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Introduction

Epoxides exhibit high chemical reactivity and biological or-
ganisms have therefore devised different strategies for con-
verting epoxides into less reactive compounds. Epoxide hy-
drolases (EHs) catalyze the hydrolysis of epoxides to the
corresponding vicinal diols (Scheme 1). In mammals, at least
five different EHs have been recognized. These are the cho-

lesterol epoxide hydrolase, the hepoxilin hydrolase, the leu-
kotriene A4 hydrolase, the soluble epoxide hydrolase, and
the microsomal epoxide hydrolase.[1] Two of these, the solu-
ble epoxide hydrolase (sEH) and the microsomal epoxide
hydrolase (mEH), share large mechanistic similarities.[2–7]

While mEH is located in the membrane of the endoplasmic
reticulum, sEH is mainly found in cytosolic fractions. Both
enzymes have broad substrate specificity and are involved in
the detoxification of xenobiotic compounds, but also endog-
enous epoxides arising from lipid metabolism are among the
substrates.[1,8] Based on structural data and sequence similar-
ities with other enzymes, sEH and mEH are classified as
members of the a/b-hydrolase fold superfamily.[9,10] Homo-
logues of sEH and mEH are found in various organisms
such as bacteria,[5] plants,[11,12] fungi,[13,14] and insects.[15] The
different epoxide hydrolases seem to share a common mech-
anism but exhibit different substrate specificities, regio- and
enantioselectivities, which makes them useful as biocatalysts
for kinetic resolution and enantioconvergent conversion of a
variety of epoxides.[16, 17]

Initially, the reaction mechanism of EHs belonging to the
a/b-hydrolase fold family was thought to proceed through a
general base-catalyzed mechanism involving direct attack of
an activated water molecule on the epoxide. However, se-
quence similarities with the bacterial haloalkane dehaloge-
nases lead to the prediction that hydrolysis occurs through
the formation of a covalent enzyme–substrate intermedi-
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Scheme 1. Hydrolysis reaction catalyzed by epoxide hydrolases (EHs).
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ate.[10, 18] The occurrence of this intermediate has indeed
been verified for both sEH and mEH.[19–22] Mutational stud-
ies confirmed the presence of an Asp/Glu-His-Asp catalytic
triad, similar to the one found in haloalkane dehalogenas-
es.[2–7] A widely accepted version of the mechanism of sEH
is shown in Scheme 2 (based on references cited in the text).
In the first step of the reaction, the aspartate residue of the
triad is suggested to perform a nucleophilic attack on the
substrate, resulting in epoxide opening and formation of a
covalent enzyme–substrate intermediate. This step is refer-
red to as the alkylation half-reaction (Scheme 2, step
A).[2–5, 19] In the second step of the reaction, the hydrolytic
half-reaction, the histidine residue acts as a general base, ac-
tivating a water molecule which attacks the ester bond be-
tween the nucleophilic aspartate and the substrate
(Scheme 2, step B).[3–7] The Asp/Glu-His residues of the cat-
alytic triad form a charge-relay pair similar to the one
known from serine proteases.[23] The tetrahedral intermedi-
ate thus formed dissociates to give the diol product
(Scheme 2, step C). After product release, a new substrate

can be bound (Scheme 2, step D). It is not clear when and
how Tyr465 and the nucleophilic Asp333 are regenerated
for the next catalytic cycle.

Four crystal structures of EHs belonging to the a/b-hydro-
lase fold family are known. These are the structures of the
EH from Agrobacterium radiobacter AD1,[24] mouse
sEH,[25,26] Aspergillus niger EH,[14] and human sEH.[27] All
the structures show the proposed catalytic residues in similar
positions. Additionally, all the structures determined exhibit
two tyrosines in the active site which seem to have a perfect
orientation for substrate binding and stabilization (Tyr465
and Tyr381 in human sEH, Scheme 2).[14,24–27] Mutagenesis
studies support the role of the two tyrosines as possible hy-
drogen-bond/proton donors to the substrate.[28,29]

A conserved HGXP motif found in both mEH and sEH
has also been implicated in the reaction mechanism (X=

any residue).[10] This motif is involved in the formation of
what is known as the oxyanion hole, which is also found in
other enzymes belonging to the a/b-hydrolase fold family
such as the haloalkane dehalogenases.[10, 30] The oxyanion

Scheme 2. Proposed sEH mechanism (residue numbering as in human sEH).
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hole stabilizes the negative charge that evolves on the nucle-
ophilic aspartate during hydrolysis of the covalent enzyme–
substrate intermediate. The stabilization occurs through hy-
drogen bonding between the oxyanion and two backbone ni-
trogen atoms, one of which belongs to the X residue of the
HGXP motif, while the other belongs to the residue that fol-
lows the nucleophilic aspartate (Scheme 2).[10,22]

Two theoretical studies have previously addressed part of
the reaction mechanism of soluble epoxide hydrolases. In a
small quantum-chemical approach, attack of acetic acid (as
a model of the nucleophilic aspartate) on an epoxide in the
presence or absence of an acid catalyst (a phenol, as a
model of a tyrosine residue) was investigated.[31] It was con-
cluded that acid catalysis lowers the activation barrier for al-
kylation significantly.[31] In a second theoretical study, molec-
ular dynamics (MD) simulations were performed on murine
sEH.[32] The study focused on the formation of near attack
conformations (NACs) during the alkylation step. It was
concluded that a hydrogen bond between the catalytic histi-
dine and the nucleophilic aspartate might be necessary to
keep the latter in a catalytically favorable position. The ty-
rosine residues were also suggested to have a role in deter-
mining the regioselectivity of epoxide opening.[32]

In the present study, we have used quantum-chemical
models to investigate the reaction mechanism of soluble ep-
oxide hydrolase in detail, including both the alkylation and
the hydrolytic half-reactions. The quantum-chemical model
is based on the X-ray crystal structure of human soluble ep-
oxide hydrolase.[27] We present potential energy curves for
the reaction and a detailed description of the transition
states and intermediates involved. Additionally, the regiose-
lectivity of epoxide opening is addressed for different sub-
strates.

Computational Details

All the calculations presented here were performed using the B3LYP
density functional theory method[33] as implemented in the Gaussian03
program package.[34] The calculations were performed in four steps. First,

geometries were optimized with a medium-sized basis set. Next, the ener-
gies of the optimized geometries were evaluated with a much larger basis
set. In the third step, the effects of the surrounding protein were estimat-
ed by using continuous dielectric medium techniques. In the fourth step,
zero-point vibrational (ZPV) effects were evaluated by performing fre-
quency calculations on the optimized geometries. The energies obtained
from the large basis set calculations, corrected for solvation and ZPV ef-
fects, constitute the final energies.

The geometry optimizations were performed with the double-x plus po-
larization basis set 6-31G ACHTUNGTRENNUNG(d,p). In the optimizations, certain atoms of the
models were fixed in their crystallographically observed positions (see
Table 1). Single-point calculations on the optimized geometries were per-
formed at the B3LYP/6-311+G ACHTUNGTRENNUNG(2d,2p) level of theory to obtain more ac-
curate energies. The conductor-like polarizable continuum model[35]

(CPCM) was employed at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level of theory to
obtain solvent effects. In this model, the solvent is represented by a ho-
mogeneous dielectric medium surrounding a cavity containing the solute.
Single point calculations on the optimized structures were performed
using a dielectric constant of e=4, which is the standard value used in
modeling protein surroundings. ZPV effects were computed by perform-
ing frequency calculations on the optimized geometries with the 6-31G-
ACHTUNGTRENNUNG(d,p) basis set. Frequency calculations were also used to confirm the
nature of the various stationary points. The latter implies only positive ei-
genvalues for minima and one negative eigenvalue (imaginary frequency)
for transition states. Fixing some atoms in their crystallographically ob-
served positions gives rise to a few small negative eigenvalues for the op-
timized structures. These are, however, very small, in the order of �10 to
�20 cm�1, and do not affect the obtained results.

Quantum-chemical model : The model used in these calculations is based
upon the crystal structure of human sEH complexed with the inhibitor
N-cyclohexyl-N’-(iodophenyl)urea (CIU) (PDB code 1VJ5, Figure 1).[27]

Parts of all the residues proposed to be catalytically important are includ-
ed in the model, that is, Asp333, His523, Asp495, Tyr465, and Tyr381.
Additionally, parts of the hydrogen-bond donors that constitute the oxy-
anion hole are included (Phe265 and Trp334) and also a crystallographi-
cally observed water molecule. In the human sEH crystal structure, this
water molecule is found at a hydrogen-bonding distance of 2.78 K from
His523 (Figure 1). We therefore assumed that this water could be the cat-
alytically active water molecule. Note that a water molecule in a similar
position is observed in the crystal structures of the A. radiobacter AD1
and the A. niger EHs.[14, 24] To model the catalytic reaction, the CIU inhib-
itor was manually replaced with a substrate. The epoxide chosen was the
trans-substituted epoxide (1S,2S)-b-methylstyrene oxide (MSO). trans-
Substituted epoxides are known to be good substrates of sEHs.[1, 36] Ex-
perimentally, MSO has been shown to be a substrate of a variety of EHs,
including human sEH, different rodent sEHs, and plant and fungi EHs.[36]

Note that the MSO substrate was also used in MD simulations of mouse
sEH.[32] In the human sEH crystal structure, the oxygen atom of the CIU

Table 1. Detailed description of the parts included in the human sEH active-site model.

Part included from crystal structure Proposed function/role in model Fixed at
position[a]

Asp333 whole side chain and part of backbone (Ca and C’) nucleophilic attack on the substrate Ca

His523 imidazole ring general base; activates a water molecule Cg

Asp495 carboxylate (modeled as formic acid) charge relay H (former
Cb)

Tyr465 phenol hydrogen bond/proton donor to epoxide Cg

Tyr381 phenol hydrogen bond/proton donor to epoxide Cg

H2O water hydrolyzes alkyl-enzyme intermediate –
Phe265 part of backbone (N, Ca, and C’) part of HGXP motif; stabilizes oxyanion formed on

Asp333
backbone C’

Gly264 part of backbone (C’) part of HGXP motif; included as extension to Phe265 backbone C’
Trp334 part of backbone (N and Ca) stabilizes oxyanion formed on Asp333 Ca

Val497 part of side chain (Cb and Cg) limits the flexibility of the substrate in the model Cb

Substrate MSO,
SSO

phenyl ring and oxygen from CIU inhibitor; rest added
manually

undergoes hydrolysis –

[a] These atoms were kept fixed in their crystallographically observed positions during geometry optimizations.
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inhibitor is found to be within hydrogen-bonding distance of the two ty-
rosines, Tyr381 and Tyr465 (Figure 1). We assumed that the substrate
would have the epoxide oxygen positioned similarly (see Scheme 2). In
the chemical model, the CIU inhibitor was replaced with MSO by retain-
ing the phenyl ring and oxygen atom of CIU and by adding the missing
parts of MSO manually (see Scheme 3 for a comparison of the two com-
pounds). The final quantum chemical model with MSO as substrate is
composed of 98 atoms and has an overall charge of �2. The different
parts of the model, their potential role, and points of truncation are sum-
marized in Table 1. Additional calculations using (S)-styrene oxide (SSO)
as substrate were performed to explore the regioselectivity of sEH. In
these studies, SSO was constructed by replacing the methyl group at the
C2 position of MSO with a hydrogen atom.

Results and Discussion

Human-sEH-mediated hydrolysis of MSO : The optimized
reactant species including the MSO substrate is shown in
Figure 2A. The scheme next to the optimized geometries
gives detailed information about the structure and the opti-
mized distances. It can be seen that the substrate in the re-
actant is found to be in a perfect position for nucleophilic
attack by Asp333. The distances from Asp333-Od2 to C1
and C2 of the substrate are 2.86 and 3.11 K, respectively (in
the following, Od2 refers to the Asp333 oxygen atom that
performs the nucleophilic attack on the substrate, while Od1

is the Asp333 oxygen atom that hydrogen bonds to the
Trp334 backbone nitrogen atom, see Figure 2A). The two ty-
rosines, Tyr465 and Tyr381, form hydrogen bonds to the ep-
oxide oxygen, with distances of 2.73 and 2.72 K, respectively
(hydrogen-bond distances will here always refer to the dis-
tance between the donor and acceptor atoms). A hydrogen
bond is also observed between Asp495 and the Nd atom of
His523, with a distance of 2.73 K. The Nd�H bond of
His523 is slightly elongated and has a length of 1.06 K. The
water molecule is hydrogen bonded to the Ne atom of
His523 and to the Phe265 backbone carbonyl. Hydrogen
bonds are also observed between the backbone nitrogen
atoms of Phe265 and Trp334 and the Od1 atom of Asp333,
with lengths of 2.75 and 2.97 K, respectively. The two hydro-
gen bonds are of special interest as they constitute the oxy-
anion hole that stabilizes the negatively charged tetrahedral
intermediate formed during the hydrolytic half-reaction.

The transition state (TS) for the nucleophilic attack of
Asp333 at C1 of MSO was optimized and the associated bar-
rier was found to be 7.8 kcal mol�1 (see Figure 4 for the full
energy curve). The optimized TS geometry is seen in Figure
2B. Nucleophilic attack occurs at a distance of 2.29 K be-
tween the epoxide C1 and Od2 atom of Asp333. In the TS,
the oxirane ring is partially opened with an O�C1 distance
of 1.89 K. The distances between the epoxide oxygen and
the phenol oxygen atoms of the two tyrosines are shortened
to 2.61 and 2.64 K for Tyr465 and Tyr381, respectively. Note
that none of the tyrosine protons is transferred to the epox-
ide oxygen in the alkylation TS. Instead, protonation of the
epoxide oxygen atom seems to occur in a distinct step, as
described below.

The covalent enzyme–sub-
strate intermediate (CI)
formed during the alkylation
step was optimized and found
to have a relative energy of
�8.0 kcal mol�1. In the opti-
mized CI structure, the epox-
ide oxygen atom is not proto-
nated and forms hydrogen
bonds to the two tyrosines
with a length of 2.49 K to
Tyr465 and 2.51 K to Tyr381
(Figure 2C). The O�H bonds
of the two tyrosines are some-
what elongated to 1.06 K for

Tyr381 and 1.07 K for Tyr465. Attempts were subsequently
made to optimize a CI in which a proton has been transfer-
red from one of the tyrosines to the epoxide oxygen atom.
A stable geometry could only be optimized if the proton
was transferred from Tyr465. The resulting protonated CI is
shown in Figure 2D and is found at a relative energy of
�8.6 kcal mol�1 below the reactant, that is, only
0.6 kcal mol�1 lower than the unprotonated CI. The TS for
the proton transfer from Tyr465 to the epoxide oxygen atom
was optimized and found to be very facile. In fact, the opti-
mized TS is calculated to have a slightly negative barrier of

Figure 1. The human sEH active site with important residues shown in
stick representation [this figure was prepared with YASARA (www.ya-
sara.org) and PovRay (www.povray.org)]. Distances are in K.

Scheme 3. The CIU inhibitor found in the human sEH crystal structure (PDB 1VJ5).[27] In the chemical model,
CIU was replaced with the substrate MSO.
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�1.0 kcal mol�1, which should
be viewed as an error of the
methods used. DFT has been
shown to underestimate barri-
ers and if the reaction barrier
is very low, reactions are some-
times predicted to be barrier-
less or even have a negative
barrier.[37] This underestima-
tion might be due to the inher-
ent self-interaction error of
DFT.[38, 39] Another reason for
the slightly negative barrier
could be that the geometry is
optimized with one basis set
and the energy is evaluated
with another much larger basis
set (see Computational De-
tails). The potential energy
surfaces using the two differ-
ent basis sets can sometimes
be slightly shifted relative to
each other, which might lead
to an underestimation of barri-
ers. Note that we also investi-
gated whether the epoxide
could be protonated prior to
the nucleophilic attack by
Asp333, but no stable inter-
mediate could be optimized.

Following the formation of
the covalent intermediate, the
ester formed is proposed to be
hydrolyzed by a water mole-
cule, which is activated by
His523 (Scheme 2). We have
optimized the TS for the
attack of water at the carbonyl
carbon atom of Asp333 (Fig-
ure 3A). The associated barrier
for the water attack TS is cal-
culated to be 18.1 kcal mol�1

relative to the protonated CI.
In the TS, His523 abstracts a
proton from water, which per-
forms a nucleophilic attack at
the Asp333 carbonyl carbon
atom. The distance between
the carbonyl carbon and the
water oxygen is 1.74 K, while
the water proton is found
1.23 K from the water oxygen
and 1.27 K from the Ne atom
of His523. His523-mediated
activation of water is facilitat-
ed by the charge-relay residue
Asp495, which in concert with

Figure 2. Optimized geometries for the alkylation half-reaction (attack at C1 of MSO). A) Reactant, B) alkyla-
tion TS, C) unprotonated covalent intermediate (CI), and D) CI protonated at the epoxide oxygen. The opti-
mized geometries are shown on the right. Detailed information about the structures and the optimized distan-
ces (in K) are shown in schemes on the left. Asterisks indicate the atoms fixed in their crystallographically ob-
served positions in the calculations.
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water attack on the CI ab-
stracts a proton from the Nd

atom of His523. The overall
mechanism for this step can
hence be referred to as a con-
certed double proton transfer
(DPT) mechanism. It is possi-
ble, however, that the calculat-
ed DPT is an artefact of our
model and that a single proton
transfer (SPT) mechanism
would be favored when em-
ploying a larger model. This is
discussed in more detail below.

Attack of water at the car-
bonyl carbon of Asp333 results
in the formation of a tetrahe-
dral intermediate. The opti-
mized structure is found to
have an energy 1.0 kcal mol�1

below the TS for water attack,
that is, 17.1 kcal mol�1 higher
than the protonated CI. As
proposed in Scheme 2, the tet-
rahedral intermediate is stabi-
lized by hydrogen bonds from
the Od1 atom of Asp333 to the
backbone nitrogen atoms of
Phe265 and Trp334 (Fig-
ure 3B). The hydrogen-bond
length is 2.66 K for the
Phe265–Asp333 interaction
and 2.68 K for the Trp334–
Asp333 interaction. Their
lengths have thus been short-
ened relative to the protonated
CI, for which the lengths are
2.89 and 2.78 K, respectively.

To obtain the product, the
C�O bond between the sub-
strate and Asp333 has to be
broken. Also, to obtain the
final diol, the oxyanion formed
on the product after bond dis-
sociation has to be protonated.
Possible proton sources are the
two former water protons, one
of which is now found on the
Ne atom of His523. We investi-
gated whether dissociation of
the tetrahedral intermediate
and protonation of the emerg-
ing oxyanion of the product
occur in a stepwise or a con-
certed fashion. From our calcu-
lations we conclude that the
two events occur concertedly.

Figure 3. Optimized geometries for the hydrolytic half-reaction (attack at C1 of MSO). A) TS of water attack,
B) tetrahedral intermediate, C) TS for dissociation of the tetrahedral intermediate, and D) product geometry
of (1R,2S)-1-phenyl-1,2-propanediol.
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The TS for the concerted bond dissociation and proton
transfer from the Ne atom of His523 to the alcohol oxygen
atom of the former Asp333 ester can be seen in Figure 3C.
Cleavage of the C�O bond occurs at 2.02 K, while the
proton is found at a distance of 1.14 K from the Ne atom of
His523 and 1.42 K from the emerging oxyanion of the diol
product. The barrier for dissociation of the tetrahedral inter-
mediate is 5.5 kcal mol�1 calculated relative to the tetrahe-
dral intermediate, that is, 22.6 kcal mol�1 relative to the pro-
tonated CI. From Figure 4 it is thus evident that the hydro-
lytic half-reaction is the rate-determining step of the reac-
tion.

The structure of the final protonated (1R,2S)-1-phenyl-
1,2-propanediol product was optimized and is shown in Fig-
ure 3D. It is found to have an energy of �17.7 kcal mol�1 rel-
ative to the reactant state. This is lower than the overall
driving force for the reaction, which is calculated as the exo-
thermicity of the reaction of the free substrate and H2O and
which is found to be �10.4 kcal mol�1 for MSO. Note that
several different geometries of the final diol product could
be optimized. They differ in the hydrogen-bonding pattern
between the diol and the surrounding residues and exhibit
significantly different energies.
The structure shown in Fig-
ure 3D has a hydrogen-bond-
ing pattern closest to that of
the reactant state.

Note that in the product ge-
ometry shown in Figure 3D,
Asp333 is protonated, while
Tyr465 is deprotonated. To
prepare the active site for a
new catalytic cycle, both
Tyr465 and Asp333 need to be
regenerated and a new catalyt-
ic water molecule needs to be
bound. We suggest that follow-

ing product release, a water-mediated proton shuttle could
transfer the proton from Asp333 to Tyr465, thereby regener-
ating both residues. We have tested the possibility of such a
proton transfer and found an overall barrier of less than
2 kcal mol�1. Further details about the possible water proton
shuttle are given in the Supporting Information.

The results presented above confirm that the mechanism
as shown in Scheme 2 is energetically feasible. The two tyro-
sines, Tyr465 and Tyr381, bind the substrate and position it
for nucleophilic attack by Asp333. The covalent enzyme–
substrate intermediate is protonated by Tyr465, which seems
to occur in a distinct step. The covalent bond formed is hy-
drolyzed with aid from the Asp495-His523 unit, which first
abstracts a proton from the catalytic water molecule and in
the next step donates the proton to the emerging diol. The
role of the oxyanion hole in stabilizing the tetrahedral inter-
mediate is also confirmed by our calculations.

Regioselectivity of epoxide opening : Since epoxide opening
can occur at two different carbon atoms, it is of interest to
establish if a certain substrate is hydrolyzed in a regioselec-
tive manner. The regioselectivity of epoxide opening is usu-
ally governed by electronic and steric factors, both of which
are determined by the substitution pattern at the two epox-
ide carbon atoms. If the epoxide has a primary (unsubsti-
tuted) carbon atom, attack is often preferred there due to
the steric advantage. If one of the epoxide carbon atoms has
a substituent capable of stabilizing the positive charge devel-
oped during epoxide opening, attack might be preferred at
the substituted carbon atom. The electronic advantage for
attack at the substituted carbon atom is enhanced in the
presence of an acid catalyst.[40]

In addition to the results presented above for epoxide
opening at the C1 atom, we have studied the full reaction
mechanism for epoxide opening at the homo-benzylic posi-
tion (C2) of MSO. The reaction proceeds through exactly
the same steps as the attack at C1. The associated energies,
however, are somewhat different (Figure 4). The regioselec-
tivity of epoxide opening is determined in the alkylation
step. The optimized TS for nucleophilic attack at the C2
atom is shown in Figure 5. The distance between C2 and the
Od2 atom of Asp333 is 2.21 K in the TS, slightly shorter

Figure 4. Computed energies for the hydrolysis of MSO by human sEH.

Figure 5. Optimized alkylation TS for attack at C2 of MSO.
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than for the C1 atom (2.29 K). The calculated barrier is
11.0 kcal mol�1, which is 3.2 kcal mol�1 above the barrier cal-
culated for attack at the C1 atom. The computed energies
indicate that attack is preferred at the benzylic position of
MSO. This could be expected from the properties of MSO.
Both the epoxide carbon atoms of MSO are singly substitut-
ed (Scheme 3) and although the methyl group on C2 is
smaller than the phenyl substituent on C1, it can be assumed
that there is no or very little steric advantage for attack at
C2. The regioselectivity of epoxide opening is thus governed
by electronic factors only. In the alkylation TS, the epoxide
ring is partially opened, resulting in the development of a
positive charge on the carbon atom that is attacked by the
nucleophile. The positive charge is better stabilized on the
benzylic carbon (owing to the electronic properties of the
phenyl substituent) and attack will hence be preferred there.

As noted above, problems with multiple minima start to
arise with a model of this size. This is also a problem during
the optimization of the covalent intermediate geometries for
attack at C2 of MSO. For both the unprotonated and the
protonated CIs formed by attack at C2 of MSO, different
structures could be optimized which differ with respect to
the hydrogen bond formed by the backbone nitrogen atom
of Phe265. This hydrogen bond is either to the Od1 atom of
Asp333 (Phe265-N�H···Od1-Asp333) or to the water oxygen
atom (Phe265-N�H···OH2). The Phe265-N�H···OH2 struc-
tures are lower in energy than the Phe265-N�H···Od1-
Asp333 structures, 1.8 kcal mol�1 for the unprotonated C2
CI and 0.3 kcal mol�1 for the protonated C2 CI. However,
the Phe265-N�H···OH2 structures are considered to belong
to a different local minimum than the reactant in which the
hydrogen bond is Phe265-N�H···Od1-Asp333. To be able to
compare the relative energies, the same local minimum
should be kept and care was thus taken to keep this part of
the model in the same local minimum throughout the reac-
tion. Unfortunately, optimization of the geometry of the
product of attack at C2 of MSO, (1S,2R)-1-phenyl-1,2-pro-
panediol, was not possible in the same local minimum as the
preceding geometries. The C2 product could only be opti-
mized in another minimum, in which the hydrogen bond be-
tween the Od1 atom of Asp333 and the Trp334 backbone ni-
trogen atom was lost. The hydrogen-bonding pattern of this
geometry also differs in other
aspects from the product ge-
ometry optimized for attack at
C1 (the optimized geometries
for attack at C2 of MSO are
shown in Figure S2A—F of the
Supporting Information). This
explains the large difference in
energy observed between the
two products (Figure 4).

To further investigate the re-
gioselectivity of epoxide open-
ing, we also studied the open-
ing of another substrate, (S)-
styrene oxide (SSO). SSO is

similar to MSO, but lacks the methyl group on C2. It is thus
interesting to investigate if the steric advantage for attack at
the terminal carbon atom (C2) of this substrate is sufficient
to exceed the electronic advantage for attack at the benzylic
position (C1). For SSO, only the geometries of the reactant
and the alkylation transition states for attack at C1 and C2
were optimized (the geometries can be found in the Sup-
porting Information, Figure S3A–C). The barrier for attack
at the benzylic position of SSO was found to be
6.3 kcal mol�1, while attack at the terminal carbon (C2) of
SSO has a barrier of 7.0 kcal mol�1. SSO thus still exhibits
preferred attack at the benzylic position, albeit with a differ-
ence in barriers of only 0.7 kcal mol�1. This indicates that hy-
drolysis of SSO should lead to a mixture of products. The
small difference between the two barriers, however, suggests
that the regioselectivity of SSO opening could be influenced
by substrate binding in the active site. If SSO is bound in
such a way that a small steric advantage for attack at either
carbon is obtained, exclusive attack at that carbon might be
observed.

As noted above, the positioning of the substrate in our
model was based on the position of the CIU inhibitor in the
human sEH crystal structure (PDB 1VJ5, Figure 1).[27] Inter-
estingly, in the mouse sEH structure (PDB 1EK1),[26] the
same inhibitor is bound in a reverse orientation, with the
phenyl group in the place where the cyclohexyl ring is found
in the human structure. This indicates that a given substrate
might also be accommodated in a reverse orientation. We
tested what effect such a reverse orientation, that is, rotation
of the MSO substrate by approximately 1808, would have on
the alkylation barrier as well as on the regioselectivity of ep-
oxide opening. The optimized structure of the alkylation
transition state for attack at C1 of MSO in the reversed ori-
entation is shown in Figure 6 (optimized geometries of the
reactant and the alkylation TS for attack at C2 of MSO in
the reversed orientation can be found in the Supporting In-
formation, Figure S4A,B). The barriers for the opening of
MSO in the reversed orientation are 7.5 kcal mol�1 for
attack at C1 and 11.1 kcal mol�1 for attack at C2. These
values are almost identical to the barriers obtained with the
original model, which are 7.8 and 11.0 kcal mol�1 for attack
at C1 and C2, respectively. Reversing the orientation of the

Figure 6. Optimized alkylation TS for attack at C1 of MSO in the reversed orientation.
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substrate does thus not appear to have any significant effect
on the alkylation barriers or on the regioselectivity of epox-
ide opening.

Comparison with experimental results : The kinetic mecha-
nism of the epoxide hydrolases discussed here is generally
described by Equation (1),[41] where E=enzyme, S= sub-
strate, E·S=enzyme–substrate complex, E–S=covalent
enzyme–substrate intermediate, P=product, Ks=binding
constant, k2=alkylation rate, k�2=dealkylation rate, and
k3= the rate of the hydrolytic step. The enzyme–substrate
complex formed upon binding of the substrate in the active
site (also referred to as the Michaelis complex) corresponds
to our reactant state. Experimentally, the product is usually
formed in two kinetic steps from the Michaelis complex, al-
kylation and hydrolysis. The alkylation half-reaction has
been found to be reversible and therefore both the alkyla-
tion (k2) and dealkylation rates (k�2) are of interest. The hy-
drolytic half-reaction, however, seems to be essentially irre-
versible and only the forward rate k3 is considered.[41,42]

A detailed study of the kinetics of MSO hydrolysis by
human sEH has to our knowledge not been published. How-
ever, detailed kinetics have been reported for the hydrolysis
of styrene oxide and p-nitrostyrene oxide by A. radiobacter
AD1 EH,[28,42] the hydrolysis of glycidyl-4-nitrobenzoate by
rat mEH,[41] and the hydrolysis of trans-stilbene oxide by
potato EH (StEH1).[12] The kinetics of the hydrolysis of
chalcone oxides by human and mouse sEHs has also been
studied.[29,43] Although the substrates and enzymes differ
from our study, some general conclusions can be drawn
from the experimental results.

Experimental rate constants for the alkylation half-reac-
tion (k2) for A. radiobacter AD1 EH, rat mEH, and potato
EH with the above substrates are found to be in the range
of 100–1100 s�1.[12,28, 41,42] This can be converted to barriers of
around 13–15 kcal mol�1 by using classical transition-state
theory. The alkylation rates found for enzymatic reactions of
mouse and human sEHs with the chalcone oxides are much
lower, between 0.09 and 0.75 s�1, corresponding to barriers
of around 18–19 kcal mol�1.[43] Chalcone oxides, however,
are considered to be poor sEH substrates and their barriers
are assumed to be higher than what would be expected for a
good substrate.[29,43] We calculated a barrier of only
7.8 kcal mol�1 for Asp333-mediated nucleophilic attack at
C1 of MSO. Comparison of this value with the experimen-
tally observed rates indicates that the computed alkylation
barrier might be underestimated. In this context note that
the optimized product geometry (Figure 3D) indicates that
the exothermicity of the enzymatic reaction is larger than

the exothermicity of the reaction of the free substrate and
H2O, �17.7 versus �10.4 kcal mol�1. From this it can be esti-
mated that the release of the product and binding of a new
substrate should cost around 7.3 kcal mol�1. One can argue
that this energy should be added to the first step of the next
reaction cycle, in which case the alkylation barrier would in-
crease from 7.8 to 15.1 kcal mol�1, which is in much better
agreement with the experimental rates discussed above.

In our calculations, we observe nucleophilic attack on the
epoxide and protonation of the oxyanion formed as distinct
steps. Protonation of the epoxide by one of the tyrosines is
generally believed to occur in concert with nucleophilic
attack, that is, through a push–pull mechanism.[26,28] It is pos-
sible that the lack of proton transfer in the alkylation TS is
an artefact of our quantum chemical model. Inclusion of ad-
ditional residues around the two tyrosines could affect the
observed result. For example, it has been proposed that a
Tyr465 tyrosinate is stabilized by edge-to-face interactions
with the side-chains of the nearby Trp334 and Phe385 resi-
dues.[25,29] Inclusion of the Trp334 and Phe385 side-chains
might aid deprotonation of Tyr465 and could thus result in a
TS in which nucleophilic attack and proton transfer occur
concertedly. However, since the quantum chemical model
presented already is quite large, it was not possible to in-
clude further residues. Note also that very recent experi-
mental data support a scenario in which protonation and al-
kylation do not occur concertedly. The amount of tyrosinate
formed during the alkylation step of potato EH was meas-
ured to correspond to approximately 0.4 tyrosinates per
enzyme molecule, indicating only partial ionization of one
(or both) of the tyrosines.[44] Our theoretical results offer an
explanation for this observation. The computed energy dif-
ference between the unprotonated and protonated covalent
intermediates is small (0.6 kcal mol�1 for attack at C1 of
MSO, Figure 4) and indicates that the two species will be in
equilibrium, especially because the barrier for the following
step, the hydrolytic half-reaction, is very high. There will
thus be a mixture of protonated and unprotonated covalent
intermediates present, which would explain the partial ioni-
zation observed experimentally. Interestingly, with our
model, a stable protonated covalent intermediate could only
be optimized if the proton was transferred from Tyr465. It is
usually suggested that Tyr465 is the proton donor to the ep-
oxide since analogs of Tyr465 are highly conserved in all a/
b-hydrolase fold EHs, while Tyr381 only seems to be con-
served in the soluble and not the microsomal EHs.[25] It is
not clear why proton transfer from Tyr381 failed in our cal-
culations since both Tyr381 and Tyr465 are modeled as phe-
nols and thus should be equivalent.

As noted, the alkylation reaction has been shown to be
reversible.[41,42] Experimentally, the alkylation rate is found
to be significantly higher than the dealkylation rate for rat
mEH and A. radiobacter AD1 EH, that is, k2@k�2.

[41,42] De-
pending on the substrate, k2/k�2 is found to vary between 28
and 555 for rat mEH and A. radiobacter AD1 EH. This
ratio suggests a stabilization of the CI relative to the reac-
tant of 2–4 kcal mol�1. Our computed value of 8.6 kcal mol�1
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therefore indicates an overstabilization of the CI in our
computational model. One possible explanation for this cal-
culated overstabilization could be the solvation model used.
In the gas phase, the CI is calculated to lie 12.8 kcal mol�1

below the reactant. With solvation effects (homogeneous
solvent with e=4) this value decreases to 8.6 kcal mol�1. The
observed decrease in stability of the CI indicates that inclu-
sion of additional specific protein environment might result
in a less stabilized CI and better agreement with the value
expected from experiment. By the same reasoning as above,
one can argue that if the 7.3 kcal mol�1 difference in binding
between the product and the substrate is added to the reac-
tant energy, the CI would be stabilized by only 1.3 kcal mol�1

(8.6–7.3 kcal mol�1). This would result in a reversible reac-
tion in better agreement with the experimental rates.

In our model, the attack of water on the alkyl-enzyme in-
termediate occurs through a concerted double proton trans-
fer (DPT) mechanism, as described above (Figure 3A). A
charge-relay mechanism similar to this is also found in
serine proteases, although here it is a matter of debate
whether the aspartate of the Asp-His pair actually abstracts
a proton from HisNd (corresponding to a DPT mechanism)
or if the aspartate remains anionic and only provides elec-
trostatic stabilization to the protonated histidine [corre-
sponding to a single proton transfer (SPT) mechanism]. For
the serine proteases, experimental and theoretical support
for both the SPT and the DPT mechanisms can be found.[45]

In a computational study of a model of the serine proteases,
the SPT and DPT mechanisms were shown to have compa-
rable energies.[46] It was pointed out, however, that if addi-
tional residues capable of stabilizing an anionic aspartate
were to be included in the serine protease model, this might
result in an energetically favored SPT mechanism.[46] Simi-
larly, in our model of sEH, inclusion of a larger portion of
the protein environment surrounding Asp95 might stabilize
its anionic form and favor a SPT mechanism over the ob-
served DPT mechanism. Several possible hydrogen-bonding
donors to Asp495 are present in the sEH crystal structure,
for example, the protein backbone of Val 497 and Leu498
and the amide side-chain of Asn357.

From our calculations, the hydrolytic half-reaction is
found to be the rate-determining step of the mechanism.
Consistently with this, the hydrolytic half-reaction has been
shown to be rate-determining for A. radiobacter AD1
EH,[42] potato EH,[12] and rat mEH.[41] The overall barrier
for the hydrolytic half-reaction is calculated to be 22.6 kcal
mol�1 (for attack at C1) with our model. Experimental rate
constants for the hydrolytic step (k3) for A. radiobacter AD1
EH, rat mEH, and potato EH with the substrates mentioned
above are found to be in the range of 0.07–24 s�1, indicating
hydrolysis barriers of 15.8–19 kcal mol�1.[12, 28,41,42] As noted
above, we assume that the CI might be somewhat overstabi-
lized in our calculations. Raising the CI by a few kcal mol�1

would reduce the barrier for the hydrolytic step and bring it
closer to the experimentally observed barriers.

Finally, the theoretically determined regioselectivity
shows preferred attack at the benzylic position (C1) of

(1S,2S)-b-methylstyrene oxide (MSO). The calculated barri-
er for attack at C2 relative to C1 is 3.2 kcal mol�1 higher
(3.6 kcal mol�1 in the reversed substrate orientation). Exper-
imentally, it has been shown that attack at the benzylic
carbon atom of MSO is indeed preferred if hydrolyzed by
mouse sEH,[36] rabbit sEH,[47] or Aspergillus terreus EH.[48]

The regioselectivity was reported to be 100, 98, and 95 % for
attack at the C1 atom of MSO for the three enzymes, re-
spectively.[36] These regioselectivities are in good agreement
with our theoretical result for human sEH, which indicate
exclusive attack at the benzylic position of MSO. Note, how-
ever, that not all EHs display the same regioselectivity with
this substrate. Experimentally, rabbit microsomal EH exhib-
its preferred attack at the homo-benzylic (C2) position of
MSO.[47] For (S)-styrene oxide (SSO), we find a difference in
barrier for attack at the benzylic position (C1) and the ter-
minal position (C2) of only 0.7 kcal mol�1. This small differ-
ence indicates the formation of a mixture of products. In
agreement with this, rabbit-sEH-mediated hydrolysis of SSO
leads to 45 % attack at the benzylic position and 55 %
attack at the terminal position.[47] For the A. radiobacter
AD1 EH, however, experiments show that attack occurs ex-
clusively at the terminal carbon atom of SSO.[42,49] The cata-
lytic residues of A. radiobacter AD1 EH and human sEH,
including the two tyrosines, are identical, indicating that
other differences in the active site account for the different
regioselectivities.

Conclusion

In this paper, we have presented a detailed description of
the reaction mechanism of human soluble epoxide hydro-
lase. Quantum chemical models were employed to optimize
intermediates and transition states for the entire reaction
mechanism, including both the alkylation and the hydrolytic
half-reactions. The theoretical results for human-sEH-medi-
ated hydrolysis of (1S,2S)-b-methylstyrene oxide (MSO)
agree in important aspects with experimental results ob-
tained for other epoxide hydrolases. Our results show that
the reaction mechanism as shown in Scheme 2 is energetical-
ly feasible. The proposed roles of the different amino acids
in the active site are also confirmed. The tyrosine residues
are both found to be involved in substrate binding. Asp333
performs a nucleophilic attack on the epoxide, resulting in
the formation of a covalent enzyme–substrate intermediate.
This covalent intermediate is protonated by Tyr465. In our
calculations, epoxide protonation occurs in a distinct step
and not in concert with the alkylation step. His523 is found
to act as a general base in the hydrolytic half-reaction, ab-
stracting a proton from the catalytic water molecule. Asp495
is implicated in the charge-relay mechanism that facilitates
water activation. A tetrahedral intermediate is observed
during the hydrolytic half-reaction, which is stabilized by
the oxyanion hole that is composed of hydrogen bonds from
the backbone nitrogen atoms of Phe265 and Trp334. In the
second step of the hydrolytic half-reaction, the protonated
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His523 residue acts as a general acid and donates a proton
to the alcohol oxygen atom of the Asp333 ester. This occurs
in concert with cleavage of the ester bond, resulting in the
formation of the vicinal diol.

The regioselectivity of epoxide attack was also addressed
in our study. It has been shown that for (1S,2S)-b-methyl-
styrene oxide (MSO), attack at the benzylic position (C1) is
preferred by 3.2 kcal mol�1, indicating exclusive attack at
this carbon center. The regioselectivity remains basically the
same (3.6 kcal mol�1) if the orientation of the MSO substrate
is reversed. For (S)-styrene oxide (SSO), the calculated bar-
riers for attack at the benzylic position (C1) and at the ter-
minal carbon atom (C2) only differ by 0.7 kcal mol�1, indi-
cating that a mixture of products is formed. The results ob-
tained show good agreement with experimentally deter-
mined regioselectivities for rodent-sEH-mediated hydrolysis
of MSO and SSO.
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