplicate for 5 min at 30°C
with 100 µL of purified human sEH at 1 nM in buffer A.
Substrate (2.5e [S]final e 30 µM) was then added. Velocity
was measured as described (32). For each inhibitor concen-
tration, the plots of the velocity as a function of the substrate
concentration allowed the determination of apparent kinetic
constants (KMapp andVMapp) (34). Resolution of the nonlinear
Michaelis equation was performed using Sigma Plot (SPSS
Science, Chicago, IL). The plot of 1/VMapp as a function of
the inhibitor concentration allows the determination ofKI

when 1/VMapp ) 0. Results are the mean( standard deviation
of three separate determinations ofKI.

RESULTS

Nterm-Phos Assay Optimization.Phosphate esters of
dihydroxy fatty acids such as compound6 are good substrates
for Nterm-phos; however, they are difficult to synthesize
(reaction yield ∼1%), and detection of the hydrolysis
products requires chromatographic separation and mass
spectral detection (23). On the other hand, the readily
availablep-nitrophenyl phosphate (7) is a relatively poor
substrate for the targeted activity with a lowVM to Km ratio
(Table 2). Therefore, to obtain a more facile assay to test
for Nterm-phos activity, we tested two fluorescent phos-
phatase substrates. The 4-methylumbeliferol phosphate (8)
is a poor substrate for the human sEH, as it was for the rat
sEH (22). On the other hand, Attophos (9) is a good substrate
for the Nterm-phos, with aKm value 5-fold lower than that
for compound6, the best substrate previously reported (23).
While 9 is hydrolyzed 50-fold slower than6, the high
sensitivity of the fluorescent reporter allows the use of 5-fold
less enzyme (40 nM instead of 180 nM). Furthermore, we
were able to execute the fluorescent assay in a 96-well
format, permitting the rapid screening of chemicals for
Nterm-phos inhibition.

Nterm-Phos Inhibition.Phosphoesters of hydroxy fatty
acids, such as6, are good substrates for the Nterm-phos
activity (23). Moreover, sulfates acting as inhibitors of
phosphatases have also been reported (24-26). Therefore,
we hypothesize that replacing the phosphate moiety by a
sulfate would yield potent inhibitors for Nterm-phos activity.
Following a procedure similar to that used to make phos-
phoesters (23), we synthesized five sulfate derivatives of
hydroxy fatty acids (Table 1). Using Attophos as a reporting
substrate, we measured the effects of these compounds as
well as a series of commercial sulfates and sulfonates on
the Nterm-phos activity. As hypothesized, lipid sulfates are
effective inhibitors of Nterm-phos (data shown in Table 3).
Interestingly, the structure activity obtained with the sulfate
inhibitors differs from what was observed with the corre-
sponding phosphate substrates (23). Compared to compound
1, the presence of the hydroxyl groupR to the sulfate in

compound2 does not increase the potency while a corre-
spondingR-hydroxy improved the substrate affinity of lipid
phosphates (23). The removal of the acid function in
compound3 did not affect the inhibition potency. Further-
more, the sulfate oftrans-ricinelaidate,5, gives a 10-fold
higher inhibition than thecis isomer ricinoleate,4, and the
phosphate of thecis isomer is hydrolyzed 6-fold faster than
thetransisomer (23). In comparison to compound1, removal
of the sulfate group from the middle of the alkyl chain and
placing it on the carbon next to the acid function, as in
compound10, resulted in a 2-fold loss of inhibition potency.
A terminal sulfate function with a shorter alkyl chain,11,
resulted in a potent inhibitor, demonstrating the importance
of the presence of a hydrophobic group to inhibitor potency
and that the acid function is not necessary. Compared to11,
the replacement of the sulfate group by a sulfonate, as in
compound12, results in an inhibitor with similar potency,
suggesting that sulfonates and sulfates are both potent
inhibitors of Nterm-phos. Compared to compound11, the
replacement of the alkyl chain by an aromatic group, as in
compound13, resulted in a total loss of potency. Interest-
ingly, compound13 was found not to be a substrate for the
rat sEH, and the corresponding phosphate, compound7, is
a poor substrate (22, 23). Good inhibition was obtained for
compound14, which has a sulfate group on position 3 of
the A ring and a sulfonate on the alkyl tail of the sterol
structure. The fact that taurocholic acid, compound15, has
only the sulfonate function suggests that the observed
inhibition by compound14 is due to the presence of the
sulfate group on the A ring. Compared to compound11, the
replacement of the alkyl chain by hydrophilic groups, such
as compounds16-19, resulted in a total loss of inhibition
potency.

Since phosphonates are also used to inhibit phosphatases
(35, 36), we investigated the inhibition potency of com-
mercially available phosphonates on Nterm-phos activity

Table 2: Catalytic Activity of Human sEH for Several Phosphate Substrates

name no. Km (µM) VM (nmol‚min-1‚mg-1) Hill coeff VM/Km (nmol‚min-1‚mg-1‚µM-1)

threo-9/10-phosphonooxyoctadecanoic acid 6 20.9a 338a 1.9a 16.1
p-nitrophenyl phosphate 7 1600a 57.6a 1.0a 0.04
4-methylumbeliferyl phosphate 8 210( 30 7.9( 1.7 1.1( 0.1 0.04( 0.01
Attophos 9 3.6( 0.8 7.0( 0.1 1.6( 0.1 1.9( 0.2

a Data from ref23.

Table 3: Effect of Sulfates on Human sEH Nterm-Phos Activity

name no. IC50 (µM)a

10-sulfonooxyoctadecanoic acid 1 5.9( 1.6
9/10-hydroxysulfonooxyoctadecanoic acid 2 17.5( 1.6
9-octadecanyl sulfate 3 4.7( 1.2
12-sulfonoxy-cis-9-octadecenoic acid 4 >100
12-sulfonoxy-trans-9-octadecenoic acid 5 9.7( 1.3
R-sulfostearic acid 10 9.6( 0.6
sodium dodecyl sulfate 11 5.2( 0.6
sodium dodecyl sulfonate 12 3.7( 0.5
4-nitrophenyl sulfate 13 >100
taurolithocholic acid 3-sulfate 14 5 ( 4
taurocholic acid 15 >100
estrone 3-sulfate 16 >100
D-galactose 6-sulfate 17 >100
L-ascorbic acid 2-sulfate dipotassium salt 18 >100
N-acetyl-D-galactosamine 4-sulfate 19 >100

a Results are the average( SD of three separate experiments.
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(Table 4). Significant inhibition was obtained for three of
the phosphonates tested, compounds27, 32, and33. The first
one is very hydrophobic. Interestingly, the second one,
compound32, is a mimic of farnesyl pyrophosphate (36).
Compound33 is structurally similar to11 and12 and has a
higher IC50 than the sulfur-containing compounds (11 and
12), suggesting that sulfonates and sulfates are better
inhibitors of Nterm-phos than phosphonates.

To verify that the observed inhibition is not an artifact,
we tested the effect of a 10-fold increase in the BSA
concentration in the buffer on the inhibition potency. No
change in IC50 values was observed, suggesting that these
inhibitors do not act by forming nonspecific aggregates with
the enzyme (37). Because some of the compounds tested,
such as compound11, are used as detergents, one could
suggest that the observed inhibition is due to a surfactant
effect. However, the range of IC50s observed (3-100 µM)
is far lower than the critical micelle concentrations of these
compounds, which is generally in the low to mid-millimolar
range (25), suggesting that the observed effect is not due to
a detergent effect. To test the specificity of the inhibitors
for Nterm-phos, we tested the inhibition of alkaline phos-
phatase from human placenta on compounds1-5 and10-
33. No significant inhibition was obtained for any compounds
at 100µM (results not shown).

Mechanism of Inhibition.To understand the mode of action
of these new inhibitors, we first tested if compounds1 and
2 were substrates for the Nterm-phos. We incubated the
enzyme (400 nM) with the compounds (100µM) for an hour
and analyzed the mixture by LC-MS to detect any alcohol
or diol formed (23). We were not able to detect the formation
of any alcohol or diol. We then determined IC50s for
compounds1-5, 11, 12, and14 for several incubation times
(0, 5, 15, and 30 min) with the enzyme before addition of
the substrate; no changes in IC50s were observed. These
results support the fact that sulfates are not substrates for
Nterm-phos, which was previously demonstrated for com-
pound13 (22).

Next, we determined the kinetic constant for compound
1. A variety of kinetic models were evaluated using Sigma
Plot. The simple and mixed-type inhibition models fit poorly
to our data (r2 < 0.4). For each inhibitor concentration, we
obtained sigmoidal velocity curves which suggest an allo-

steric inhibition model, and we obtained similarVM results
which suggest a competitive inhibition model, and in fact
the data were best fitted with an allosteric competitive
inhibition model. This mechanism of inhibition for an
enzyme with two equivalent active sites is described by the
equilibrium (34):

where the inhibitor, I, could bind at the same sites that the
substrate, S, can bind the enzyme E. The binding of both
the substrate and inhibitor changes the dissociation constant
of the remaining vacant site for I or S by a factorR. The
velocity for this type of inhibition is given by eq 1 (34). To
determineKS, KI, and R, the velocity (V) results obtained
for various concentration of I and S were fitted to eq 1 using
the value ofVM obtained in the absence of inhibitor. A typical
result is shown in Figure 1A. We obtained an average (n )
3) KS of 9.8 ( 0.7 µM, an averageKI of 0.7 ( 0.3 µM, and
a factorR of 0.4 ( 0.1 andr2 above 0.91. Analysis of the
curve fitting revealed that the residual variation was mainly
observed for [I]) 5 µM; at this concentration we obtained
twice as much inhibition than predicted, and calculated values
are significantly different (p < 0.01) from obtained values.
Removing the data for this concentration of inhibitor resulted
in a significantly better fit of the model (r2 above 0.96), while
obtaining similar kinetic parameter values [KS ) 9.5 ( 0.8
µM, KI ) 0.6( 0.2µM, andR ) 0.5( 0.1 (n ) 3)]. Other
allosteric inhibition models did not fit as well (r2 < 0.8).
For the competitive allosteric inhibition model described
herein, the inhibitor can also act as an activator (38). At a
low substrate concentration (1µM), we observed (Figure 1B)
that low concentrations of compound1 (<0.5µM) increased
the activity of the enzyme while an inhibitory effect was
observed for higher concentrations of1. These results suggest
a homotropic cooperativity in the binding of1 and that the
inhibitors described herein bind at the Nterm-phos active site
in a manner similar to substrate binding. Interestingly, the
KS determined for Attophos is around 3-fold higher than its
observedKM (Table 2), suggesting that the rate of Nterm-
phos dephosphorylation is the limiting step for the hydrolysis
of this substrate (39).

Nterm-Phos Endogenous Substrate.In a previous study,
we reported that Nterm-phos prefers lipid phosphates as
substrates (23). On the basis of the general inhibitor structure
described herein, one could hypothesize that Nterm-phos
endogenous substrates are terminal phospholipids such as
polyisoprenyl phosphates which are important cellular sig-
naling molecules (40). This is supported by the fact that
compound32, a farnesyl pyrophosphate mimic (36), is an
inhibitor of Nterm-phos. To test this hypothesis, we assayed
three isoprenyl pyrophosphates (compounds34-36) that are
important intermediates in the synthesis of sterols (41).
Interestingly, these compounds are substrates for the sEH

Table 4: Effect of Phosphonates on Human sEH Nterm-Phos
Activity

name no. IC50 (µM)a

tetraisopropyl methylenediphosphonate 20 >100
diethyl vinylphosphonate 21 >100
diethyl benzoylphosphonate 22 >100
diethyl cyclopropyl methylphosphonate 23 >100
diethyl trans-cinnamyl phosphonate 24 >100
diethyl 4-methylbenzyl phosphonate 25 >100
diethyl allyl phosphonate 26 >100
dioctyl phenyl phosphonate 27 13 ( 1
dibenzyl phosphate 28 >100
dimethyl 2-oxoheptyl phosphonate 29 >100
diethyl 2,2,2-trifluoro-1-hydroxyethyl

phosphonate
30 >100

diethyl ethylthiomethyl phosphonate 31 >100
R-hydroxyfarnesylphosphonic acid 32 73 ( 5
dodecyl phosphonic acid 33 40 ( 4
a Results are the average( SD of three separate experiments.
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phosphatase (Table 5). For compound34, we obtained a
linear curve, indicating that theKm for this substrate is above
the highest concentration tested (5µM), and the relatively
high VM/Km ratio suggests a high maximal velocity. Increas-
ing the size of the terpene tail, as in compounds35 and36,
resulted in a lowerKm and a slowerVM. Compounds34-36
are hydrolyzed by an order of magnitude slower than the
previously reported substrate (compound6 in Table 2).

Because we detected only the alcohol form (see Materials
and Methods), the kinetic parameters obtained could result
from the direct removal either of pyrophosphate or of two
phosphates successively with the formation of monophos-
phate as an intermediate. Concentrating on farnesyl pyro-
phosphate35, over a 60 min incubation time (up to 80%
hydrolysis of35by human sEH), we were not able to detect

farnsyl monophosphate37 by HPLC with ESI and tandem
mass spectrometric detection. The estimated limit of detection
for compound37 was 0.1µM (signal-to-noise ratio equals
3). We were able to detect 0.02µM pyrophosphate in
incubations of sEH with FPP; however, its concentration does
not change with time of incubation, and it is present in buffer
control, which suggests that the detected pyrophosphate is
an impurity in the FPP standard. The kinetic parameters of
37 (Table 5) show that this compound is an excellent
substrate for Nterm-phos. It is hydrolyzed approximately 50-
fold faster than the corresponding pyrophosphate derivative
34. These results strongly suggest that Nterm-phos is a
monophosphatase that hydrolyzes isoprenyl pyrophosphates
to the corresponding alcohols and two phosphate molecules.
It performs this reaction in two successive steps of phosphate
removal with the second being much faster than the first
one. Therefore, the kinetic parameters determined for the
isoprenyl pyrophosphates (Table 5, compounds34-36) most
likely represent the removal of the first phosphate molecule,
which is the rate-limiting step. Interestingly, compound37
is hydrolyzed as fast as the previously reported substrate
(compound6 in Table 2).

Cterm-EH Inhibition.We then tested the effect of the
Nterm-phos inhibitors on the Cterm-EH activity. As shown
in Table 6, significant inhibition was obtained only for a
small number of sulfates (1-3, 5, and11). A slight inhibition
was observed for the phosphonate27. Interestingly, the
pattern of inhibition of Cterm-EH is different than the one
observed for Nterm-phos. For example, compound12 is a
far better inhibitor of Nterm-phos than compound11, but it
is not an inhibitor of Cterm-EH while compound11 is. As
observed above, increasing the concentration of BSA in the
buffer by an order of magnitude does not alter the potency
of the inhibitors, suggesting that these inhibitors do not act
by forming nonspecific aggregates with the enzyme (37).
Thus, sulfates represent a new class of inhibitors for Cterm-
EH activity; previous potent inhibitors described include
ureas, amides, and carbamates (42).

To understand the mode of action of these compounds,
we determined kinetic constants for compound1. The best

Table 5: Kinetic Parameters of Human Nterm-Phos for Polyisoprenyl Phosphatesa

name no. Km (µM) VM (nmol‚min-1‚mg-1) Hill coeff VM/Km (nmol‚min-1‚mg-1‚µM-1)

geranyl pyrophosphate 34 5.3( 0.3
farnesyl pyrophosphate 35 10.1( 1.1 12.5( 1.0 1.0( 0.1 1.2( 0.2
geranylgeranyl pyrophosphate 36 3.4( 1.6 4.7( 1.1 1.0( 0.2 1.4( 0.8
farnesyl monophosphate 37 5.7( 0.4 303( 19 1.0( 0.1 53( 5
a Results are the average( SD of three separate experiments.

FIGURE 1: (A) Determination of the dissociation constant of1 with
human sEH using Attophos as substrate. The circles represent the
collected data points. The mesh represents the curve resulting from
the fitting of the data to eq 1. (B) Effect of1 on human sEH Nterm-
phos activity at a low concentration (1µM) of Attophos.

Table 6: Effect of Sulfates, Pyrophosphates, and Phosphonates on
Human sEH Cterm-EH Activity

no. IC50 (µM)a no. IC50 (µM)a no. IC50 (µM)a

1 28 ( 2 15 >100 25 >100
2 90 ( 5 16 >100 26 >100
3 21 ( 5 17 >100 27 92 ( 3
4 >100 18 >100 28 >100
5 16 ( 3 19 >100 29 >100
10 >100 20 >100 30 >100
11 50 ( 5 21 >100 31 >100
12 >100 22 >100 32 >100
13 >100 23 >100 33 >100
14 90 ( 5 24 >100

a Results are the average( SD of three separate experiments.
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fit was obtained for a noncompetitive inhibition mechanism
(Figure 2). This result suggests that the inhibitor does not
bind at the active site, or least not exclusively at the active
site, as previously described inhibitors do (42), thus showing
that these new inhibitors of Cterm-EH act at a different site
on the enzyme. We found for compound1 at the Cterm-EH
a KI of 31 ( 2 µM (n ) 3), which is roughly 100-fold the
KI obtained for this compound at the Nterm-phos (see above).
This result suggests that the inhibition of Cterm-EH by
compound1 does not come from its binding to the pocket
of Nterm-phos. To confirm this hypothesis, we tested the
effect of compounds1-5 on the EH activity of the full-
length and N-terminally truncated (with only the C-terminus
present) human sEH and the cress sEH, which does not
contain a mammalian-like N-terminal domain (19). Similar
patterns of inhibition (Table 7) were obtained for both full-
length and truncated human sEH, while no inhibition was
observed for the plant sEH. The small differences observed
between the full-length and truncated human sEH are
probably linked to the use of a truncated enzyme from crude
extract versus purified full-length human sEH. These results
suggest that sulfates inhibit Cterm-EH by binding to a site
on the C-terminal domain that is distinct from the EH active
site, and this site is not present on the plant sEH.

DISCUSSION

The recent discovery of the Nterm-phos activity (22, 23)
has revealed a gap in our knowledge about the functional
role of this enzyme. To fill this gap, new tools are needed.
We report herein the use of Attophos, compound9, as a new
surrogate substrate for this activity; not only does it have a
Ks in the low micromolar range, it also displays a positive
cooperative binding similar to compound1 (23). Compared
to the assay using the latter substrate, use of Attophos gives
an assay that is more sensitive and easier to perform.
Furthermore, we were able to execute the fluorescent assay
in a 96-well format, permitting us to quickly screen chemicals
for Nterm-phos inhibition.

Using this new assay format, we investigated the effect
of several pharmacophores on the inhibition of the sEH
phosphatase activity. The results clearly show that sulfates,
sulfonates, and phosphonates represent a new class of potent
inhibitors of the Nterm-phos activity of sEH. Moreover, the
inhibition is enhanced by the presence of a hydrophobic
linear or cyclic tail; the presence of a carboxylic function or
a double bond reduced the inhibition potency only slightly,
except for the presence of acis double bond. While
surprising, this latter result was confirmed by testing
compound 4 from several synthetic batches and from
commercial sources (City Chemicals). The inhibition caused
by these compounds does not decrease over time. One of
the more potent inhibitors tested, compound1, has a high
nanomolarKI that is roughly 20-fold the enzyme concentra-
tion tested and 10-fold lower than theKS of the substrate,
indicating that this compound binds relatively tightly to the
enzyme. One could envision that optimization of the structure
will yield stoichiometric inhibitors of Nterm-phos activity.
The exact mechanism by which the sulfates, sulfonates, and
phosphonates inhibit the Nterm-phos is not known. The
kinetic inhibition was best described by a competitive model
for which the inhibitor has a positive allosteric effect, like
that observed for the substrate. This strongly suggests that
the inhibitors mimic the binding of the substrate to the active
site (Figure 3). The inhibitors most likely establish hydrogen
bonds between their hydrophilic heads and residues within
the active site. Furthermore, the hydrophobic tail of the
inhibitors most likely bind through van der Waals interactions
to an∼14 Å long hydrophobic tunnel with one end at the
Nterm-phos active site and the other end near the interface
of the N- and C-terminal domains (21). It is not known which
part of the inhibitor or substrate binding is responsible for
the observed homotrophic cooperativity. Clearly, future
structure determination and site-directed mutagenesis experi-
ments are required to probe the allosteric regulation of
Nterm-phos.

FIGURE 2: Determination of the dissociation constant of1 with
human sEH Cterm-EH activity using tDPPO as substrate. (A) For
each inhibitor concentration (0-50 µM), the velocity is plotted as
a function of the substrate concentration (0-30 µM) allowing the
determination of an apparent maximal velocity (VMapp). (B) The
plotting of 1/VMapp as a function of the concentration of inhibitor
permits the determination ofKI.

Table 7: Effect of 100µM Lipid Sulfates on EH Activity of
Full-Length and Truncated Human sEH and Cress sEH

inhibition at 100µM (%)a

human sEH

no. full length truncated cress sEH

1 86 ( 2 89( 3 <2
2 54 ( 3 58( 2 <2
3 72 ( 2 67( 3 <2
4 26 ( 3 16( 2 <2
5 68 ( 2 44( 4 <2

a Results are the average( SD of three separate experiments.
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Due to the allosteric effects observed for Nterm-phos and
the fact that the two N-terminal domains of each homodimer
do not form contacts with one another (20, 21), we believe
that binding at the N-terminal active site could influence the
Cterm-EH activity. While we found that some of the
N-terminal inhibitors did affect the C-terminal activity, the
results obtained clearly show that this effect is not through
binding at the N-terminal domain. The data suggest the
presence of a new binding site on the C-terminal domain
that is distinct from the Cterm-EH catalytic site. The future
discovery of inhibitors that bind exclusively to this latter site
will be a valuable tool to probe the role of this site in the in
vivo regulation of epoxide hydrolysis by sEH, which is an
important process for blood pressure and inflammation
regulation (3).

The mammalian soluble epoxide hydrolase is a unique
enzyme in that it has the uncommon characteristic of having
two enzymatic activities. While the role of the Cterm-EH
activity in inflammation and hypertension, via epoxy fatty
acid hydrolysis, is well documented (3), the role of the
Nterm-phos remains to be elucidated. In a previous study,
we reported that Nterm-phos prefers lipid phosphates as
substrates (23). On the basis of the general inhibitor structure
described herein, we found that polyisoprenyl phosphates
are also good substrates for Nterm-phos. Polyisoprenyl
phosphates are important cellular signaling molecules, thus
suggesting a possible role for Nterm-phos in sterol synthesis
or inflammation (40, 41). Alternatively, since a sterol sulfate,
compound14, inhibits the enzyme, sterol phosphates may
also be substrates for Nterm-phos. Ultimately, the inhibitors
developed and described herein provide valuable tools to
investigate the biological role of the Nterm-phos.
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