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Abstract

The X-ray structure of_the epoxide hydrolase from Agrobacterium radiobacter AD1 has been determined by isomor-
phous replacement at 2.1 A resolution. The enzyme shows a two-domain structure, with the core having the o/ hydrolase
fold topology which provides the scaffolding for the catalytic triad residues, Asp 107, Asp 246, and His 275. Based on
biochemical and structural data, a mechanism is proposed to illuminate the peculiar chemical strategy to activate harmful
epoxide substrates for hydrolysis and detoxification. The structure suggests Tyr 152 /Tyr 215 as the residues involved in
substrate binding, stabilization of the transition state, and possibly protonation of the epoxide oxygen. Site-directed
mutagenesis studies confirmed the structural results and, in addition, showed a significant increase in enantioselectivity for
styrene oxide, and substituted variants thereof, for a Tyr 215 — Phe mutant. Since Tyr 215 is conserved among al epoxide
hydrolase sequences, an activating role of this residue is suggested for other epoxide hydrolases as well, and mutation of this
residue might also result in mutant enzymes with improved enantioselectivity in other cases. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Epoxide hydrolases (EC 3.3.2.3) comprise a group
of enzymes that catalyze the two-step hydrolytic
cleavage of reactive and toxic epoxides to yield the
corresponding diols [1]. The first half-reaction in-
volves the formation of a covalent ester intermediate
at the carboxylate of the nucleophile. In the second
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half-reaction, the ester intermediate is hydrolyzed by
awater molecule activated by a His/Asp pair [2—4].

Epoxide hydrolases are ubiquitous in nature, hav-
ing been found in various species of plants, insects,
bacteria, and mammals. They can be grouped into
soluble and microsomal epoxide hydrolases on the
basis of their cellular localization and biochemical
properties [1]. The major biochemical role of these
enzymes is the degradation of epoxide compounds.
Epoxides are frequently found as intermediates in the
catabolic pathway of several xenobiotics and, being
electrophilic in nature, they can easily react with
various hiological nucleophiles. The degradation of
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such potentially harmful compounds to more polar
metabolites is therefore of great importance for liv-
ing cells.

Because of their central role in detoxification
processes of drugs and toxic compounds, mammalian
epoxide hydrolases have been studied for many years
[2,3,5-9]. However, recently important results have
been achieved in the expression and characterization
of bacterial epoxide hydrolases as well, opening a
new exciting field of research [4,10-12]. Bacterial
epoxide hydrolases can easily be produced in large
amount and, since they exhibit enantioselectivity for
many industrially important epoxides, they have a
great biotechnological potentia in the large-scale
preparation of optically active epoxides and diols by
kinetic resolution [1,13].

So far, the characterization and the insights into
the catalytic mechanism of this class of enzymes
have been based mainly on biochemical studies.
Information on their three-dimensional structures was
indirectly derived on the basis of the low, but signifi-
cant, sequence similarity with haloalkane dehaloge-
nase from Xanthobacter autotrophicus GJ10 of
which the structure is known [4,5]. Very recently, we
reported the structure determination of the epoxide
hydrolase from Agrobacterium radiobacter AD1
[14]. The availability of this first epoxide hydrolase
structure allows us to answer in atomic details im-
portant open questions about catalysis by these en-
Zymes.

2. Materials and methods

2.1. Crystallization

The epoxide hydrolase from A. radiobacter AD1
(Ephy) was cloned, overexpressed, and purified as
described previously [4]. Ephy was crystallized by
the hanging drop method. Drops containing 4 .l of
protein solution and 4 .l of precipitant were equili-
brated against a 1 ml reservoir containing 1.6—1.8 M
KH,PO,/K,HPO, (pH 7.0) a room temperature.
After 2 weeks, the experiments were allowed to
slowly evaporate to a phosphate concentration of
about 2.0 M. The dow increase of the phosphate
concentration in the drop results in the appearance of

crystals with typical sizes of 0.3 0.2 x 0.1 mm?®,
They are highly X-ray-sensitive and therefore, all
data collections were performed at cryotemperature
(100 K), using 30% glycerol added to the stabilizing
mother liquor (1.8 M KH,PO, /K ,HPO,) as a cry-
oprotectant. .

The crystals diffract up to 2.1 A resolution using
synchrotron radiation and belong to space group C2
with unit cell parameters of a=146.62 A, b=
100.20 A, c=96.88 A, B = 100.68°. This unit cell
gives a V,, value of 257 A®> Da ?, assuming four
molecules in the asymmetric unit.

2.2. Sructure determination and quality of the model

The Ephy X-ray structure has been determined by
the isomorphous replacement method supplemented
by anomalous scattering (SIRAS), using ethyl mer-
cury phosphate, (C,H ;HgO),PO, as the single heavy
atom derivative [14]. Data sets were collected in-
house and at the X-ray diffraction beamline of the
ELETTRA synchrotron in Trieste (Italy). The final
model consists of 4282 residues, 610 water
molecules (33 of them refined with double positions)
and four potassium ions, originating from the crystal-
lization buffer (one for each molecule in the asym-
metric unit). In each monomer (294 residues), the
first N-termina residue (Met) is not visible, nor is
there interpretable electron density map for the loop
138-148. The fina crystallographic Ry, and Ryee
vaues are 19.0% and 22.7%, respectively. The rms
deviations from ideal geometry are 0.008 A for bond
lengths and 1.338° for bond angles. No residues are
in the disallowed regions of the Ramachandran plot.
Pro 39 was found in a cis-peptide conformation. The
atomic coordinates and the structure factors have
been deposited with the Protein Data Bank (entry
code 1ehy).

3. Results and discussion

3.1. Global fold

The Ephy monomer has a nearly globular shape
and consists of two domains: a ‘core’ domain, which
shows the typical features of the o/ hydrolase fold
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topology [15], and a mainly o-helical second do-
main, which lies like a ‘cap’ on top of the core
domain (Fig. 1).

The core domain consists of a central eight-
stranded B-sheet with seven parallel strands (only the
second strand is antiparallel). Its topology is +1,
+2, —1x, +2x, (+1x); and it displays a left-
handed superhelical twist with the first and the last
strands crossing each other at an angle greater than
90°. The B-sheet is flanked on both sides by «-
helices, two on one side and four on the other.
Helices al, a2, a3, a9, 10 and «11 correspond
to helices a A, aB, aC, aD, oE and aF of the
‘canonical’ a/B hydrolase fold [16]. Compared to
the ‘canonical’ fold, an extra 3,, helix is present at
the N-terminus of Ephy. Short 3,, helices are aso
located one residue before helices a1l and «2, and
one residue after helix a3, but they can be consid-
ered as extensions of the ‘canonical’ a-helices. a9is
aone-turn 3, helix, and a11 is divided in two parts
due to the presence of a proline residue in the center
of the helix (Fig. 2).

Fig. 1. Schematic view of the secondary structure elements of
epoxide hydrolase. Ribbon representation drawn using
MOLSCRIPT [22]; a-helices, B-strands and coils are represented
by helical ribbons, arrows and ropes, respectively. The a-helices
of the cap domain are shown in dark gray.

ad o5 aba7u8

H 275

Bl B2 P4 a1 P3 a2 P5 a3 P6 a9 P7 a0 p8 all

Fig. 2. Secondary structure topology diagram, and location of the
catalytic triad residues, Asp 107, Asp 246, and His 275. The
dashed line represents the missing loop 138-148. a-helices and
B-strands are represented by rectangles and arrows, respectively.
3,y helices are shown by squares. The o-helices of the cap
domain are shown in dark gray.

The cap domain, containing helices a 4—a 8, forms
a large excursion between B-strands p6 and B7 of
the o /B hydrolase domain (Fig. 2). It has a double-
layered structure with helices 7 and «8 located
between the core domain and the plane formed by
a4, a5 and a6 (Fig. 1).

3.2. Active site

The active site cavity is located in a predomi-
nantly hydrophobic environment, between the core
and the cap domain. The core domain provides the
scaffolding for the catalytic triad residues Asp 107,
His 275, and Asp 246, whereas the o-helical cap
domain contributes several residues important for the
interaction with substrates.

Asp 107 is situated at the very sharp ‘ nucleophile
elbow’ between the central strand B5 and hedlix o3,
where it can be easily approached by the substrate as
well as by the hydrolytic water molecule. In Ephy,
the ‘nucleophile elbow’ is identified by the consen-
sus sequence Gly—His—Asp—Phe—Ala, correspond-
ing to the ‘canonical’ SM-X-Nu-X-Sm (Sm=
small residue, X = any residue, Nu = nucleophile).
The tightness of this strand-turn-helix motif causes
the nucleophile Asp 107 to adopt energetically unfa-
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vorable main chain torsion angles (¢ =57°, =
— 124°) and imposes steric restrictions on the residues
located in its proximity. The nucleophile conforma-
tion is stabilized by a network of hydrogen bonds
involving residues of the sharp turn, as has been
found in other o /B hydrolase enzymes. In addition,
the main chain nitrogen atom of Asp 107 interacts
via a hydrogen bond with the backbone oxygen atom
of Asp 131. Furthermore, the side chain of Asp 107
is stabilized by a hydrogen bond of its 082 atom
with the backbone amide groups of Trp 38 and Phe
108, and by a salt bridge between its 081 atom and
the Ne2 atom of the His 275 side chain (Fig. 3).

The catalytic His 275 is located in aloop between
strand B8 and helix «11, in a position absolutely
conserved within the o /B hydrolase fold enzymes
[15,16].

The acidic member of the catalytic triad, Asp 246,
assists His 275 in activating the water molecule
which hydrolyzes the ester intermediate formed at
Asp 107 [4]. Asp 246 is located in a turn between
strand B7 and helix «10, in a position topologically
conserved within the «/B hydrolase fold family
[15,16]. However, in the Ephy crystal structure, Asp
246 is not at interacting distance from His 275.
Instead, the loop containing this residue is pulled
away from the active site and the Asp 246 side chain
is pointing into the solvent. This is probably the
result of crystal packing forces since helix «10,
which follows the loop containing Asp 246 (Fig. 2),
is involved in an intermolecular contact with the

same helix from another molecule in the asymmetric
unit (interaction between molecules A /B, and C /D).

The space vacated by Asp 246 makes it possible
for the side chain of GIn 134 to move into the active
site, occupying the site where the substrate is likely
to be bound (Fig. 3). Its position is stahilized by a
hydrogen bonding network involving the hydroxyl
groups of Tyr 152 and Tyr 215, and the carboxyl
oxygen 081 of Asp 107. Tyr 152, Tyr 215, together
with Trp 183, are supplied by the cap domain, which
is responsible for sealing and shaping the upper part
of the active site cavity. Remodeling of the structure
to its supposed active conformation positions Asp
246 at direct interacting distance to the catalytic His
275, and puts GIn 134 close to the surface of the
enzyme [14]. This result is confirmed by a GIn
134 — Ala mutation, which is only little affected in
its steady-state kinetics compared to wild-type en-
zyme, indicating that Gln 134 is not essential for
catalysis [17]. Moreover, the A. radiobacter epoxide
hydrolase shows competitive inhibition by amides,
especialy by compounds like phenylacetamide (K;
=30 wM) [17]. Therefore, we conclude that in the
crystal structure, the GIn 134 side chain may act as
such as an inhibitor, mimicking the binding mode of
epoxide substrates. Docking (with the program GRID
[18]) of phenylacetamide in the active site cavity of
the remodeled A. radiobacter epoxide hydrolase
indeed positions its amide moiety in a region be-
tween the hydroxyl groups of Tyr 152 and Tyr 215,
and the carboxyl oxygen 031 of Asp 107, and the

Phe 276

//
&
N\, .

Fig. 3. Stereo view of residues lining the active site of epoxide hydrolase. Residues and water molecules are drawn in ball-and-stick
representation using MOLSCRIPT [22]. The catalytic water molecule is labelled “WAT”.
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aromatic tail of the inhibitor in a highly hydrophobic
pocket lined by Phe 108, lle 133, Phe 137, Ser 153,
and lle 219 side chains (Fig. 4). The docking of the
phenylacetamide inhibitor provides a plausible pic-
ture of the binding mode of substrate such as styrene
oxide, and substituted variants thereof.

3.3. Reaction mechanism

On the basis of biochemical data and site-specific
mutations, a two-step catalytic mechanism was pro-
posed for Ephy [4]. In the first reaction step, an ester
bond is formed between enzyme and substrate by
attack of the nucleophilic Asp 107 on the primary
carbon of the substrate; in the second step, this ester
bond is hydrolyzed by a water molecule activated by
the His 275 /Asp 246 pair. The reaction proceeds via
two different transition states, one during the binding
and opening of the epoxide ring, the second during
the hydrolysis of the ester intermediate.

The X-ray structure localizes the catalytic Asp
107 and His 275 in a hydrophobic cavity located
between the core and the cap domains. Furthermore,
the active site cavity contains two tyrosine residues:
Tyr 152 and Tyr 215 (Fig. 3). These two tyrosines
are the only acidic functional groups present in the
active site that can facilitate the opening of the
epoxide ring by hydrogen bonding and protonating
the epoxide oxygen during the first step of catalysis.
In agreement with this hypothesis, mutagenesis stud-
ies of these tyrosines have shown that only a double

Ile 219 Trp 183

Phe 137

Tyr — Phe mutant is completely inactive, suggesting
that both Tyr 152 and Tyr 215 are able to provide
the proton needed for the opening of the epoxide
ring [17,19]. Since Tyr 215 is absolutely conserved
within the epoxide hydrolase family and Tyr 152 is
mostly conserved in the soluble epoxide hydrolases,
it is likely that the Tyr activation is a general prop-
erty of this class of enzymes (Fig. 5). In the A
radiobacter epoxide hydrolase, the resulting tyrosi-
nate could be stabilized by a hydrogen bonding
interaction with the other tyrosine, and by edge-to-
face interactions with the neighboring aromatic
residues Phe 108 and His 156. A similar stabilizing
interaction has been aso proposed for a recently
solved epoxide hydrolase from mouse [20]. Reproto-
nation of the tyrosinate could occur from the bulk
solvent, although a precise pathway is difficult to
assign.

The X-ray structure provides also important infor-
mation about the hydrolysis step. Indeed, a water
molecule is visible at hydrogen bond distance from
the Ne2 atom of the His 275 side chain. Due to the
crystalization pH (7.0) in the X-ray structure, His
275 is stabilized by a salt bridge with Asp 107 O31.
At the optimum pH for catalysis (8.4-9.0), His 275
Ne2 is most likely deprotonated and therefore able
to activate the water molecule located nearby. In the
crystal structure, this water molecule is in contact
with the solvent via a narrow tunnel located between
a-helices a1, 10, the loop connecting helix a1 and
strand B3 of the core domain, and a7 of the cap

Tyr 152
Trp 183

Phe 137

Fig. 4. Stereo view of the phenylacetamide inhibitor (grey color) docked in the active site cavity of the remodeled epoxide hydrolase
structure. Residues and inhibitor molecule are drawn in ball-and-stick representation using MOLSCRIPT [22].
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Fig. 5. Schematic representation of the catalytic mechanism of
epoxide hydrolase. The Michaelis complex with styrene oxide is
shown just before the formation of covalent intermediate, which is
indicated by arrows. Hydrogen bonds are shown as dashed lines.

domain. This tunnel leads to the back of the active
site cavity, and it is perfectly suited to replenish the
hydrolytic water molecule at hydrogen bond distance
from the His 275 Ne2 atom after the reaction. In our
structure, the active site cavity is exposed to the
solvent from the front part, too, where the missing
loop 138-148 is located. Due to the position of the
hydrolytic water molecule in the back of the active
site, it islikely that the substrate enters the active site
cavity from the front part.

During the hydrolysis of the ester intermediate,
the negative charge that develops on the nucleophile
side chain must be stabilized. In epoxide hydrolases,
as in many other members of the o/B hydrolase
fold family, the peculiar geometry of the ‘ nucleophile
elbow’ contributes to the formation of part of the
oxyanion binding site, which stabilizes the nega
tively charged transition state occurring during hy-
drolysis [15]. This ‘oxyanion hol€' is formed by two
backbone nitrogen atoms: the first is from Phe 108,
which is the residue immediately following the nu-

cleophile, whereas the second is from Trp 38 (Fig.
3). The latter residue is located between strand B3
and helix a1, and it is part of a HGxP tetrapeptide
motif (x =any amino acid) conserved in epoxide
hydrolases and other «/B hydrolase fold enzymes
[4,14]. The HGWP motif of Ephy is located in a
sharp cis-proline turn (Trp 38—Pro 39), which is
stabilized by the hydrogen bond between His 36 N31
and the backbone carbonyl oxygen of Gly 37.

3.4. Sructure and site-directed mutagenesis relation-
ship

In the recent past, a Site-directed mutagenesis
approach was used on Ephy to further analyse
residues potentially important for catalysis. This con-
firmed the residues of the catalytic triad, Asp 107,
His 275, and Asp 246 [4]. However, although the
latter residue was found to be important for catalysis,
it was not absolutely essential, since an Asp 246 —
Ala mutant dtill displayed some residua activity
(~ 0.5% of the wild-type activity) [4]. The three-di-
mensional structure of Ephy gives clear clues to
explain the behaviour of this mutant. The structure
shows that another aspartic acid, Asp 131, is present,
which may act as a backup of Asp 246. Asp 131 is
located between strand 6 and the first helix of the
cap domain, with its side chain in close contact with
the imidazole ring of the catalytic His 275 (Fig. 3).
In the crystal structure, a water molecule bridges the
interaction between 032 of Asp 131 and N&1 of His
275. Asp 131 could, however, easily take over the
function of Asp 246 by a ssimple rotation around its
x1 and x2 side chain torsion angles, which would
alow its side chain to be directly hydrogen-bonded
to His 275 N&1. This suggestion is strongly sup-
ported by the observation that a similar shift in the
topological position of the acidic member of the
catalytic triad from the loop after strand B7 to the
loop after strand B6 in not unusual within the o/
hydrolase fold family [15].

The availability of the first epoxide hydrolase
three-dimensional structure suggested new mutation
experiments on residues located in the active site,
which could not easily be identified from sequence
aignments only. For instance, site-directed muta
tions were performed on Tyr 152 and Tyr 215 to



M. Nardini et al. / Journal of Molecular Catalysis B: Enzymatic 11 (2001) 1035-1042 1041

verify their involvement in catalysis. Only a double
Tyr — Phe mutant appeared to be completely inac-
tive, suggesting that both Tyr 152 and Tyr 215 are
able to provide the proton needed for the opening of
the epoxide ring. Furthermore, a Tyr 215 — Phe
mutant displayed a surprising increase in enantiose-
lectivity with styrene oxide (SO), and substituted
variants thereof [19]. The E-value of the mutant
enzyme for SO, mechlorostyrene oxide, and p-
nitrostyrene oxide were increased approximately
twofold compared to the E-value of wild-type en-
zyme, whereas for p-chlorostyrene oxide (pClSO),
a spectacular fourfold improvement was observed.
The k, valueswith the (R)-enantiomers were hardly
affected, and the Tyr 215 — Phe mutant enzyme
remained an excellent catalyst, considering that a
low concentration of this mutant (3wM) is still suffi-
cient to convert (R)-pCISO (5 mM) in a reasonable
amount of time (20—40 min). A possible explanation
for this increased enantioselectivity of the mutant
can be found in the large increase of K., for (R/S)-
SO, whereas the kg, is only dlightly reduced for
(R)-SO, but much more for (S)-SO. Therefore, the
absence of the Tyr 215 hydroxyl group strongly
reduces the stabilization of the transition state and / or
the Michaelis complex, leading to lower akylation
rates. In the case of the (S)-enantiomer, which is
already the poorer substrate for the wild-type en-
zyme [12], the alkylation rate of the Tyr 215 — Phe
enzyme has become rate-limiting, and the resulting
relatively strong reduction of the k., /K, for the
(S)-enantiomer enhances the enantioselectivity [19].

4. Conclusions

The X-ray structure of Ephy has reveaed for the
first time the fold of an epoxide hydrolase, and it
provides novel, detailed information on the residues
involved in the enzymatic mechanism. It located the
catalytic residues, the hydrolytic water molecule, the
position of the oxyanion hole, and it proposed a
possible backup for the acidic member of the cat-
alytic triad. Most importantly, it unambiguously
identifies the previously unanticipated Tyr 152 /Tyr
215 as the acidic group responsible for binding and
possibly protonation of the transition state towards

the formation of the ester intermediate. Furthermore,
mutation of Tyr 215 enhanced the enzyme’'s enan-
tioselectivity towards styrene oxide and substituted
variants thereof, making epoxide hydrolase from A.
radiobacter AD1 potentially interesting for kinetic
resolution applications [21].

Since the residues important for catalysis are con-
served within the epoxide hydrolase family, it is
likely that the structural features found for Ephy are
shared by other epoxide hydrolases and therefore
alow usto gain a genera better understanding of the
behaviour and mechanism of this class of biologi-
cally and biotechnologically important enzymes.
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