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Abstract

X-ray crystal structures of human soluble epoxide hydrolase (sEH) complexed with four different
dialkylurea inhibitors bearing pendant carboxylate “tails” of varying length have been determined at
2.3–3.0 Å resolution. Similarities among inhibitor binding modes reinforce the proposed roles of Y381
and/or Y465 as general acids that protonate the epoxide ring of the substrate in concert with
nucleophilic attack of D333 at the electrophilic epoxide carbon. Additionally, the binding of these
inhibitors allows us to model the binding mode of the endogenous substrate 14,15-epoxyeicosatrienoic
acid. Contrasts among inhibitor binding modes include opposite orientations of inhibitor binding in
the active-site hydrophobic tunnel. Alternative binding orientations observed for this series of inhibi-
tors to human sEH, as well as the binding of certain dialkylurea inhibitors to human sEH and murine
sEH, complicate the structure-based design of human sEH inhibitors with potential pharmaceutical
applications in the treatment of hypertension. Thus, with regard to the optimization of inhibitor
designs targeting human sEH, it is critical that human sEH and not murine sEH be utilized for
inhibitor screening, and it is critical that structures of human sEH-inhibitor complexes be determined
to verify inhibitor binding orientations that correlate with measured affinities.
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Microsomal epoxide hydrolase (mEH) and soluble epox-
ide hydrolase (sEH) catalyze the oxirane ring opening
reaction on epoxide-bearing substrates. The catalytic
mechanism proceeds via an SN2-type reaction mecha-
nism in which the epoxide is activated by hydrogen
bonds with general acids Y381 and/or Y465 with simul-
taneous nucleophilic attack by D333 to form an alkylen-
zyme intermediate; a water molecule activated by H523
attacks the alkylenzyme intermediate, forming a tetra-
hedral intermediate which subsequently collapses to

release the product diol (Lacourciere and Armstrong
1993; Hammock et al. 1994; Borhan et al. 1995; Pinot et
al. 1995; Arand et al. 1996; Müller et al. 1997; Laughlin
et al. 1998; Yamada et al. 2000). One biological function
of the epoxide hydrolases is to provide chemical protec-
tion against endogenous and environmental epoxides
that might otherwise be toxic by alkylation of DNA
(Hammock et al. 1997). However, recent studies point
to sEH as a key regulator of mammalian blood pressure
regulation via the hydrolysis of cis-epoxyeicosatrienoic
acids (Zeldin et al. 1993; Fang et al. 2001; Fleming 2001;
Imig et al. 2002). Therefore, sEH is a potential target for
the treatment of hypertension (Zeldin et al. 1993; Fleming
2001; Fang et al. 2001; Imig et al. 2002). The X-ray crystal
structures of murine sEH (Argiriadi et al. 1999) and
human sEH (Gomez et al. 2004) each reveal an active
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site located in the middle of an “L”-shaped hydrophobic
tunnel, ,25 Å in length, which appears to be suitable for
the binding of extended lipid epoxide substrates and ali-
phatic dialkylurea inhibitors (Argiriadi et al. 2000).

The best class of sEH inhibitors to date are the
dialkylureas (Morisseau et al. 1998, 1999; McElroy et
al. 2003), which typically bind as analogs of the transi-
tion state for epoxide ring opening such that the urea
CTO moiety accepts hydrogen bonds from Y381 and
Y465 and one urea NH group donates a hydrogen bond
to D333 (Fig. 1) (Argiriadi et al. 2000; Gomez et al.
2004). However, there are examples of unexpect-
ed binding modes for dialkyurea inhibitors: N-cyclo-

hexyl-N¢-(3-phenyl)propylurea (CPU, Table 1) binds to
murine sEH with an energetically unfavorable cis-
amide linkage (Argiriadi et al. 1999), and N-cyclo-
hexyl-N¢-iodophenyl urea (CIU, Table 1), while having
similar inhibitory potency toward human sEH and
murine sEH (IC50 values of 0.12 mM and 0.07 mM,
respectively) (McElroy et al. 2003; Gomez et al. 2004),
binds to these enzymes with opposite orientations
(Argiriadi et al. 2000; Gomez et al. 2004).

Quantitative structure–activity relationships (QSAR)
point to further ambiguities in the binding of inhibitors
to human sEH and murine sEH. For instance, QSAR
analysis of dialkylurea inhibitors yields equations for
murine sEH and human sEH with r2 values of 0.955
and 0.616, respectively (Nakagawa et al. 2000; McElroy
et al. 2003), suggesting that the binding of dialkylurea
inhibitors to the human enzyme is not as readily predict-
able as the binding of inhibitors to the murine enzyme. To
further probe the complexities of dialkylurea inhibition
we now report the X-ray crystal structures of human sEH
complexed with four dialkylurea inhibitors bearing pen-
dant carboxylate “tails” of varying lengths: 4-(3-cyclo-
hexylureido)-ethanoic acid (CU2), 4-(3-cyclohexylureido)
-butyric acid (CU4), 4-(3-cyclohexylureido)-hexanoic
acid (CU6), and 4-(3-cyclohexylureido)-heptanoic acid
(CU7) (Table 1). Although the addition of the carb-
oxylate functionality to each compound enhances solu-
bility (and may make them better mimics of fatty acid
epoxides, the suspected endogenous substrates), this series
of inhibitors shows different affinity trends toward human
sEH and murine sEH. The structures of these enzyme–

Figure 1. (A) Transition state for oxirane ring opening as catalyzed by

soluble epoxide hydrolase. (B) General binding mode of a dialkylurea

inhibitor, which mimics the transition state.

Data from Kim et al. 2004.

Table 1. Epoxide hydrolase inhibitors
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inhibitor complexes allow us to rationalize the observed
affinity trends with human sEH and reveal the structural
basis for the complexity of QSAR analysis.

Results and Discussion

Although the pendant carboxylate groups of CU2, CU4,
CU6, and CU7 differ by only five methylene units in
length, the crystal structures of enzyme–inhibitor com-
plexes exhibit some remarkable differences. Two distinct
new inhibitor binding modes are observed that, taken
together with the previously reported structure of the
human sEH–CIU complex (Gomez et al. 2004), and the
structures of murine sEH complexed with dialkylurea
inhibitors (Argiriadi et al. 1999, 2000), illuminate impor-
tant structure–affinity relationships in the sEH active site
tunnel. The ensemble of structures also reveals the molec-
ular basis for the variable inhibition exhibited by 4-(3-
cyclohexylureido)-carboxylic acids against sEH (Table 1).

Crystal structures of human sEH–inhibitor complexes

The binding of 4-(3-cyclohexylureido)-ethanoic acid
(CU2) does not induce any major structural changes in
human sEH, as indicated by the root mean square
(RMS) deviation of 0.4 Å for the 320 Ca atoms of the
C-terminal domains between the native enzyme and the
enzyme–inhibitor complex. Despite the modest 3.0 Å
resolution and the poor inhibition exhibited by CU2
(IC50>500 mM), clear electron density defines the loca-
tion and conformation of the inhibitor cyclohexyl group;
a slight bulge in the electron density of the carboxylate
may reflect some modest disorder (Fig. 2A). The cyclo-
hexyl group of CU2 makes van der Waals interactions in
a hydrophobic region defined by F265, Y381, L406,
M418, V497, and W524 (henceforth designated the
“F265 pocket”), and the carboxylic acid group lies ad-
jacent to a hydrophobic surface defined by W334,
M337, andL498 (henceforth designated the “W334niche”).
This inhibitor-binding orientation is identical to that ob-

served for the binding of N-cyclohexylurea inhibitors
such as CIU (Table 1) to murine sEH (Argiriadi et al.
2000), which bind with their cyclohexyl groups in the
corresponding F265 pocket. It is possible that the car-
boxylic acid of CU2 is protonated as it binds to human
sEH, since the binding of a negatively charged carbox-
ylate in a hydrophobic environment would be destabiliz-
ing. Inhibitor binding is weakly stabilized by poorly
oriented hydrogen bonds with Y381 and D333 (Fig.
2B). Poor hydrogen-bond geometries and the placement
of a carboxylate deep within a hydrophobic tunnel likely
contribute to the poor inhibitory potency of CU2.

Neither CU4 nor CU6 induce any major structural
differences upon binding to sEH, as indicated by RMS
deviations of 0.4 Å for the 320 Ca atoms of the C-terminal
domains between the native enzyme and each enzyme–
inhibitor complex. The position and orientation of the
inhibitor CU4 is established by unambiguous electron
density at 2.3 Å resolution (Fig. 3A). The moderate 2.7
Å resolution of the sEH–CU6 complex similarly allows
for the unambiguous assignment of the position and
orientation of inhibitor CU6, although the electron
density for the hexanoic acid moiety weakens somewhat
toward the terminal carboxylate group (Fig. 4A). Sur-
prisingly, these inhibitors each bind with opposite
orientation relative to that of CU2, such that the cyclo-
hexyl group of each binds in the W334 niche instead of
the F265 pocket. In the human sEH–CIU complex, the
cyclohexyl group of CIU similarly binds in the W334
niche instead of the F265 pocket (Gomez et al. 2004).
Thus, both sides of the active site tunnel can accommo-
date the bulky cyclohexyl substituent in human sEH.

Both CU4 and CU6 share a similar array of hydrogen
bond interactions: the urea CTOmoiety of each inhibitor
accepts hydrogen bonds Y381 and Y465, and a urea NH
group donates a hydrogen bond to D333 (Figs. 3B, 4B).
Both CU4 and CU6 are relatively poor inhibitors of
human sEH and murine sEH, presumably due in part to
the interactions of their pendant carboxylate groups. The
carboxylate tail of CU4 is relatively constrained by H523,

Figure 2. (A) Simulated annealing omit map of the human sEH–CU2 complex (contoured at 4.0 s). Poorly oriented hydrogen

bonds are indicated by dotted lines. (B) Schematic representation of hydrogen bond interactions in the CU2 complex.
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W524, and M418, but the carboxylate moiety appears to
be poorly oriented for electrostatic interactions with H523
and W524 that could otherwise stabilize the negatively
charged carboxylate in a hydrophobic environment. The
additional methylene units in the carboxylate tail of CU6
inhibitor extend the carboxylate toward the opening of
the active site tunnel, but the carboxylate makes no direct
interactions with the protein or ordered solvent mole-
cules. The enhanced affinity of CU6 relative to CU4
may arise in part from weaker destabilizing interactions
resulting from the placement of the inhibitor carboxylate
group closer to the mouth of the hydrophobic tunnel.

Although the structure of the sEH–CU7 complex
reveals the expected hydrogen bond interactions between
the urea CTO moiety and Y381 and Y465, and the urea
NH groups and D333, the inhibitor binds in the same
orientation as CU2 with its cyclohexyl group in the F265
pocket (Fig. 5). The heptanoic acidmoiety of CU7 extends
around M337 through the active site tunnel. Elevated
thermal B-factors for the carboxylate group suggest some
degree of disorder for the aliphatic carboxylate group.

The opposite inhibitor binding orientations repre-
sented byCU4/CU6 andCU2/CU7, aswell as the binding
of CIU with opposite orientations in the active sites
of human sEH (Gomez et al. 2004) and murine sEH
(Argiriadi et al. 2000), underscore the caution with
which QSAR must be applied in understanding and

predicting structure–affinity relationships for human
sEH inhibitors. Comparison of the human sEH–CIU
complex (Gomez et al. 2004) with the CU2, CU4, CU6,
andCU7 complexes suggests that the slight “pinch” in the
active-site tunnel in the vicinity of M337 may guide the
orientation of dialkylurea inhibitors in the active site of
human sEH. Inhibitors with a carboxylate tail too short
(CU2) or too long (CU7) to interact withM337 bind with
their cyclohexyl groups in the F265 pocket. However,
inhibitors CU4 and CU6 each bear a carboxylate tail of
sufficient length to interact unfavorably with M337 and
therefore bindwith opposite orientation to avoid an unfa-
vorable interaction withM337. The side chain ofM337 in
human sEH also causes CIU to bind with the opposite
orientation relative to that observed in its complex with
murine sEH (which has the less bulky Val 337 side chain)
in order to avoid a steric clash between Met 337 and the
bulky iodophenyl substituent of the inhibitor (Gomez et
al. 2004).

One key finding of the current work is that inhibitor
potency is not predictive of inhibitor-binding orientation
in the active site of human sEH. However, the crystal struc-
tures of human sEH complexed with dialkylurea inhibitors
bearing pendant carboxylate groups allow us to explain
some of the observed affinity trends (Kim et al. 2004). For
example, although addition of the pendant carboxylate
group blunts inhibitory potency due to the binding of the

Figure 3. (A) Simulated annealing omit map of the human sEH–CU4 complex (contoured at 4.0 s). Hydrogen bonds are

indicated by dotted lines. (B) Schematic representation of hydrogen bond interactions in the CU4 complex.

Figure 4. (A) Simulated annealing omit map of the human sEH–CU6 complex (contoured at 4.0 s). Hydrogen bonds are

indicated by dotted lines. (B) Schematic representation of hydrogen bond interactions in the CU6 complex.
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carboxylate in thehydrophobic active-site tunnel, this desta-
bilizing interaction is readily neutralized by esterification of
the carboxylate: The methyl esters of CU2, CU4, and CU6
bind with much higher affinities than the carboxylic acids
(Table 1), and this is the case regardlessofwhether inhibitors
bindwith the aliphatic carboxylate in theF265pocket or the
W334 niche. Important structural inferences can also be
made regarding structure–affinity relationships for a second
family of inhibitors characterized by a bulky N-adamantyl
substituent (Table 1). The N,N¢-diadamantylurea inhibitor
exhibits high potency against human sEH, with IC50=6.4
mM (Morisseau et al. 2002). This suggests that the bulky
adamantyl group can occupy either the F265 pocket or the
W334 niche. Although the F265 pocket is larger, the free-
energy cost of structural changes in the W334 niche trig-
gered by the binding of N,N¢-diadamantylurea must be
partially offset by multiple van der Waals interactions with
the bulky hydrocarbon moiety. Notably, 4-(3-adamantyl-
ureido)-butyric acid binds much more tightly than 4-(3-
cyclohexylureido)-butyric acid (Table 1), so the additional
van derWaals interactions afforded by an adamantyl group
compared with a cyclohexyl group significantly contribute
to enzyme–inhibitor affinity.

Model of human sEH-14,15-epoxyeicosatrienoic
acid complex

Epoxyeicosatrienoic acids (EETs) are arachidonic acid
metabolites of the cytochrome P-450 epoxygenases
that produce vasodilatation by hyperpolarization of
smooth muscle cells via activation of Ca2+-activated

K+ channels (Hu and Kim 1993; Harder et al. 1995;
Campbell et al. 1996; Fisslthaler et al. 1999; Capdevila et
al. 2000;QuilleyandMcGiff 2000).As such, 14,15-EEThas
antihypertensive properties that are not attributed to
their sEH hydrolyzed diol products. The targeted dis-
ruption of sEH is therefore a potential therapeutic strat-
egy for the treatment of hypertension (Sinal et al. 2000).

The binding modes of EET substrates in the active site
of sEH are potentially exemplified by the binding of
cyclohexylureido carboxylate inhibitors bearing longer
aliphatic tails, e.g., CU7. Assuming that the transition
state analogy of Figure 1 holds for the EET, then this
substrate threads through the active site tunnel until the
epoxide moiety hydrogen bonds with Y381 and Y465. It
appears that either orientation of the EET could be
accommodated in the active-site tunnel of human sEH.
However, given that the inhibitor N-cyclohexyl-N-decyl-
urea binds with its long aliphatic chain exclusively on the
Met 337 side of the active-site tunnel (Argiriadi et al.
2000), and given that the aliphatic carboxylate chain of
the inhibitor CU7 binds with a similar orientation (Fig.
5), we hypothesize that the long unsaturated chain of the
proposed endogenous sEH substrate, 14,15-EET, simi-
larly binds on the Met 337 side of the active-site tunnel.
A model of this putative enzyme–substrate complex is
presented in Figure 6.

Conclusions

X-ray crystal structures of sEH complexes with dial-
kylurea inhibitors bearing pendant carboxylate “tails”

Figure 5. (A) Simulated annealing omit map of the human sEH–CU7 complex (contoured at 4.0 s). Hydrogen bonds are

indicated by dotted lines. (B) Schematic representation of hydrogen bond interactions in the CU7 complex.

Figure 6. Model of the proposed endogenous substrate 14,15-EET bound to the active site of human sEH.
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illustrate the difficulties in accurately predicting inhibi-
tor-binding orientations in the human sEH active site
based solely on crystal structures of murine sEH–in-
hibitor complexes. Although human and murine sEH
enzymes are related by 73% amino acid sequence iden-
tity, sufficient structural differences in their respective
active-site tunnels cause certain dialkylurea inhibitors to
bind to human sEH with opposite binding orientations.
For the inhibitor CIU, opposite binding orientations in
the active site of human sEH (Gomez et al. 2004) and
murine sEH (Argiriadi et al. 2000) make relatively no
impact on affinity; for the dialkylurea carboxylate inhib-
itors CU6 and CU7 (Table 1), opposite binding orienta-
tions in complexes with human sEH complicate the ana-
lysis of quantitative structure–affinity relationships.
These results demonstrate that murine sEH is limited
in its use as a model system for studying inhibitor bind-
ing to human sEH. Moreover, these results highlight the
importance of X-ray crystal structures in determining
conclusive structure–affinity relationships for human
sEH as this enzyme is explored as a potential target for
hypertension therapy.

Materials and methods

Recombinant human sEH was produced in a baculovirus
expression system and purified as described (Beetham et al.
1993; Wixtrom et al. 1988), with the addition of a final step
using a Superdex 200 size exclusion column (Amersham Phar-
macia) in 0.1 M sodium phosphate (pH 7.4) and 3 mM
dithiothreitol (DTT). For crystallization by vapor diffusion,
a sitting drop containing 5.0 mL of protein solution (12–16
mg/mL sEH, 3 mM DTT, 0.1 M sodium phosphate at pH

7.4), 5.0 mL of precipitant buffer (0.1 M Tris at pH 8.4, 34%
[wt/vol] PEG 3350), and 0.5 mL n-hexadecyl-b-D-maltoside
(Hampton) was equilibrated against a 1-mL reservoir of pre-
cipitant buffer at 4 �C. Hexagonal rods appeared in ,7 d with
dimensions of 0.4 mm · 0.1 mm · 0.1 mm. Crystals belonged
to space group P6522 with unit cell parameters a= b< 93 Å
and c< 244 Å. Crystals were then soaked in precipitation
buffer containing 30 mM inhibitor for 3 d. Following transfer
to a 20% sucrose cryoprotectant and flash-cooling, crystals
yielded diffraction data to 3.0 Å resolution for 4-(3-cyclo-
hexylureido)-ethanoic acid (CU2), 2.3 Å resolution for 4-(3-
cyclohexylureido)-butyric acid (CU4), and 2.6 Å resolution
for 4-(3-cyclohexylureido)-heptanoic acid (CU7) at the
Advanced Light Source, Berkeley (beamline 5.0.3 with an
ADSC Quantum 4R detector at 100 K). Crystals of human
sEH complexed with 4-(3-cyclohexylureido)-hexanoic acid
(CU6) yielded diffraction to 2.7 Å resolution on our home
X-ray source (Rigaku RU-200HB rotating X-ray generator
operating at 100 mA, 50 kV, equipped with an R-Axis IV++
image plate detector).

X-ray intensity data reduction was achieved with Denzo/
Scalepack and CrystalClear (Otwinowski and Minor 1997;
Pflugrath 1999). Molecular replacement calculations utilized
AMoRe (Navaza 1994) with the native human sEH monomer
(1S8O) (Gomez et al. 2004) as the search probe. Iterative cycles
of refinement and model building using CNS (Brünger et al.
1998) and O (Jones et al. 1991), respectively, improved each
protein structure as monitored by Rfree. Group B-factors were
utilized for the refinement of human sEH complexed with CU2
and CU6, and individual B-factors were utilized for the refine-
ment of the human sEH–CU4 and sEH–CU7 complexes. Buf-
fer molecules, ions, and water molecules were included in later
cycles of refinement. Inhibitor molecules were added in the
final stages of refinement. Data reduction and refinement sta-
tistics are recorded in Table 2.

Disordered segments at the N and C termini (M1 and P548-
M554) were absent in electron density maps and were excluded
from each final model. Figures were prepared with MOL-

Table 2. Data collection and refinement statistics

Structure
Human sEH–CU2

complex
Human sEH–CU4

complex
Human sEH–CU6

complex
Human sEH–CU7

complex

Limiting resolution (Å) 3.0 2.3 2.7 2.6

Rmerge/last shell
a 0.110/0.461 0.068/0.370 0.133/0.354 0.091/0.358

Completeness/last shell 99.9/100 50.8/86.1 87.0/98.2 76.9/93.3

I/sI/last shell 20.8/5.25 23.6/3.0 15.3/6.8 21.6/3.25

No. of reflections, work/test 11,485/892 23,477/1365 16,828/853 17,175/935

R/Rfree
b 0.232/0.283 0.212/0.254 0.233/0.283 0.231/0.274

Protein atomsc 4332 4332 4332 4332

Water moleculesc 17 131 41 31

Metal ions/ligand atomsb 1/19 1/29 1/23 1/24

RMS deviations

Bond lengths (Å) 0.008 0.007 0.009 0.008

Bond angles (�) 1.4 1.4 1.4 1.5

Dihedral angles (�) 22.6 22.5 22.9 22.4

Improper dihedral angles (�) 1.0 0.9 1.0 1.1

aRmerge=�jI – ÆIæj/�I, where I is the observed intensity and ÆIæ is the average intensity calculated for replicate data.
bCrystallographic R factor, R=�jFoj – jFcj/ �jFoj, for reflections contained in the working set. The free R factor, Rfree=�jFoj- jFcj/�jFoj, is
calculated in the same manner for reflections contained in the test set excluded from refinement (8% of total). jFoj and jFcj are the observed and
calculated structure factor amplitudes, respectively.
cPer asymmetric unit.
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SCRIPT2 and BOBSCRIPT with Raster3D and Pymol (Kraulis
1991; Merritt and Murphy 1994; Esnouf 1997; DeLano 2002).
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