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Abstract Themechanisms of human soluble epoxide hydrolase
(sEH) and the corresponding epoxide hydrolase enzyme from
Mycobacterium tuberculosis (EHB) are studied computationally,
using the quantum mechanics/molecular mechanics (QM/MM)
method. To do this, wemodeled the alkylation and the hydrolysis
steps of three substrates: trans-1,3-diphenylpropene oxide, trans-
stilbene oxide and cis-stilbene oxide. Studying the regioselec-
tivity for trans-1,3-diphenylpropene oxide, we determined that
both enzymes prefer ring opening via attack on the benzylic
carbon. In agreement with experimental studies, our computa-
tions show that the rate-limiting step is hydrolysis of the ester
intermediate, with reaction barriers of approximately 13 to
18 kcal/mol. Using the barrier energies of this rate-limiting step,
the three epoxides were ranked in order of reactivity. Though the
reactivity order was correctly predicted for sEH, the predicted
order for EHB did not correspond to experimental observations.
Next, the electrostatic contributions of individual residues on the
barrier height of the rate-limiting step were also studied. This
revealed several residues important for catalysis. The secondary
tritium kinetic isotope effect for the alkylation step was deter-
mined using a cluster model for the active site of sEH. The
calculated value was 1.27, suggesting a late transition state for
the rate-limiting step. Finally, we analyzed the reactivity trends
using reactivity indicators from conceptual density functional

theory, allowing us to identify ease of electron transfer as the
primary driving force for the reaction.
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Introduction

Tuberculosis (TB) infections account for one of the top 10
causes of death worldwide [1], with a staggering 1.5 million
deaths reported in 2014 alone [2]. Development of antibiotics
to treat Mycobacterium tuberculosis (MTB), the bacterium
that causes TB [1], has been challenging due to the constant
evolution of new antibiotic resistant MTB strains [3]. Though
bacterial antibiotic resistance is often conferred through many
pathways, one resistance pathway in MTB may be mediated
via epoxide hydrolase (EH) enzymes. These enzymes gener-
ally convert epoxides to diols, and are important for neutral-
izing toxic compounds in an organism [4]. In the MTB ge-
nome, 30 different EH enzymes have been potentially identi-
fied, a relatively high number that alludes to the importance of
these enzymes for the organism’s survival [5].

Of the many EHs thatMTB can code for, certain EHsmay be
important drug targets [5]. This suggestion comes from a previ-
ous genomic study on the model organism, Mycobacterium
marinum (MTM), which identified mel2, a conserved locus be-
tween MTM andMTB [6]. Mutations on this locus cause MTM
to lose the ability to infect murine and fish macrophage cells. In
MTB, mel2 contains the following genes: Rv1936, Rv1937,
Rv1938, Rv1939, Rv1940, and Rv1941. Due to the large num-
ber of EHs found in theMTB genome, Rv1983, which codes for
EHB [6], was proposed to be a potential drug target [5].

However, the production of EH enzymes is not limited to
MTB; many organisms, including humans, also use these
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enzymes for many purposes [4]. An important human EH is
soluble epoxide hydrolase (sEH), mainly found in the cytosol
of hepatocytes [7]. The C-terminal domain of this enzyme
shares structural similarities with EHB [5] (Fig. 3), suggesting
that both enzymes might share specificity for particular li-
gands. This is supported by an experimental study that tested
the specific activity of EHB for three substrates (Fig. 1): trans-
1,3-diphenyl propene oxide, trans-stilbene oxide, and cis-stil-
bene oxide [5]. Similar to human sEH, EHBwas approximate-
ly 10 times more active for trans-1,3-diphenyl propene oxide
than for trans-stilbene oxide. This shared specificity implies
that caremust be taken to ensure that a drug designed to inhibit
EHB does not also bind to human sEH, which may cause
unwanted side effects. Thus, this study aims to compare the
mechanisms of human sEH and EHB for three substrates

(Fig. 1), to further understand the factors driving their sub-
strate specificities.

As expected from their structural similarities, human sEH
and EHB both follow the general EH mechanism [8] (Fig. 2).
The key residues involved in this mechanism include several
Tyr residues involved in stabilizing the substrate via hydrogen
bonding [9], and an Asp-His-Asp catalytic triad [8]. In the first
step, one of the nucleophilic Asp residues alkylates an epoxide
carbon [8]. Next, the covalent intermediate is hydrolyzed
using the His residue as a proton acceptor. This hydrolysis
forms the diol product, and is the rate-limiting step in the
overall reaction [10].

In addition to several experimental studies of this mecha-
nism [8, 9, 11, 12], a number of theoretical studies have been
done on the mechanism of sEH [13–16]. These studies can
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Fig. 1 The three substrates considered in this study: (1) trans-1,3-diphenylpropene oxide, (2) trans-stilbene oxide, and (3) cis-stilbene oxide
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Fig. 2 An overview of the
generally acceptedmechanism for
epoxide hydrolase. a One of the
epoxide carbons is attacked by a
nucleophilic Asp residue to form
a covalent enzyme-substrate
complex. b The His residue acts
as a base to abstract a proton from
water; the resulting hydroxide
forms a tetrahedral intermediate
that is hydrolyzed in (c)
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broadly be classified as either quantum mechanics (QM) or
molecular dynamics (MD) based. The earliest QM study used
a small model system to study the mechanism of EH [13]. Due
to the relatively high cost of QM methods, the model system
consisted of an acetic acid molecule attacking the epoxide.
Despite a truncated model system, this study was able to ob-
serve the role of surrounding Tyr residues in reducing the
energy barrier for epoxide ring opening. A more recent QM
study used a larger cluster model based on the X-ray structure
of human sEH [14]. The model in this study consisted of a
catalytic water, and seven residues from the active site, includ-
ing a catalytic aspartate, catalytic histidine, and the two tyro-
sine residues. (1S,2S)-β-Methylstyrene oxide (MSO) was
used a substrate for the reaction. Both alkylation and hydro-
lysis were investigated along with the regioselectivity of the
epoxide opening. However, the large size of the cluster led to
geometry optimization issues, with multiple minima being
observed. This suggests that a less rigorous model, such as
MD, may be more suited to simulate systems of this size. In
particular, a study on murine sEH was done using MD to
study the formation of near attack conformations for the first
step of the EH mechanism [16]. It was found that hydrogen
bonding between the catalytic histidine and the catalytic as-
partate might be important to allow effective catalysis.

Though QM and MD approaches have been valuable in
furthering the understanding of the EH mechanism, they also
have disadvantages. Though rigorous, QM approaches are
also quite expensive, limiting the system size that can be sim-
ulated. Contrary to the QM approach, MD approaches are
cheap, but may not give an accurate picture of a chemical

reaction. A blend of both of these approaches, quantum
mechanics/molecular mechanics (QM/MM) [17–25], mini-
mizes these drawbacks of using either QM or MD, since the
reaction site of an enzyme can be modeled using QM, while
the rest can be included using MM. Thus, in this study, we
propose using a QM/MM-based approach to studying the
mechanisms of sEH and EHB.

The QM/MM approach will be used to study the mechanism
from several perspectives. The first will be to determine the re-
gioselectivity of sEH and EHB for substrate 1, in order to deter-
mine if a difference exists between the two enzymes. This will be
done through comparing the transition state (TS) energies of the
rate-limiting step for ring opening on either epoxide carbon.
Next, the catalytic rates of EHB and sEH will be compared for
substrates 1–3. This will also be done using computed TS ener-
gies for the rate-limiting step. Third, a charge mutation analysis
[26–28] will be conducted for the catalysis of substrate 1. By
setting the charge of each residue to zero and observing the
change in TS energies for the rate-limiting step, the stabilizing
or destabilizing effects of residue charge can be assessed. Further
insight into the nature of the TS of the rate-limiting step is gained
by determining the secondary kinetic isotope effect (KIE) for the
catalysis of substrate 2 by human sEH will be determined.
Finally, we use reactivity indicators from conceptual density
functional theory [29–35] to identify the physical effects that
are responsible for the reactivity preferences we have observed.
Through these investigations, we aim to further the understand-
ing of the mechanistic differences between sEH and EHB. This
understanding can then be used to aid in designing TB therapeu-
tics that selectively target EHB.

Fig. 3 a Structure of MTB
epoxide hydrolase B (PDB entry
2E3J) [5] and the QM subsystem.
b Equivalent representation for
human soluble epoxide hydrolase
(PDB entry 1S8O) [36]. From the
structures of both enzymes, the
similarities between the C-
terminal domain of human
epoxide hydrolase and epoxide
hydrolase B can be observed
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Computational methods

System setup and MD simulations

The initial structures were taken from the crystal structures of
MTB EHB (PDB entry 2E3J [5], Fig. 3a) and human sEH
(PDB entry 1S8O [36], Fig. 3b). Hydrogen atoms were added
using MolProbity [37]. All molecular dynamics calculations
were done using Sigma v.2.2 [38] with the CHARMM22
force field [39]. The three substrates (Fig. 1) were optimized
in the gas phase and manually docked into the active site of
each enzyme, giving a total of six different ligand-enzyme
complexes. To ensure that the tested substrates were docked
in reasonably correct orientations, the original inhibitor-bound
crystal structures were used as a visual template. To equili-
brate the system, 20 ps of MD was performed as an initial
relaxation step to remove steric hindrance between atoms in
the initial docked structure. This was followed by 40 ps of
MD. During the MD calculation, the backbone of the enzyme
was constrained, and a cutoff of 12 Å was used. All of the
parameters, with exception of the charges, were adapted from
a previous work on trans-methylstyrene oxide [16].

QM/MM calculations

QM/MM calculations were done on the resulting MD struc-
tures, using Sigma [38] interfaced to Gaussian03, revision
C.02 [40]. The QM/MM boundary was described with
pseudobonds, which involves replacing the MM atoms bond-
ed to QM atoms with parameterized pseudopotentials [41].
Structures for the stationary points were initially optimized
with HF/3-21G [42–47], followed by B3LYP [48–51]/6-
31G* [52]. The QM system included the substrate, the aspar-
tate side chain (Asp104 for MTB EHB, and Asp334 for hu-
man sEH), the imidazole ring of histidine (His323 for MTB
EHB, and His523 for human sEH), a conserved crystal water,
and the side chain of one of the tyrosine residues (Tyr262 for
MTB EHB, and Tyr465 for human sEH) that was predicted to
be responsible for the hydrogen transfer to the ester
intermediate.

Transition state calculations

The transition states (TSs) were initially located on a reduced
2 dimensional energy surface, and then refined using the stan-
dard TS optimizer in g03 [40]. For the first mechanistic step,
the two variables to form the reduced surface include: (1) the
distance between an epoxide carbon and the nucleophilic ox-
ygen on the catalytic Asp, and (2) the distance between the
same epoxide carbon and the bridging epoxide oxygen. For
the second step, the reduced surface consisted of: (1) the dis-
tance between the carbonyl carbon of the catalytic aspartate
and the oxygen of the water, and (2) the distance between the

catalytic histidine nitrogen and one of the water protons. On
both these reduced potential energy surfaces, a coarse scan
was initially done to get an estimate of the TS location. This
was followed by a Bofill update TS search on the reduced
surface [53].

Residue analysis

The influence of residues in the MM region on the energy
barrier of the rate-limiting step, hydrolysis of the ester inter-
mediate, was studied by means of a charge deletion analysis
[26–28]. This involved doing single point energy calculations
for the reactant and TS structure with all the charges on a
particular residue set to zero. This analysis was done on all
residues within 15 Å of the substrate (211 residues for MTB
EHB and 188 residues for human sEH).

Kinetic isotope effect

To calculate the kinetic isotope effect (KIE) of the catalysis of
substrate 2 by human sEH, the enzyme active site was taken
and capped with hydrogen atoms to form a gas-phase cluster.
The cluster model had the substrate, part of the catalytic as-
partate, both of the tyrosine residues, and the conserved crystal
water. The structures were optimized and frequency calcula-
tions were done using B3LYP [48–51]/6-31G* [52]. The tran-
sition state was calculated using the Gaussian TS search algo-
rithm. Based on the partition function secondary tritium KIE
for the alkylation step (the substituted hydrogen is marked * in
Fig. 1) was calculated using the TAMkin package [54].
Tunneling corrections were applied according to Miller’s for-
mula [55].

Conceptual density functional theory analysis

We evaluated condensed reactivity indicators associated with
conceptual density functional theory using the response of
molecular fragment approach and atomic populations comput-
ed with natural population analysis [56, 57]. This required
performing B3LYP/6-31G* calculations, using geometries
optimized by the procedure described in 2.2, for the system
with one additional electron and with one less electron. Using
the atomic charges from these calculations, we computed and
analyzed the condensed Fukui function [58, 59] and con-
densed dual descriptor [60–63] for key atoms at key points
along the reaction pathway. We also investigated whether the
reactivity preferences followed the trends that would be ex-
pected from the maximum hardness principle [64–66] but in
this case, perhaps unsurprisingly [67–69], the maximum hard-
ness principle seems to be a poor predictor of reactivity
preferences.
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Results and discussion

Optimization and comparison of the catalytic mechanisms

To confirm that both MTB EHB and human sEH follow the
same general mechanism, the mechanisms of both enzymes
were compared for substrates 1–3. As expected, it was found
that the optimized structures were almost identical for both of
the enzymes, with a RMSD of less than 0.1 Å. Additionally,
for both the alkylation and hydrolysis steps, the overall geom-
etries of the TS and intermediates were compared to a previ-
ous theoretical study on human sEH [14]. This ensured that
the parameters and QM/MM boundary chosen for the calcu-
lations are appropriate for the remainder of this study.

To initiate the alkylation step, the catalytic aspartate
(Asp334 for human sEH and Asp101 for MTB EHB) is ob-
served to be in the correct position to attack the epoxide ring
on the substrates. This was observed to occur in concert with a
proton transfer to the epoxide oxygen from a nearby Tyr res-
idue (Tyr 465 in human sEH and Tyr 262 in EHB) to form an
ester intermediate. The observations for the nucleophilic as-
partate positioning are in agreement with previous work [14].
However, the concerted proton transfer observed from the
Tyr465/262 residue does not agree with the previous study
on human sEH [14]. This previous work found that the pro-
tonation of the epoxide oxygen occurs after the alkylation by
Asp334/101, rather than in a concerted fashion. Thus, to de-
termine if a separate protonation step could be replicated, a
deprotonated intermediate was optimized with two nearby Tyr
residues protonated. However, the proton from Tyr465/262
was found to automatically transfer to the intermediate. This
indicates that a deprotonated intermediate may not be stable,
and that the protonation occurs alongside the alkylation step.

Once the ester intermediate is produced, the catalytic histi-
dine (His523 in human sEH and His323 in MTB EHB) ab-
stracts a proton from a water molecule, with the resulting
hydroxyl added to the ester. This is in agreement with exper-
imental studies for Agrobacterium radiobacter AD1 EH [8],
potato RH [70], and microsomal EH [71]. Comparing the TS
energy of the hydrolysis step to that of the alkylation step
confirms that hydrolysis is the rate-limiting step. Overall, ob-
servations for the two steps seem to be in good agreement with
those reported in the literature [13, 15], validating the calcu-
lations performed.

Studying the regioselectivity of the alkylation step

Once the overall mechanism was reproduced in good agree-
ment with the literature, the regioselectivity of the reaction
was tested for substrate 1. The energy of the alkylation and
hydrolysis steps were computed for both epoxide carbons.
The full energy curves for sEH are given in Fig. 4, and the
corresponding curves for EHB are given in Fig. 5. For both

figures, attack on the benzylic carbon has a lower energy
barrier for the rate-limiting step when compared to attack on
the homo-benzylic carbon. This observation is expected, as
the benzylic carbon is generally more stabilized and
electrophilic.

Comparison of enzymatic rates for varying substrates

Next, the effect of different ligands on the catalytic rate of the
two enzymes was also explored. This was done by computing
the transition state energies of the two steps for each ligand.
The step with the highest energy, which is the rate-limiting
step, can be used to determine the catalysis rates for each
enzyme. For human sEH, the full TS energy curves for sub-
strates 1–3 are given in Fig. 4, and for MTB EHB, the curves
are given in Fig. 5. For all of the full energy curves in Figs. 4
and 5, experimental TS barrier energies were found using
experimental values for the specific activities of each substrate
[5, 72]. These specific activities were converted to the barrier
energy of the rate-limiting step using TS theory [73].

Comparison of the experimental and calculated barriers for
the rate-limiting hydrolysis step shows that the computed bar-
riers consistently underestimate the overall barrier height. This
is likely due to the use of DFT, which tends to underestimate
barrier energies. Thus, a more quantitative assessment of the
rates is not feasible using these calculated results. A more
qualitative assessment of the relative substrate reactivity for
human sEH shows that the experimental order [72] is
reproduced by the calculation, with 1 > 2 > 3. However, this
is not the case for EHB, where the experimental order is
1 > 3 > 2 [5], but the calculated order is 1 > 2 > 3. These
results suggest that the QMmethod chosen for this calculation
may need to be more accurate to reproduce the appropriate
order of substrate reactivity.

Charged residue analysis

To determine the stabilizing or destabilizing effects of
charged residues on the mechanism of sEH and EHB,
the charge on each residue was set to zero, and the
change in barrier height (ΔΔE) was observed [26–28].
The residue nomenclature used here is the human sEH
residue number first, followed by the residue number of
MTB EHB. The residues that showed a significant
ΔΔE included: Glu269/38, Trp336/105, Asp496/292,
and His334/103. Of these, charge removal on Glu269/
38, Trp336/105, and Asp496/292 was found to have a
positive ΔΔE value, corresponding to a destabilization
of the rate-limiting TS (rTS). In contrast, His334/103
was found to have a negative ΔΔE value, correspond-
ing to a stabilization of the rTS.
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Glu269/38 Setting the charge of Glu269/38 to zero increases
the rTS barrier by approximately 5–7 kcal/mol for both en-
zymes (Figs. 6 and 7). This suggests that the residue charge is
important in the overall catalysis rate. This finding is corrob-
orated by an experimental study that mutated the equivalent
Glu residue in StEH1, a potato epoxide hydrolase [74]. This
study mutated the carboxylate of this residue to an amide,
which decreased the overall kcat 40-fold for (R,R)-trans-stil-
bene oxide. From this, it was suggested that the Glu residue
plays a part in activating the nucleophilic Asp, along with
modulating the acid-base character of the catalytic histidine.
This is likely the role of the conserved Glu269/38 residues in
sEH and EHB as well.

Trp336/105 By setting the charge of Trp to zero, the overall
rTS barrier was increased by approximately 12 kcal/mol for
both enzymes (Figs. 6 and 7). This dramatic destabilization of
the rTS suggests that the Trp residue is vital for efficient ca-
talysis. This is supported by the high degree of conservation of
this Trp residue in many EHs [75]. It has been suggested that
the Trp residue stabilizes the tetrahedral intermediate (step B,
Fig. 2) in microsomal EH by hydrogen bonding to the
oxyanion [71]. However, an experimental study on murine
sEH found that mutation of the equivalent Trp residue to
Phe did not significantly alter enzymatic activity towards
trans-stilbene oxide [76]. In light of these findings, Trp was
proposed to be important for substrate binding, but not

Fig. 5 Full energy curves for all
the catalysis of all three substrates
by MTB epoxide hydrolase B.
Additionally, the regiochemistry
for the substrate 1 reaction was
tested using the energy curves for
ring opening on either the
benzylic carbon or homo-
benzylic carbon

Fig. 4 Full energy curves for all
the catalysis of all three substrates
by human soluble epoxide
hydrolase. Additionally, the
regiochemistry for the substrate 1
reaction was tested using the
energy curves for ring opening on
either the benzylic carbon or
homo-benzylic carbon
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involved mechanistically. For both enzymes in this study, hu-
man sEH and MTB EHB, this may also be the case.

Asp496/292 This residue is part of the Asp-His-Asp catalytic
triad [8]. This Asp is thought to play an important role in

Fig. 7 Residue analysis for residues within 15 Å of substrate 1 in MTB epoxide hydrolase B. The change in rate-limiting step barrier is denotedΔΔE
(kJ/mol). This value is obtained from setting the charge on a given residue number to zero

Fig. 6 Residue analysis for residues within 15 Å of substrate 1 in human soluble epoxide hydrolase. The change in rate-limiting step barrier is denoted
ΔΔE (kJ/mol). This value is obtained from setting the charge on a given residue number to zero
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orienting, and activating the nucleophilic Asp residue [4]. By
setting the charge on this Asp to zero, the rTS barrier is in-
creased by 7–9 kcal/mol for both enzymes (Figs. 6 and 7).
Experimentally, mutation of this Asp residue in murine sEH
led to a complete loss of enzymatic activity [76]. This exper-
imental finding agrees well with the increase in rTS barrier
height observed.

His334/103Charge removal on this residue decreased the rTS
barrier by approximately 4 and 11 kcal/mol for human sEH
and MTB EHB, respectively. This suggests that the residue
plays an important role in catalysis. However, its large dis-
tance from the active site makes it unlikely that the residue
plays a direct role in substrate catalysis. In this case, it may be
that is the residue plays a role in maintaining the overall struc-
ture of the enzyme. To confirm this, a mutagenesis study can
be done, where MD simulations of the mutated enzyme are
compared to that of the wild type. Additionally, to our knowl-
edge, no experimental studies have been done for this residue,
or its analogues, in sEH, EHB or any other EH enzymes.
Thus, future studies elucidating the role of this residue may
be needed.

Kinetic isotope effect of sEH

The secondary KIE of substrate 2 was computed by substitut-
ing the hydrogen in Fig. 1 marked by an * with tritium, and
then running a frequency analysis. This produced a calculated
secondary KIE effect of 1.271. A previous study on soybean
EH also found a similar secondary KIE of 1.30 for the catal-
ysis of 9,10-epoxystearate [77]. The interpretation given for
this high KIE value is that the epoxide bond is broken prior to
nucleophilic attack by the Asp residue. Given the similarities
between the EH enzymes and their mechanisms, this suggests
that a late TS may also be the case for human sEH.

Conceptual DFT analysis

We analyzed the atomic charges, condensed Fukui functions,
and condensed dual descriptor at different points of the reac-
tion coordinate. Based on our analysis, the key difference
between the substrates is the susceptibility of the aspartate
carbon to nucleophilic attack by the water oxygen (cf. step b
of Fig. 2). We then analyzed whether this increased suscepti-
bility was likely to be due to electrostatic effects (more posi-
tively charged carbon atoms will be more reactive) or electron
transfer (carbon atoms with higher values of the condensed
dual descriptor will be more electrophilic). As seen in Table 1,
only the dual descriptor captures the experimentally observed
reactivity trends. This suggests that the reactive rate of EH is,
at least for these substrates, modulated primarily by the ability
of the aspartate carbon to accept electrons in the ester
intermediate.

Conclusion

QM/MM has been used to study the reaction mechanisms of
human sEH and MTB EHB from several perspectives. By
simulating the alkylation and hydrolysis steps, it was con-
firmed that the two enzymes shared the same mechanism.
We also showed that the proton transfer from Tyr likely occurs
in a concerted fashion with the alkylation reaction, rather than
in a separate step. Next, the regioselectivity of both enzymes
for substrate 1 was tested. It was found that the benzylic po-
sition was preferred over the homo-benzylic position, for both
enzymes. Once the regioselectivity of both enzymes was con-
firmed, the substrate preference for each enzyme was tested.
We found that the QM/MM method produced qualitatively
accurate results for sEH, but was unable to reproduce experi-
mental results for EHB. To determine the residues with elec-
trostatic effects important for the rate-limiting step, a charge
analysis was conducted. This found several important residues
for catalysis, including: Glu269/38, Trp336/105, Asp496/292,
and His334/103. The secondary KIE for the catalysis of sub-
strate 2 by human sEH was calculated to be 1.27, which sug-
gests a late TS for the rate-limiting hydrolysis step. Finally,
conceptual DFT analysis identifies the ability of the aspartate
carbon in the ester intermediate to accept electrons as an im-
portant factor for determining the relative rate of reaction for
different substrates.

Overall, these results fail to find any distinction between
the mechanisms of EHB and sEH that may be useful for drug
design. This suggests that facets of the mechanism other than
those observed in this study need to be explored in future
work. Additionally, the large impact on the rTS by His334/
103 remains a mystery, and should also be studied further.
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