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Enzymes with buried active sites maintain their catalytic function via a single tunnel or tunnel network.
In this study we analyzed the functionality of soluble epoxide hydrolases (sEHs) tunnel network, by com-
paring the overall enzyme structure with the tunnel’s shape and size. sEHs were divided into three groups
based on their structure and the tunnel usage. The obtained results were compared with known substrate
preferences of the studied enzymes, as well as reported in our other work evolutionary analyses data. The
tunnel network architecture corresponded well with the evolutionary lineage of the source organism and
large differences between enzymes were observed from long fragments insertions. This strategy can be
used during protein re-engineering process for large changes introduction, whereas tunnel modification
can be applied for fine-tuning of enzyme.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Enzymes are proteins that facilitate catalytic reactions in their
active site. In most known enzymes, the active site is buried inside
their structure [1], and connected with the environment by tun-
nels. These tunnels enable and regulate not only substrate entrance
and product release, but also ensure specific conditions within the
active site for the reaction to occur. For example, cytochrome
CYP3A4 structure is equipped with a tunnel called an aqueduct,
which is used only for water molecules transport [2]. The aqueduct
is regulated by R375 side chain, which is able to rotate and switch
between different conformations, thus allowing a fine control of
the presence of water molecules in the active site cavity [3]. There-
fore, tunnels may have a regulatory mechanism, known as molec-
ular gates that can form via one or more amino acids, often bulky
or charged residues, able to rotate their side chain, hence, control-
ling access to the active site [4]. Despite controlling transport of
substrates, products, and additional solvent molecules or even
ions, gates in tunnels are also capable of controlling and synchro-
nizing the reaction, or protecting the active site from poisoning
[5,6].

Since tunnels are involved in the functioning of enzymes with
buried active sites, it may seem that they are evolutionary con-
served structural features, which has been supported by reports
[7–9]. It is known that the most conserved structural feature of
an enzyme is its active site [10]. Additionally, the amino acids
forming the protein core are also more conserved [11,12] and tend
to evolve slower than the surface residues, excluding those
involved in protein–protein and/or protein–ligand interactions
[13,14]. However, in our other study [15] we elucidate that in
the case of the soluble epoxide hydrolases (sEHs) most of their tun-
nels should be considered as variable structural features with only
one exception - the tunnel located at the border between the main
and cap domains. These counterintuitive findings has inspired the
investigation of the structure–function relationship of sEHs in
more detail.

Epoxide hydrolases (EHs) have been subjects of several struc-
tural and genome analyses. Heikinheimo et al. [16] provided four
requirements, to distinguish epoxide hydrolases from other a/b-
hydrolase fold members. A structure is an a/b-hydrolase fold mem-
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ber, when it fulfils at least two of them and maintains the sequence
order of the catalytic triad. The four epoxide hydrolases features
are as follows: i) the sequence order of the catalytic triad is
nucleophile-acid-histidine, with the nucleophile on the canonical
strand b5; ii) the ‘‘catalytic elbow” on top of the b5 strand with a
sequence pattern that is often Gly-X-Nuc-X-Gly; iii) the structure
starts from strand b3 and is at least five strands long, including
the cross-over connection at the nucleophile (strands 43567); iv)
a long loop at the end of b7 strand allows the side chains of the
triad to form a hydrogen bond. Barth et al. [17] systematically com-
pared known EHs based on their sequences, structures and bio-
chemical properties. They identified three conserved and three
variable regions mixed together within the protein’s sequence: i)
the highly variable N-terminal region, which is absent in plant
and most bacterial EHs, while in mammalian and insect microso-
mal EHs this region act as a membrane anchor; ii) the conserved
first half of the a/b-hydrolase core domain; iii) the variable NC-
loop, which starts directly after the b6 strand and ends before
the first cap domain helix, linking the N-terminal part of the core
domain with the cap domain; iv) the conserved mostly helical
cap domain; v) a variable cap-loop inserted between helix a3
and a4 of the cap domain, and vi) the conserved C-terminal half
of the core domain consisting of two b-strands and two a-
helices. A comprehensive genome analysis by van Loo et al. [18]
supports the work by Barth et al. [17]. They screened various geno-
mic databases for EHs of the a/b-hydrolase family and divided
them into 8 groups from a phylogenetic tree. Thus, identifying
the following: i) sequences with proteobacterial origin and pro-
teins with N-terminal signal peptides related to association with
membranes (group 1); ii) sequences of bacterial, archaeal and
eukaryotic origins, and even from multicellular organisms that
have N-terminal extensions of unknown function (group 2); iii)
sequence of mostly putative EHs from actinobacteria, b-
proteobacteria and fungi (group 3); iv) sequence of both EHs and
haloalkane dehalogenases (group 4); v) sequences of mammalian,
bacterial and fungal microsomal EHs and the insect juvenile hor-
mone EHs (group 5); vi) sequence of both fluoroacetate dehaloge-
nases and EHs with the charge-relay aspartate located at the loop
after b6 strand position (group 6); vii) sequences of EHs similar to
those from group 6 with the first conserved ring-opening tyrosine
and charge-relay aspartate located at different positions (group 7),
and viii) sequence of a large number of known plant and mam-
malian EHs, including the mammalian sEHs (group 8). Unfortu-
nately, structures of certain group members remain unknown.

Herein, we analyzed the available crystal structures of sEHs and
performed a detailed analysis of their tunnel network. We focused
on functional tunnels, i.e., tunnels in which we identified pathways
of water molecules leading to/from the active site. We used water
molecules as a molecular probe that enabled the investigation of
the protein intramolecular voids and provided insights into the
protein internal architecture. Thus, we were able to describe the
structural basis of the tunnel network of sEHs. The available infor-
mation on the sEHs substrate preferences were analyzed and com-
bined with the data of the shape and size of their tunnel network.
This study provides insight into the relationship between the
structure of enzyme, usage of tunnels, and substrate preferences.
2. Materials and methods

2.1. Structure selection and preparation for analysis

Eight crystal structures of sEHs were downloaded from the Pro-
tein Data Bank (PDB) database [19]. The selected structure repre-
sent different clades of animals (Mus musculus (msEH, PDB ID:
1cqz [20]) and Homo sapiens (hsEH, PDB ID: 1s8o [21])), plants
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(Solanum tuberosum (StEH1, PDB ID: 2cjp [22]) and Vigna radiata
(VrEH2, PDB ID: 5xm6 [23])), fungi (Trichoderma reesei (TrEH,
PDB ID: 5uro [24])), and bacteria (Bacillus megaterium (bmEH,
PDB ID: 4nzz [25])), as well as two thermophilic enzymes collected
from hot springs in Russia (Sibe-EH, PDB ID: 5ng7 [26]) and China
(CH65-EH, PDB ID: 5nfq [26]) from an unknown source. Incomplete
structures with missing structural information regarding the posi-
tion of amino acids were discarded (structures were collected in
December 2019). Such structures may introduce bias into the
results of the water molecules flow analysis. Additional ligands
and ions were manually removed, as well as the N-terminal phos-
phatase domain of msEH and hsEH.

2.2. Multiple structure alignment

The selected sEHs structures, comprising only of the selected EH
domains, were submitted to the mTM-align webserver [27]. The
structural alignment was carried out using default parameters.
The obtained alignment was viewed and processed by SeaView
[28].

2.3. Molecular dynamics simulations

The H++ server [29] was used to protonate the analyzed struc-
tures using standard parameters at reported optimal pH for the
enzyme activity (Supplementary Table 1). Additionally, counteri-
ons were added in the structures. Water molecules were placed
using the combination of 3D-RISM theory [30] and Placevent algo-
rithm [31]. Water molecules were added to fill the internal cavities
and pockets of the proteins’ structures [32]. The Amber14 tLEaP
package [33] was used to immerse the models in a truncated octa-
hedral box with 10 Å radius of TIP3P water molecules and the
ff14SB force field [34] was used for the parametrization of each
system. PMEMD CUDA package of AMBER 14 software was used
to run a set of 50 ns MD simulations of selected EHs. To improve
conformation sampling, the starting geometry for each system
was kept but the initial vectors were randomly assigned. The min-
imization procedure consisted of 2000 steps, involving 1000 steep-
est descent steps followed by 1000 steps of conjugate gradient
energy minimization, with decreasing constraints on the protein
backbone (500, 125, and 25 kcal � mol�1 � Å�2) and a final mini-
mization with no constraints of conjugate gradient energy mini-
mization. Next, gradual heating was performed from 0 K to 300 K
over 20 ps using a Langevin thermostat with a collision frequency
of 1.0 ps�1 in periodic boundary conditions with constant volume.
Equilibration stage was conducted using the periodic boundary
conditions with constant pressure for the time stated in Supple-
mentary Table 1 with 1 fs time step using Langevin dynamics with
a frequency collision of 1 ps�1 to maintain temperature. Production
stage was conducted for 50 ns with a 2 fs time step using Langevin
dynamics with a collision frequency of 1 ps�1 to maintain constant
temperature. Long-range electrostatic interactions were modelled
using the particle mesh Ewald method with a non-bonded cut-off
of 10 Å and SHAKE algorithm. The coordinates were saved at
1 ps intervals. The number of added water molecules and ions is
shown in Supplementary Table 1.

2.4. Water path analysis

AQUA-DUCT software [35] version 1.0 was used to trace paths
of all water molecules that were found within a defined distance
from the center of masses of atoms in the catalytic center (as listed
in Supplementary Table 2). The Scope was defined as an interior of
the convex hull of C-alpha atoms of the protein. Each water mole-
cule path was cut to fit to the protein surface (auto_barber set to
protein). All inlets were then clustered using the barber method
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with cutting sphere correction to the van der Waals radius of the
closest atom (auto_barber_tovdw set to True).
3. Results

For the purpose of water molecules flow analysis we selected
only crystal structures, which were unique and complete i.e. no
information was missing about the position of a particular residue.
In the case of repeated structures in PDB database, the apo struc-
ture and/or the one with the best resolution was selected. It was
considered that incomplete or low resolution structures may intro-
duce bias into the results. Eight sEHs structures were chosen that
represent the clades of animals (Mus musculus (msEH) and Homo
sapiens (hsEH)), plants (Solanum tuberosum (StEH1) and Vigna radi-
ata (VrEH2)), fungi (Trichoderma reesei (TrEH)), and bacteria (Bacil-
lus megaterium (bmEH)), as well as two thermophilic enzymes
collected from hot springs in Russia (Sibe-EH) and China (CH65-
EH) from an unknown source (structures were collected in Decem-
ber 2019). The obtained sEHs structures were compared using
mTM-align web server [27] for multiple protein structure align-
ment (MSTA) analysis (Fig. 1). Then, the functional tunnels were
identified using AQUA-DUCT [35] to compare the transport path-
ways. The functional tunnels were defined as those that display
in which pathways of water molecules leading to/from the active
site were identified. In this study we examined if using only crystal
structures of the available sEHs and the information about the
usage of tunnels, could the obtained results of such analyses be
convergent with those of the evolutionary studies based on multi-
ple sequences of EHs. Finally, we combined all data to investigate
and evaluate the structural basis of the tunnel network of sEHs.
3.1. Structure comparison

To perform the structural comparison, we analyzed the struc-
tural features of sEHs using quantitative and qualitative descrip-
tors (length, location/position). Nomenclature from the work of
Barth et al. [17] was employed. The lengths of structural compart-
ments were determined, such as the active site, cap and main
domains, cap-loop and NC-loop, as well as some additional com-
partments (Supplementary Table 3, Fig. 1, and Fig. 2). All analyzed
structures consisted of the main and cap domains, which were
characteristic of the a/b-hydrolase fold. The additional N-
terminal phosphatase domain - which is a known mammalian
sEHs feature - was excluded from the structural analysis. The
length of the analyzed structures varied from 284 (bmEH) to 333
amino acids (TrEH). The number of main domain amino acids var-
ied from 197 (Sibe-EH) to 233 (TrEH), while the number of cap
domain amino acids was correlated with the length of the cap-
loop. The shortest cap domain and cap-loop were found in bmEH,
with 70 and 4 amino acids, respectively, and the longest in msEH
structure, with 100 and 35 amino acids, respectively. The length
of NC-loop connecting the cap and main domains was similar in
almost all analyzed structures (22 amino acids), except for the
thermophilic enzymes (Sibe-EH with 13, and CH65-EH with 16
amino acids) and bmEH (15 amino acids). To provide a precise
description of the structural differences between sEHs another
loop connecting the cap domain with the main domain, which is
referred to as the back-loop in this study, was distinguished. The
back-loop was defined as a loop between the aD helix of the cap
domain and b7 strand of the main domain together with b7 strand
(dark blue on Figs. 1 and 2). Length of the back-loop varied the
most between two thermophilic sEHs: the back-loop of Sibe-EH
consists of 15, while in the case of CH65-EH it consisted of 33
amino acids.
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MSTA of selected sEHs structures provided by the mTM-align
web server were analyzed (Fig. 2 and Supplementary Fig. 1). Thus,
regions of higher structural similarity were identified as those that
display greater differences. The regions of high sequence similarity
corresponded mostly to the main domain. The part of the main
domain that connects with the cap domain by the NC-loop showed
high structural similarity. The NC-loop region also showed high
similarity, however, it is clearly the NC-loop of the group IIb
enzymes differed from the other analyzed sEHs structures. Hence,
the cap domain region was less similar with two exceptions (align-
ment positions 190–206, and 288–320, Fig. 2) that corresponded to
the a-helical regions between the NC-loop and cap-loop, and
between the cap-loop and back-loop. These a-helices formed two
layers of the cap domain (Fig. 2). The cap-loop and back-loop
regions displayed high structural differences. Additionally, the
main domain region connected with the cap domain by the back-
loop displayed higher structural similarity.

The b-barrel shape of the EHs main domain was observed in all
analyzed structures, as well as the location of the cap domain. The
active site was located in the buried cavity between the cap and
main domains. In order to determine the structural factors that
characterize for specific sEHs, the sequences and structures were
aligned using mTM-align webserver. This enabled separation of
structures into three groups (Fig. 3). Surprisingly, both mammalian
sEHs were grouped with fungal TrEH (group I), while the second
group consisted of plant StEH1 and VrEH2 (group IIa), and the third
was bacterial bmEH and thermophilic EHs (group IIb). Structures
were grouped together that displayed some common unique fea-
tures. Enzymes from group I had relatively long cap-loops. The
back-loop of TrEH was longer than that of msEH and hsEH, and
slightly shifted away from the main domain. The a-helix located
after the back-loop, aE helix, was parallel to the adjacent b-
strands, b7, and b8 (secondary structure was derived from the
work of Barth et al. [17], Supplementary Table 3 and Supplemen-
tary Table 4). Enzymes from group IIa had relatively long cap-
loops which were positioned closer to the aD and aE helices com-
pared to group I enzymes. Additionally, in contrast to group I
enzymes, their aE helix rotated towards the aD helix region adja-
cent the NC-loop. Enzymes from group IIb had relatively short cap-
loops, and the longest back-loops. Interestingly, the part of the
back-loop closest to the cap domain was unfolded, whereas
enzymes from groups I and IIa formed an a-helix. The aD helix
was close to the aE helix. The aE helix had similar orientation as
in group I enzymes’ structure. The main domain structure was sim-
ilar in shape in all analyzed structures.

3.2. Water molecules transport analysis

The main aim of our study was to describe the structural basis
of sEHs tunnel network with focus on access to the active site and
the implication of structural differences on the dynamics of the
analyzed proteins. In order to conduct such analysis, five repeti-
tions of molecular dynamics (MD) simulations were conducted (to-
tal of 250 ns per system) to mimic the conformational changes that
occur in physiological conditions to a protein in solution. Then, the
potential transport pathways were investigated, using water mole-
cules as a molecular probe. During explicit solvent MD simulations,
the protein was immersed in solvent (such as water) molecules
that were able to penetrate the protein’s interior. Given the num-
ber of identified water molecules which entered the protein’s
active site, provides the rate of exchange between the enzyme’s
interior and environment. Analysis of these movements provided
detailed information on the tunnel network as well as their usage,
while maintaining the required simulation time at a relatively low
level. In our previous report, we showed that 50 ns of a Solanum
tuberosum sEHs was enough to sample rare events of water mole-



Fig. 1. Crystal structures of selected soluble epoxide hydrolases (sEHs) and a pie chart representing the size of particular compartments. A) Mus musculus sEH (msEH), B)
Homo sapiens sEH (hsEH), C) Trichoderma reesei sEH (TrEH), D) Solanum tuberosum sEH (StEH1), E) Vigna radiata sEH (VrEH2), F) Bacillus megaterium sEH (bmEH), and
thermophilic G) CH65-EH, and H) Sibe-EH from an unknown organism. The data herein represents the data shown in Supplementary Table 3. The proteins are shown as
cartoons. Pie charts under each protein structure show the share of particular compartments in the overall structure, while the number inside the pie chart stands for the
number of amino acids comprising of the whole soluble epoxide hydrolase structure.
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cules entering a particular tunnel [37]. The water molecules trans-
port analysis was facilitated by the AQUA-DUCT software and was
used exclusively to trace pathways of water molecules that entered
the active site of analyzed EHs. The utilization of such workflow
allowed the observation of changes to the protein’s structure,
which, for example, opens or closes a particular pathway leading
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to the active site. The obtained results gave insight into such path-
ways in three regions of sEHs structure - the main domain, cap
domain, and border between these domains. In order to further
clarify these results, the observed pathways were associated with
tunnels. Therefore, the identified tunnels leading to/from the active
site were marked, according to their localization; Tm - main



Fig. 2. Multiple Protein Structures Alignment (MSTA) of selected soluble epoxide hydrolases (sEHs). The proteins’ sequences are color-coded (cap-loop – dark orange, cap –
orange, NC-loop – violet, back-loop – dark blue, main domain – lilac). The dark blue bars indicate regions of higher structural similarity, while the light blue bars indicate
regions of lower structural similarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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domain, Tcap - cap domain, and Tc/m - border between those
domains (Fig. 4). The regions in which water molecules entered
and/or left the protein interior are shown as small balls (so-
called inlets) in Fig. 4. The inlets were then clustered to represent
tunnels entries reported elsewhere [15]. It should be noted that not
all tunnels were represented in other structures.

Comparison of all analyzed structures revealed only two tun-
nels that were predominantly utilized by water molecules (above
30% of all identified inlets, Supplementary Table 5): Tc/m tunnel
197
located at the border between the main and cap domain, and
Tm1 tunnel located in the main domain. Moreover, we identified
other tunnels, such as Tm2, Tm3, Tm4, Tm5, Tg, and Tside in the
main domain, and another tunnel located between these two
domains, namely Tc/m_side, and Tcap1, Tcap2, and Tcap4 in the
cap domain; those tunnels were, however, rarely used by water
molecules. Information regarding the predominant tunnel allowed
the determination of three different patterns of tunnel usage of
sEHs: i) both Tc/m and Tm1 tunnels are predominantly used



Fig. 3. Structural similarity analysis of soluble epoxide hydrolases (sEHs). A) Schematic representation of sEHs structure. The nomenclature used was in accordance with [36].
B) Cladogram of analyzed sEHs structures. The proteins’ structures are shown as cartoons and for clarity only the most unique regions are shown.
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(msEH, hsEH, and TrEH); ii) only Tm1 tunnel was predominantly
used (StEH1, and VrEH2), and iii) only Tc/m tunnel was predomi-
nantly used (bmEH, CH65-EH, and Sibe-EH) (Supplementary
Table 5, Fig. 4). Interestingly, the observed patterns corresponded
to structural analysis described above. In mammalian and fungal
sEHs two tunnels were predominantly used by water molecules -
Tm1 and Tc/m. In contrast to TrEH, mammalian sEHs additionally
utilized Tg and Tm3 tunnels, as well as Tcap1. In the case of plant
sEHs, Tm1 tunnel was utilized by 92% of water molecules entering
the active sites. Additionally, plant EHs employed several other
tunnels, such as Tc/m, Tm2, and Tm5. Finally, in both thermophilic
enzymes, CH65-EH, and Sibe-EH, Tc/m tunnel was used by the vast
majority (78% and 98%, respectively) of water molecules entering
the active site cavity. Both enzymes also used additional tunnels
located in the main domain and the border between the main
and cap domains. Similarly, bmEH utilizes mostly Tc/m tunnel;
however, in a single MD simulation several water molecules
employed other tunnels. VrEH2 enzyme was the only sEH unable
to utilize Tc/m tunnel, instead the Tc/m_side tunnel was used.
The number of inlets per simulation nanosecond was examined
to determine the water molecules’ flux. bmEH, which utilizes only
one tunnel, was found as the most ‘open’ structure (96 inlets/ns),
while VrEH2 was the most ‘closed’ structure (only 7 inlets/ns).
The inlets/ns values were similar for hsEH, msEH, StEH1, and TrEH
(40–45 inlets/ns) (Supplementary Table 5). Therefore, the number
of functional tunnels does not reflect the water molecules flow
through the enzyme’s active site.

To complement the small-molecules transport analysis, we
investigated the most flexible regions of the selected sEHs (accord-
ing to RMSF data from MD simulations). The obtained results
showed that both mammalian sEHs most flexible regions were
aD and aE helices, and the cap-loop region, whereas TrEH only
the aD helix and part of the cap-loop were identified (Fig. 5). More-
over, the accumulated movements of these regions were weaker
than in case of mammalian sEHs. Similarly, the cap-loop and aD
helix were the most flexible regions in plant sEHs, with little move-
ment observed in the aE helix. Finally, in the case of bacterial and
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thermophilic sEHs, the most flexible regions were the back-loop,
cap-loop, and part of the aE helix. Mammalian and thermophilic
sEHs showed the greatest overall flexibility.

4. Discussion

To date, little is known about EHs, however, several studies
have been conducted to investigate their structural features
[15–18]. sEHs belong to the a/b-hydrolases family that display a
modular structure with a central catalytic domain, the main
domain, formed by eight superhelically twisted b-strands
[17,36,38]. This superfamily can tolerate large insertions to the
scaffold without losing their catalytic activity [39]. The most
important modification of the fold is the insertion after the b6
strand, which forms the cap domain. This domain has great
impact on substrate recognition and catalysis [40–42]. The cap-
loop covers the active site, and thus, limits the pathways of sub-
strate and products transport to a specific tunnel. Tunnel loca-
tions can, therefore, be constructed as a natural consequence of
the active site positioning between both domains. Tunnels have
been identified passing through the main and cap domains as
well as the interdomain space. The cap domain is connected with
the main domain by two flexible loops acting as hinges, namely
NC-loop and back-loop. The NC-loop is considered to participate
in substrate binding by defining the binding pocket and regulat-
ing the access to the active site [43]. Therefore, the tunnel net-
work of sEHs may be regulated through a set of structural
features: i) intramolecular voids in the main domain, ii)
intramolecular voids in the cap domain, iii) hinge loops connect-
ing both domains. Since the NC- and back-loops act as hinges
they can regulate the tunnel network either by positioning the
cap domain on the main domain, while affecting the entrances/
exits of neighboring tunnels. In this study we confirmed the find-
ings of Barth et al. and Bauer et al. regarding the modular struc-
ture of EHs [17,38]. Analysis of the MSTA suggested that sEHs
consisted of several modules (compartments), including the main
and cap domains, as well as the NC-loop, cap-loop, and back-loop.



Fig. 4. Identified entries/exits of selected epoxide hydrolases (EHs) and the intramolecular flow plot. The intramolecular flow plot (also known as the migration flow plot)
depicts the flow of water molecules through particular tunnels. The outer ring represents the size of the tunnel, while the size of the inner part of the plot (called here flow)
represents a particular transport pathway by direction (shown in the legend by small arrows). In the sample plot five flows are shown: Tc/m to Tcap1, Tcap1 to Tm1, Tg to
Tm3, Tm3 to Tc/m, Tm3 to Tc/m, and Tm1 to Tm1. The ‘out’ flow stands for the pathways that do not belong to specific clusters, while ‘N’ flow stands for the pathways that
started and/or ended within the protein structure. The figure represents data presented in Supplementary Table 6. A)Mus musculus EH (msEH), B) Homo sapiens EH (hsEH), C)
Trichoderma reesei EH (TrEH), D) Solanum tuberosum EH (StEH1), E) Vigna radiata EH (VrEH2), F) Bacillus megaterium EH (bmEH), and thermophilic G) CH65-EH, and H) Sibe-EH
from an unknown organism. The proteins are shown as cartoons, and the entries/exits are marked as small balls (so-called inlets). For picture clarity only the epoxide
hydrolase domain of msEH and hsEH structures are shown.
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Moreover, it was found that the main domain regions and mostly
helical region of the cap domain displayed a high level of struc-
tural similarity, whereas the NC-loop, cap-loop, and the back-
199
loop regions display dissimilarity (Fig. 2). These findings also sug-
gest that the most dissimilar regions are more prone to
modifications.



Fig. 5. The overall flexibility of the selected soluble epoxide hydrolases. A) Mus musculus EH (msEH), B) Homo sapiens EH (hsEH), C) Trichoderma reesei EH (TrEH), D) Solanum
tuberosum EH (StEH1), E) Vigna radiata EH (VrEH2), F) Bacillus megaterium EH (bmEH), and thermophilic G) CH65-EH, and H) Sibe-EH from an unknown source organism. The
proteins are shown as springs, with the thin white lines indicating lower flexibility, and thicker reddish lines - higher flexibility.
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In our other study [15], sEHs were employed as a sample sys-
tem in order to investigate the evolution of tunnels. It was
determined that most tunnels should be considered as variable
structural features of proteins. Tc/m tunnel was found to be
the only exception, located between the cap and main domains.
We proposed that insertion of the cap domain defined the buried
active site cavity and the tunnel linking it with the environment.
Such structural arrangement was preserved in most of the EHs
which supports the hypothesis regarding the origin of the posi-
tioning of the active site between both domains. However,
according to other reports [15,21,37,44,45], this was not the only
pathway leading to the active site. Other tunnels were located in
the cap and main domains, as well as between those domains. It
should be noted that when predominant tunnels were used for
substrate and/or product transport, the rarely used tunnels
should not be neglected because they could be used, for exam-
ple, for water molecules transport during the hydrolysis step.

In this study, we focused on the functionality of the sEHs tunnel
network. Functional tunnels were defined as those which were
used by water molecules to reach the active site cavity. A relation-
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ship was found between the protein structure and the shape and
size of its tunnel network. Hence, despite overall structural similar-
ity, the sEHs structures were divided into three groups, based on
their structure and tunnel usage (Figs. 3 and 4). The results of
the structural compartments and tunnels usage analyses suggested
a close evolutionary relationship of the proteins, which were con-
sider unprecedented. Notably, the obtained results were based on a
relatively low number of structures that represented different
clades. Nonetheless, the sampling of the EHs family is only frag-
mentary. However, our results were in good agreement with that
of Barth et al. [17] based not only on tunnel usage, but on the anal-
ysis of multiple sequences of EHs. Moreover, the presented data
were in-line with the theory that animals and fungi were more clo-
sely related than animals and plants [46].

Mammalian (hsEH and msEH) and fungal (TrEH) structures
were assigned to group I. Members of this group shared common
features such as relatively long back-loop and cap-loop. Enzymes
in this group primarily utilize two main tunnels - Tc/m, and Tm1.
In all sEHs from the group I, T/cm tunnel was found conserved
[15]. This was also the case for Tm1 tunnel, but only in the case
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of msEH [15]. The results of the structure flexibility analysis (Fig. 5)
showed significant differences between sEHs that represent mam-
malian and fungal families. Mammalian sEHs were more flexible,
and the regions with high RMSF values surround Tc/m, Tg, and
Tm1 tunnels’ entries/exits regions. Furthermore, during MD simu-
lations we observed that those regions merged and created a long
gorge. In contrast, these regions were quite rigid for TrEH structure,
and consequently both tunnels clearly separated. Such differences
had substantial implications on the substrate preferences, which
will be discussed below.

Plant sEHs (StEH1 and VrEH2) were assigned to group IIa. The
interaction between the cap and main domains was much tighter,
thus Tc/m tunnel was narrower relative to other analyzed sEHs. A
subtle rearrangement of the aD helix region adjacent to the NC-
loop caused narrowing of the Tc/m tunnel’s mouth and dramati-
cally limited the tunnel usage (StEH1) or closed it permanently
(VrEH2). Moreover, access to the active site through the cap
domain was also nearly completely blocked. Similar to mammalian
and fungal sEHs, plant sEHs structures had relatively long cap-loop
and back-loop, however, the enzymes predominantly utilize the
Tm1 tunnel, which was identified as a variable feature in StEH1
structure [15]. The flexibility analysis results of plant sEHs showed
that the most flexible regions were distant to the tunnel entries
and, therefore, the conformational changes were only limited to
slight effect on for catalytic efficiency (if any).

Finally, bacterial (bmEH), and thermophilic enzymes from an
unknown organism (CH65-EH and Sibe-EH) were assigned to
group IIb. Members of this group had relatively short cap-loops
and longest back-loops. They mainly utilized the Tc/m tunnel.
Their aD helix was close to the aE helix, which caused narrowing
of the tunnel mouths located in the main domain, namely Tm1, Tg,
and Tm2. As a result the location of other tunnels on the other side
of the back-loop, namely Tcap4 and Tm5, they could be opened.
However, since the vast majority of water molecules were trans-
ported via the Tc/m tunnel, the role of the other tunnels for sub-
strates/products transportation can be neglected. This
observation supported the hypothetical origin of sEHs via insertion
resulting in active site positioning between cap and main domains.
Surprisingly, in the case of IIb group enzymes the Tc/m tunnel was
found to be a variable feature [15]. This could be due a small num-
ber of residues lining the walls of the tunnel, which was signifi-
cantly shorter in comparison to Tc/m tunnels in other sEHs. It
was shown that the cap-loop, back-loop, and part of the aE helix
were the most flexible regions. The results suggested that the
movement of the back-loop may cause opening of the neighboring
tunnels, such as Tcap4 and Tm5, which were commonly used by
the enzymes.

Barth et al. [17] found a correlation between the length of the
NC-loop and cap-loop and the type of catalyzed substrates and
evolutionary lineage of the source organism. Their results indi-
cated that sEHs of eukaryotes had long cap-loops and medium-
sized NC-loops, as well as being more active towards aliphatic
epoxides, while participating in fatty acid metabolism. It must be
noted that the function of an enzyme and often its name reflects
substrate preference based on a very limited data set. Therefore,
the functional names given to enzymes early in their investigation
can bias a whole field. Additionally, the overall knowledge on the
functions and applications of EHs in humans and other organisms
is also limited. Known compounds synthesized by and/or tested on
all analyzed sEHs are shown at Supplementary Figs. 2-8. Mam-
malian EHs are involved in the xenobiotic metabolism and the
degradation of endogenously derived epoxy fatty acids [47,48], as
well as hydrolysis of trans-epoxy alcohol 1 (skin-related allylic
epoxide) to RSR triol-3, which is the most abundant triol isomer
in human and porcine epidermis [49]. Plant EHs are involved in
the biosynthesis of essential aliphatic cuticular compounds [50],
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detoxification of epoxy fatty acids in seeds [51], and conversion
of the epoxides that accumulate during stress into less reactive
compounds [52]. EHs in plants are also involved in the defence sys-
tem, where their activity can be enhanced by water deprivation,
wounding or during virus infection [53–55]. For example, NtEH-1
gene encoding an EHs product of the Nicotiana tabacum L. is
induced in the presence of the tobacco mosaic virus (TMV)
[54,56]. Also, not all plants metabolize the epoxy fatty acids in
their seeds. Large amounts of fatty acids in the form of triacylglyc-
erols are used as sources of energy and biosynthetic intermediates
[57]. Epoxy fatty acids are common storage lipids in seeds of cer-
tain species, such as Astraceae which store about 70% of their lipids
in this form [57,58]. This may be the origin of the observed struc-
tural rearrangement discussed previously allowing mammalian
EHs to transform long-chained epoxy fatty acids. Summerer et al.
[59] highlighted a substantial difference in the catalysis of 9,10-
epoxystearic acid between mammalian (from rat liver) and plant
(from soybean) sEHs. They found that although the reaction cat-
alyzed by the plant sEH was highly enantioselective towards (R)-
configured carbon, the mammalian sEH catalysis involved non-
enantioselective hydrolysis. Hence, the different binding mode
may be related to the structural features which enable positioning
of the epoxide ring. This conclusion was in agreement with that of
Pineau et al. [60] in which different inhibition patterns were
observed between the plant (Arabidopsis thaliana) and mammalian
EHs. The presented data showed the observed differences may
stem from different substrate preferences between these enzymes,
and combined with the work of Mowbray et al. [22], showed that
Solanum tuberosum EH may be very efficient in metabolizing sub-
strates with aliphatic substituents of the epoxide ring. The pre-
sented tunnel network analysis sheds light on its potential
mechanism. The sEHs flexibility analysis suggested a plausible
mechanism of substrate/product transport, instead of the cap
domain movement, which could facilitate large substrate access,
or highly improbable passage of long-chained substrate entering
through one tunnel and leaving by another. Additionally, the sec-
ondary structure elements surrounding the two main tunnels
could move away, merging Tc/m, Tm1 and Tg tunnels into one long
gorge (Fig. 6), which could encompass even long-chained sub-
strates. In the case of F497 residue in hsEH, which is located
between Tc/m and Tm1 tunnels, two different orientations in the
crystal structure were detected [44]. Due to phenylalanine side
chain bulky character, it operates as a molecular gate controlling
access through the gorge and promoting proper positioning of
the epoxide ring, or closing the tunnel to create a hydrophobic
environment for the reaction to occur. This gate may provide con-
straints affecting a particular substrate preferences. Indeed, the
mammalian sEHs have not been used in industry due to their lim-
itations of accepting other epoxide substrates and difficulties in
engineering their regiospecificity [61].

Furthermore, plant sEHs predominantly utilize only one funnel-
shape tunnel. In our case, the size of the tunnel’s mouth and its
funnel shape facilitated substrate access to the active site. Thus,
in contrast to the long expandable tunnel of mammalian sEHs
(which were created by merging of Tc/m, Tm1, and Tg tunnels),
Tm1 remained open for a wide range of substrates without causing
steric hindrances. Additionally, Tm1 tunnel was capable of trans-
porting the substrates and product, whereas the side tunnels trans-
ported water molecules. Therefore, the active site cavity and its
surroundings were easily modified and such enzymes were often
used in industry. Several reports on StEH1 highlight the high
potential of plant EHs as regioselective catalysts [62–65]. Notably,
plant EHs are usually highly regio- and/or stereoselective [22,66–
68] towards specific substrates. This issue was carefully analyzed
both experimentally and theoretically in StEH1, VrEH2 and Phase-
olus vulgaris PvEH3 [23,69–73]. Reports have shown that modifica-



Fig. 6. Opening of the gorge in mouse soluble epoxide hydrolase (msEH): A) the entrance to the active site in the crystal structure (PDB ID: 1cqz), and B) during molecular
dynamic simulation. The protein structure is shown as white surface.
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tion of the stereo- and regioselectivity of the enzymes is related to
the direction of the attack of water molecules and stabilization of
particular transition states [72]. Moreover, modifications of the
NC-loop, located near the entrance to the Tm1 tunnel, may also
enhance the enantioselectivity of PvEH3 [73]. The aforementioned
properties can be easily modified in plant EHs with a funnel-
shaped entrance to the active site pocket than in mammalian
EHs with occluded active site.

Bacterial sEHs have the shortest cap- and NC-loops among all
analyzed EHs, which may be related to several bacterial EHs that
accept small substrates such as styrene oxide, and mono- and dis-
ubstituted epoxides [17]. The main tunnel identified in bacterial
structures is short and well-defined, which prevents conversion
of long-chained substrates. The short and well-defined tunnel
makes such enzymes an easy system for future modification and
applicability in industrial processes.

As previously mentioned, a relationship was observed between
the enzyme’s structure and its overall flexibility and substrate pref-
erences. Due to the limited number of analyzed structures it was
hypothesizes that in the case of sEHs, divergent evolution occurred.
All analyzed enzymes belonged to the same a/b-hydrolase super-
family and shared the same fold, however, they present different
substrate preferences profiles, which implied the presence of a
common ancestor. Indeed, in the case of other enzymes related
to the same superfamily the ancestral protein was identified [74],
and displayed enhanced thermal stability and higher specific activ-
ity than the extant enzymes. Therefore, bacteria, the most primi-
tive group of living organisms, would present the least
complicated mechanism. Due to EHs being required to transport
both the substrate and water molecule to the active site cavity, a
multi-purpose tunnel or a tunnel network may be needed, in
which the substrate could be transported by one tunnel, and the
water molecule by another. Our results suggested that bmEH uti-
lized only one tunnel to maintain transport of these two reagents,
as well as the reaction product. The Tc/m tunnel was identified in
almost all analyzed sEHs (excluding VrEH2), and was considered to
be evolutionarily preserved due to its location within the
intramolecular voids between the main and cap domains. Other
analyzed sEHs utilized predominantly at least one tunnel (Tc/m,
Tm1, or both), whereas additional tunnels were rarely used. This
may suggest that other sEHs - mammalian, plant and fungal - were
more specialized relative to the bacterial bmEH, as they functioned
through separate transport water molecules from the transport of
substrate and/or products. In our study sEHs of multicellular
organisms were divided into two groups - mammalian and fungal
(group I, Fig. 3), and plant (group IIa, Fig. 3). Structures of mam-
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malian and fungal sEHs although seemed similar, they display a
different pattern of overall flexibility. Two mammalian sEHs dis-
played high flexibility of the cap domain, as well as the aD and
aE helices, and in TrEH only the cap-loop and aD helix were
slightly flexible. Therefore, the substrates and/or products in the
case of mammalian sEHs could possibly be transported via the
widest and always open tunnel, such as the large gorge formed
by merging of Tc/m, Tm1, and Tg tunnels. In the case of TrEH,
two separated tunnel entries were observed (Tc/m and Tm1),
therefore, it could suggest that the substrate entry and product
release occurred via different tunnels. Water molecules may enter
the active site cavity by a side tunnel. In the case of another a/b-
hydrolase superfamily member, dehalogenases, a strategy of sepa-
rating the substrate entry and product release pathways resulted
in the most active dehalogenase identified to date [75]. Moreover,
mammalian sEHs are bifunctional enzymes, a product of gene
fusion event [76,77] with an N-terminal domain exhibiting phos-
phatase activity, and the C-terminal domain being an actual EH
[78]. Additionally, sEHs in plants and other multicellular organisms
evolve independently. We speculated that insertion resulting in
cap domain formation was the starting point of the specialization
of the EHs. The cap domain covered the active site pocket, and thus
enabled precise control of the conditions of the enzymatic reaction.
In mammalian and fungal enzymes, the ancestral Tc/m tunnel was
preserved and insertions resulted in higher flexibility of the
enzyme structure and more complex tunnel network, whereas in
plants, the inserts had closed (partially or fully) origin Tc/m tunnel
and a new predominant tunnel located in main domain overcharge
the substrate/products transportation. Furthermore, the sequences
of the plant EHs were divided into two clades – EH1 and EH2 [56].
Moreover, it was shown that the main differences between those
clades were located in the cap domain [79]. Among all examined
sEHs, mammalian sEHs were subjected to the most precise and rig-
orous control. The most complicated tunnel network was observed,
as well as extensive water exchange between all potential path-
ways and long range conformational changes capable of merging
or separating the particular tunnels.

Our study also explored expansive strategies employed for pro-
tein re-engineering. Several approaches have been previously pro-
posed to fine-tune enzyme’s activity and/or selectivity through the
introduction of additional tunnel or modification of an existing
one. Reetz and Kotik’s groups focused on Aspergillus niger EH exist-
ing tunnel leading to the active site and targeted the tunnel-lining
and adjacent residues for mutagenesis [80–85]. Thus, they
obtained highly enantioselective variants which were useful for
producing enantiopure terminal epoxides containing various side



K. Mitusińska, P. Wojsa, M. Bzówka et al. Computational and Structural Biotechnology Journal 20 (2022) 193–205
chains. A more advanced approach was shown by Kong et al. who
introduced an additional tunnel in bmEH using targeted mutagen-
esis to unblock the steric hindrance in the active pocket [25]. This
resulted in the formation of an EH with unusual (R)-
enantioselectivity and much higher activity toward a-naphthyl
glycidyl ether. Brezovsky et al. furthered this work by engineering
a de novo tunnel in a haloalkane dehalogenase LinB, an enzyme clo-
sely related to EHs and shared very similar structural features [75].
They opened a novel tunnel by modifications of three residues
W140A/F143L/I211L resulting in surface perforation and tunnel
opening. The successful tunnel engineering strategies also sup-
ported the surface perforation model proposed in our other study
on sEHs [15], which described the evolution of tunnels. The pre-
sented model suggested that tunnels appeared through even a
single-point mutation promoting the formation of two adjacent
cavities or permanently opening of an existing cavity. Our study
suggested that the tunnel network was also vulnerable to more
dramatic modifications such as large fragment indels (insertions/
deletions), as depicted the cap domain formation. The MSTA data
suggested that the longer region of the cap-loop identified in sEHs
from group I and IIa stem from insertion, as well as the unfolded
region of the back-loop of sEHs from group IIb. A strategy based
on longer fragment insertion may lead to more complex modifica-
tions of the enzyme’s activity and/or selectivity, however, such
results will be difficult to predict, while the previously described
approach based on cavity perforation and tunnel modification
could be used for enzyme fine-tuning.

5. Conclusions

This paper is an extension of our other work, in which the evo-
lution of tunnels is studied. We found that tunnels are mostly vari-
able structural features of proteins and a surface perforation model
was proposed to describe the mechanism of tunnel appearance.
Additionally, interconnection of the protein structure, shape and
size of its tunnel network and the substrate preferences are
explored. Moreover, our results suggest that tunnels may appear
not only due to a single-point mutation, but also by more dramatic
structural modifications such as large fragments indels. Finally,
sEHs were divided into three groups based on their structure,
usage of tunnels, and substrate preferences, indicating that these
features are mutually connected.
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Data curation, Funding acquisition. Weronika Bagrowska: Data
curation, Funding acquisition, Visualization. Aleksandra Samol:
Data curation, Funding acquisition. Patryk Kapica: Data curation.
Artur Góra: Conceptualization, Funding acquisition, Methodology,
Project administration, Supervision, Writing – original draft, Writ-
ing – review & editing.
203
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2021.10.042.

References

[1] Pravda L, Berka K, Svobodová Vařeková R, Sehnal D, Banáš P, Laskowski RA,
et al. Anatomy of enzyme channels. BMC Bioinf 2014;15(1). https://doi.org/
10.1186/s12859-014-0379-x.

[2] Mancini G, Zazza C, Soares CM. F429 regulation of tunnels in cytochrome P450
2B4: a top down study of multiple molecular dynamics simulations e0137075.
PLoS ONE 2015;10(9). https://doi.org/10.1371/journal.pone.0137075.

[3] Fishelovitch D, Shaik S, Wolfson HJ, Nussinov R. How does the reductase help
to regulate the catalytic cycle of cytochrome P450 3A4 using the conserved
water channel? J Phys Chem B 2010;114(17):5964–70. https://doi.org/
10.1021/jp101894k.

[4] Gora A, Brezovsky J, Damborsky J. Gates of enzymes. Chem Rev 2013;113
(8):5871–923. https://doi.org/10.1021/cr300384w.

[5] Marques SM, Daniel L, Buryska T, Prokop Z, Brezovsky J, Damborsky J. Enzyme
tunnels and gates as relevant targets in drug design. Med Res Rev 2017;37
(5):1095–139. https://doi.org/10.1002/med.21430.

[6] Kingsley LJ, Lill MA. Substrate tunnels in enzymes: Structure-function
relationships and computational methodology. Proteins Struct Funct
Bioinforma 2015;83(4):599–611. https://doi.org/10.1002/prot.24772.

[7] Kim J, Raushel FM. Perforation of the tunnel wall in carbamoyl phosphate
synthetase derails the passage of ammonia between sequential active sites.
Biochemistry 2004;43:5334–40. https://doi.org/10.1021/bi049945+.

[8] Nakamura A, Yao M, Chimnaronk S, Sakai N, Tanaka I. Ammonia channel
couples glutaminase with transamidase reactions in GatCAB. Science (80-)
2006;312(5782):1954–8.

[9] Thangapandian S, John S, Lee Y, Arulalapperumal V, Lee KW, Gaetano C.
Molecular modeling study on tunnel behavior in different histone deacetylase
isoforms e49327. PLoS ONE 2012;7(11). https://doi.org/10.1371/journal.
pone.0049327.

[10] Franzosa EA, Xia Y. Structural determinants of protein evolution are context-
sensitive at the residue level. Mol Biol Evol 2009;26(10):2387–95. https://doi.
org/10.1093/molbev/msp146.

[11] Tseng YY, Liang J. Estimation of amino acid residue substitution rates at local
spatial regions and application in protein function inference: a Bayesian Monte
Carlo approach. Mol Biol Evol 2006;23:421–36. https://doi.org/
10.1093/molbev/msj048.

[12] Ramsey DC, Scherrer MP, Zhou T, Wilke CO. The relationship between relative
solvent accessibility and evolutionary rate in protein evolution. Genetics
2011;188:479–88. https://doi.org/10.1534/genetics.111.128025.

[13] Yang J-R, Liao B-Y, Zhuang S-M, Zhang J. Protein misinteraction avoidance
causes highly expressed proteins to evolve slowly. Proc Natl Acad Sci 2012;109
(14):E831–40. https://doi.org/10.1073/pnas.1117408109.

[14] Echave J, Spielman SJ, Wilke CO. Causes of evolutionary rate variation among
protein sites. Nat Rev Genet 2016;17(2):109–21. https://doi.org/10.1038/
nrg.2015.18.

[15] Bzówka M, Mitusińska K, Raczyńska A, Skalski T, Samol A, Bagrowska W, et al.
Evolution of tunnels in a/b-hydrolases fold proteins – what can we learn from
studying epoxide hydrolases? bioRxiv 2021. https://doi.org/10.1101/
2021.12.08.471815.

[16] Heikinheimo P, Goldman A, Jeffries Cy, Ollis DL. Of barn owls and bankers: a
lush variety of a/b hydrolases. Structure 1999;7(6):R141–6. https://doi.org/
10.1016/S0969-2126(99)80079-3.

[17] Barth S, Fischer M, Schmid RD, Pleiss J. Sequence and structure of epoxide
hydrolases: a systematic analysis. Proteins Struct Funct Bioinforma 2004;55
(4):846–55. https://doi.org/10.1002/prot.20013.

[18] van Loo B, Kingma J, Arand M, Wubbolts MG, Janssen DB. Diversity and
biocatalytic potential of epoxide hydrolases identified by genome analysis.
Appl Environ Microbiol 2006;72(4):2905–17. https://doi.org/10.1128/
AEM.72.4.2905-2917.2006.

[19] Berman HM, Battistuz T, Bhat TN, BluhmWF, Bourne PE, Burkhardt K, et al. The
protein data bank. Acta Crystallogr D Biol Crystallogr 2002;58(6):899–907.
https://doi.org/10.1107/S0907444902003451.

[20] Argiriadi MA, Morisseau C, Hammock BD, Christianson DW. Detoxification of
environmental mutagens and carcinogens: Structure, mechanism, and
evolution of liver epoxide hydrolase. Proc Natl Acad Sci 1999;96
(19):10637–42. https://doi.org/10.1073/pnas.96.19.10637.

[21] Gomez GA, Morisseau C, Hammock BD, Christianson DW. Structure of human
epoxide hydrolase reveals mechanistic inferences on bifunctional catalysis in
epoxide and phosphate ester hydrolysis. Biochemistry 2004;43(16):4716–23.
https://doi.org/10.1021/bi036189j.

[22] Mowbray SL, Elfström LT, Ahlgren KM, Andersson CE, Widersten M. X-ray
structure of potato epoxide hydrolase sheds light on substrate specificity in

https://doi.org/10.1016/j.csbj.2021.10.042
https://doi.org/10.1186/s12859-014-0379-x
https://doi.org/10.1186/s12859-014-0379-x
https://doi.org/10.1371/journal.pone.0137075
https://doi.org/10.1021/jp101894k
https://doi.org/10.1021/jp101894k
https://doi.org/10.1021/cr300384w
https://doi.org/10.1002/med.21430
https://doi.org/10.1002/prot.24772
https://doi.org/10.1021/bi049945+
http://refhub.elsevier.com/S2001-0370(21)00522-5/h0040
http://refhub.elsevier.com/S2001-0370(21)00522-5/h0040
http://refhub.elsevier.com/S2001-0370(21)00522-5/h0040
https://doi.org/10.1371/journal.pone.0049327
https://doi.org/10.1371/journal.pone.0049327
https://doi.org/10.1093/molbev/msp146
https://doi.org/10.1093/molbev/msp146
https://doi.org/10.1093/molbev/msj048
https://doi.org/10.1093/molbev/msj048
https://doi.org/10.1534/genetics.111.128025
https://doi.org/10.1073/pnas.1117408109
https://doi.org/10.1038/nrg.2015.18
https://doi.org/10.1038/nrg.2015.18
https://doi.org/10.1101/2021.12.08.471815
https://doi.org/10.1101/2021.12.08.471815
https://doi.org/10.1016/S0969-2126(99)80079-3
https://doi.org/10.1016/S0969-2126(99)80079-3
https://doi.org/10.1002/prot.20013
https://doi.org/10.1128/AEM.72.4.2905-2917.2006
https://doi.org/10.1128/AEM.72.4.2905-2917.2006
https://doi.org/10.1107/S0907444902003451
https://doi.org/10.1073/pnas.96.19.10637
https://doi.org/10.1021/bi036189j
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