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Abbreviations

AnEH
ArEH
DhlA
DNA
EET
EH
HssEH
IMAC
mEH
MmsEH
mRNA
ORF
PCR
PEG
RnmEH
sEH
StEH1
TSO

Aspergillus niger EH
Agrobacterium radiobacter AD1 EH
Haloalkane dehalogenase A
Deoxyribonucleic acid
Epoxyeicosatrienoic acid
Epoxide hydrolase
Homo sapiens soluble EH
Immobilized metal affinity chromatography
Microsomal EH
Mus musculus sEH
Messenger ribonucleic acid
Open reading frame
Polymerase chain reaction
Polyethylene glycol
Rattus norvegicus microsomal EH
Soluble EH
Solanum tuberosum EH 1
Trans-stilbene oxide

Introduction

Enzymes
Enzymes are proteins that catalyze most of the biochemical reactions occurring in an organism. Catalysts are needed to make many of the reactions
proceed at useful rates under physiological conditions. Furthermore, enzymes are unusual catalysts since their action can be controlled and thus
different sets of substances are produced in response to the needs of the organisms. Enzymes can be envisioned as the executive members of life that
control and organize the numerous pathways occurring in the cell. (Mathews
et al. 2000).
The enzymes discussed in this thesis, epoxide hydrolases (EHs), are involved in the hydrolysis of epoxides. Epoxide substances are mainly formed
during oxidation of endogenous and exogenous molecules and can be very
reactive and, thus, toxic to living organisms (Szeliga and Dipple 1998).

Epoxides
Epoxides are cyclic ethers with a three-membered ring (Figure 1).

Figure 1. An epoxide. The bond angles are about 60°
making the ring structure highly strained. The polarized
oxygen-carbon bonds further increase the reactivity of
the epoxide.

The ring system of an epoxide is highly strained and the oxygen-carbon
bond is polarized. Therefore, many epoxides are reactive and can be toxic
for the organism. As strong electrophiles, the epoxide can react with critical
biological components such as DNA and proteins (Berlett and Stadtman
1997, Beckman and Ames 1997, Henle and Linn 1997, Szeliga and Dipple
1998). Chemical modifications of nucleic acids can lead to mutagenic, toxic
and carcinogenic effects (Szeliga and Dipple 1998, Zheng et al. 1997). Epoxides are frequently formed in the cell via enzymatic oxidation of foreign
11

compounds (xenobiotics) by e.g. cytochrome P-450 enzymes (Cavalieri and
Rogan 1992, Guengerich 2003). One example is the carcinogenic epoxide
derivatives of polycyclic aromatic hydrocarbons (Cavalieri and Rogan
1992), compounds formed during incomplete combustion of gasoline. An
oxidation metabolite of vinyl chloride, an industry solvent, is another example. In addition to many man-made sources, various food products, e.g. nuts,
cereal and spices can be contaminated by a fungal toxin, aflatoxin, that is
oxidized by cytochrome P450 to yield a toxic epoxide (Guengerich 2003).
Epoxides are also formed as endogenous metabolites. Certain fatty acid
epoxides (e. g. epoxyeicosatrienoic acids) in mammals are chemical mediators with vasodilatory (relaxation of blood vessels) properties (Carroll and
McGiff 2000). In plants, an array of epoxide containing lipids (e. g. jasmonic
acid) are involved in the response to stress as wound-healing agents (Howe
and Schilmiller 2002) and as antibacterials (Blée 2002). Moreover, hydroxylated epoxide fatty acids are constituents of cutin, the physical protection
barrier of plants (Heredia 2003). In insects, juvenile hormones are epoxide
containing terpenoide esters that regulate insect growth and development
(Gilbert et al. 2000).
The function of endogenous epoxide as signal and regulatory molecules
makes the regulation and metabolism of them utterly important. Moreover,
the toxic effects caused by various exogenous epoxides impose efficient
routes to neutralize these reactive substances. Different detoxification systems have evolved to protect the cell from damage by the exposure of various forms of reactive substances, such as epoxides. Exogenous epoxides are
transformed mainly through two routes, by conjugation with glutathione by
glutathione transferases (Mannervik and Danielsson 1988) or by hydrolysis
to the corresponding trans-diol catalyzed by EHs (Seidegård and DePierre
1983, Meijer and DePierre 1988, Seidegård and Ekström 1997) (Figure 2).
Both of these systems produce (mainly) metabolites of lower reactivity and
enhanced solubility that can subsequently be excreted.

Figure 2. Hydrolytic ring opening of an epoxide producing a diol.
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Epoxide hydrolases
EHs have been identified in many organisms including mammals, plants,
insects, fungi and bacteria (Archelas and Furstoss 1998). The biological role
of the EHs differ from organism to organsim. The enzymes serve three main
functions; detoxification of xenobiotic substances, regulation of signaling
molecules and catabolism of carbon sources (Arand et al. 2003).
In this thesis, EHs from plant and yeast have been studied. These enzymes belong to a superfamily of enzymes, the D/E hydrolase fold family. In
vertebrates two enzymes, the microsomal and soluble EH, belong to the
same superfamily of enzymes, even though they differ in cellular localization, substrate preference and physical properties. In addition, three substrate-specific epoxide have been identified in vertebrates; leukotriene A4
hydrolase, hepoxilin A3 hydrolase and cholesterol epoxide hydrolase (Fretland and Omiecinski 2000, Newman et al. 2005). These enzymes seem to be
unrelated in sequence, structure and catalytic mechanism to the D/E hydrolase fold EHs and will not be discussed further in this introduction.

Mammalian mEH and sEH
The microsomal epoxide hydrolase (mEH) was first identified in humans as
an enzyme able to hydrolyze carcinogenic and cytotoxic metabolites (Oesch
1973). This membrane bound enzyme is found primarily in the liver and the
enzyme is able to convert several of the epoxides produced by the cytochrome P-450 enzymes. The most common environmental compounds metabolized by mEH are epoxide derivatives of polycyclic aromatic hydrocarbons (Fretland and Omiecinski 2000). Being such an important detoxification enzyme, mEH has been extensively studied with regard to substrate
specificity and inhibition profile (Fretland and Omiecinski 2000). The mEH
acts primarily on cis-substituted substrates (Figure 3A).
The soluble EH (sEH) (Meijer and Depierre, 1988) acts primarily on
trans-substituted and aliphatic epoxide such as trans-stilbene oxide and epoxyeicosatrienoic acids (EETs) (Figure 3B), thereby complementing the
activity of mEH. Besides a minor role in detoxification, sEH is involved in
the metabolism of endogenously derived fatty acid epoxides, such as EET.
EETs are potent blood vessel relaxators and display anti-inflammatory properties. The epoxides are processed by sEH and thus the enzyme is involved
in regulation of the blood pressure. Furthermore, sEH is a potential therapeutic target for the control of inflammatory responses; inhibition of sEH will
provide more of the anti-inflammatory EETs in the organism. (Newman et
al. 2005, Schmelzer et al. 2005).
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Figure 3. Model substrates for (A) microsomal EH and (B) soluble EH.

Plant epoxide hydrolases
The plant EHs are mainly implicated in the metabolism of lipid epoxides.
For instance, EHs are involved in the biochemical cascades associated with
protection in response to stresses and pathogen defenses (Kiyosue et al.
1994, Pinot et al. 1997, Gou et al. 1998, Blée 2002) and in synthesis of the
extracellular biopolymer cutin (Heredia 2003, Lequeu et al. 2003).
The soluble EH in plants shows structural homology to the mammalian
sEH but has been characterized less extensively. Plant EHs has been isolated
from approximately 10 species, including soybean (Blée and Schuber,
1992a), mouse ear cress (Kiyosue et al. 1994), potato (Stapleton et al. 1994),
common tobacco (Gou et al. 1998) and oilseed rape (Bellevik et al. 2002).
The plant EHs have been established in different cell types including seedlings, roots, fruits, tubers and leaves. The enzyme is found primarily in the
cytosolic fraction with a minor fraction tightly associated to the microsomes.
The preferred endogenous substrates of plant EH are epoxide containing
fatty acids, but they also hydrolyze trans-substituted sterically hindered substrates such as stilbene oxide (Newman et al. 2005, Paper II). The investigations of plant EH to date have mainly focused on their enantioselective hydrolysis of fatty acid epoxides (Blée and Schuber 1992b, 1995).

Microbial EH
The function of EH in microorganisms (including bacteria and yeasts) is
largely unknown, in contrast to EH in animals and plants. Some microbial
EHs are inducible and are involved in the catabolism of carbon sources (Allen and Jakoby 1969) and environmental contaminants such as epichloro14

hydrin (Jacobs et al. 1991). Besides their physiological role, these enzymes
have attracted much interest due to their potential usage as biocatalysts
(Weijers and de Bont 1999, Archelas and Furstoss 2001, Steinreiber and
Faber 2001). Enantiopure epoxides and their corresponding diols are important chiral building blocks in the synthesis of more complex enantiopure
compounds (Box 1). For example para-substituted styrene oxides have multiple uses for the organic synthesis of pharmaceutical products, such as antibacterial, antileukemic, antianginal and antiarhythmatic drugs (Wierenga et
al. 1984a, b, Pedragosa-Moreau et al. 1997).
Many microbial EHs have high regio- and stereoselectivity whilst accepting a wide range of substrates. A large number of yeasts have been subjected
to screening in order to identify enantioselective EHs (Botes et al. 1998,
Yeates et al. 2003).
Box 1. Enantioselectivity
Epoxides commonly contain a chiral center and occur as stereoisomers with
different toxicities. A chiral object, such as our hand, is one that cannot be
placed on its mirror image so that all parts coincide. A chiral molecule and its
mirror image are called enantiomers. Example of a chiral epoxide is transstilbene oxide (TSO) (Figure 4).

Figure 4. The two enantiomers of TSO separated by a mirror plane. The epoxide oxygens
are shown in black.

The majority of biological systems are composed of chiral molecules. EHs are
often found to be specific for one enantiomer or having different rates of catalysis with the two configurations. High enantioselectivity of EHs refers to the
characteristics of hydrolyzing one enantiomer at a higher rate then the other in
a racemic mixture. This will yield one enantiomerically enriched vicinal diol
and the remaining isomer of the uncatalyzed epoxide.
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Catalytic mechanism of epoxide hydrolases
The catalytic mechanism of EHs have been studied mainly with bacterial and
mammalian soluble and microsomal EH (Armstrong 1999, Morisseau and
Hammock 2005). For an introduction to enzyme catalysis, see Box 2.
The catalytic hydrolysis of epoxides by EH proceeds via a two-step
mechanism involving the formation of an alkyl enzyme intermediate (Lacourciere and Armstrong 1993, Borhan et al. 1995, Müller et al. 1997) (Figure 5). In the first alkylation step, the nucleophile aspartate attacks one of the
epoxide carbons forming the alkyl enzyme intermediate (Pinot et al. 1995,
Arand et al. 1996, Rink et al. 1997). Two tyrosine residues acting as acids
are essential for the alkylation step (Rink et al. 2000, Yamada et al. 2000).
The tyrosines are situated in the lid domain of the enzyme, opposite the nucleophile, where they make hydrogen bond interactions with the epoxide
oxygen (Argiriadi et al. 2000). In the second step, the alkyl-intermediate is
hydrolysed by solvent water to generate the final diol product. The water is
activated by a general base (histidine) assisted by a charge relay acid (aspartate or glutamate) (Bell and Kasper 1993, Tzeng et al. 1998).

Figure 5. The chemical steps in enzymatic epoxide hydrolysis. The aspartate nucleophile (Nu) attacks one of the epoxide carbon. The tyrosine acids (HA) aid in
epoxide ring opening by polarizing the epoxide oxygen. In the second step of the
reaction, the alkyl intermediate is hydrolyzed by a water, activated by the histidine
general base (B).
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Box 2. Enzyme catalysis
The function of an enzyme is to present a binding site for the substrate(s),
where the activation energy for the reaction is lowered. This is accomplished
by facilitating crucial events occurring during the reaction pathway, such as
providing acid or base functionalities and stabilizing the formation of charged
species or strained conformations.
The action of an enzyme is often measured by steady state kinetics. In the
simplest model, the catalytic reaction is divided into two events (Scheme 1).
The ES complex, with the dissociation constant (KS), is formed followed by the
conversion of substrate to product and product release (kcat).
(Scheme 1)
Three parameters can be obtained when studying an enzyme catalyzed reaction at steady state; kcat, KM and kcat /KM.
kcat is a first order rate constant and is a measure of the maximum number of
substrate molecules converted to product per unit time and enzyme molecule.
KM is an apparent dissociation constant of all enzyme-bound species and in the
simple scheme above, KM equals the dissociation constant, KS.
kcat /KM is an apparent second order rate constant, describing the catalytic efficiency at low substrate concentration. kcat/KM can be used to compare the preference of an enzyme for competing substrates (Fersht 1999).
To obtain values of the microscopic rate constants of individual steps of the
reaction, the reaction rates must be analyzed during pre-steady state conditions.
Under ideal conditions rate constants as fast as 1000 s-1 can be determined using the stopped-flow technique.

Three-dimensional structure
To fully understand the molecular interactions taking place between a substrate molecule and components of the enzyme, the structure of the protein at
atomic resolution must be known. The solved structure can provide information about the catalytic mechanism and structural relationships among proteins. Clues for designing ligands and inhibitors can be obtained if the active
site is defined. Additionally, active site engineering can be performed in
order to change the substrate specificity (Rui et al. 2004) or enhance enantioselectivity.
The X-ray structure of EH from Agrobacterium radiobacter (ArEH) was
the first to be solved (Nardini et al. 1999). The structure verified the suggested proposal that the protein belongs to the D/E hydrolase fold family
(Box 3). The structure of ArEH consists of a main domain with an D/E hydrolase fold and a lid domain formed primarily of D-helices (Figure 6A).
The active site is situated in a cleft between the two domains and the cata17

lytic tyrosines are pointing towards the catalytic triad from loops in the lid
domain.
The structures of mouse soluble EH (MmsEH) (Argiriadi et al. 1999)
(Figure 6C) and human soluble EH (HssEH) (Gomez et al. 2004) are very
similar. The enzymes consist of two domains; the C-terminal domain adopts
an D/E hydrolase fold whereas the structure of the N-terminal domain is
related to haloacid dehalogenase-like enzymes (Arand et al. 2003). Both
mammalian EHs form dimers with a domain-swapped architecture; the Nterminal domain of one monomer interacts with the C-terminal (EH) domain
of the second monomer. The interface is situated on the bottom of the EH
domain, opposite the active site.

Figure 6. The three dimensional structures of (A) ArEH (PDB accession code
1EHY) viewed as a dimer proposed by Zou et al. (2000), (B) the dimer of AnEH
(PDB accession code 1QO7) and (C) the dimer of MmsEH (PDB accession code
1CQZ) showing the domain swapped architecture.

The fourth structure that has been solved is EH from the fungal Apergillus
niger, AnEH (Zou et al. 2000) (Figure 6B). This soluble enzyme is more
related to the microsomal EHs and thus gives insight to this subclass of epoxide hydrolases. The AnEH is supplemented with an N-terminal extension,
earlier believed to be involved in interactions with other drug-metabolizing
enzymes. The structure revealed the function of the N-terminal sequence; it
is involved in subunit stabilization where the extension wraps around the
molecule and holds the lid domain down onto the D/E domain. Furthermore,
the dimerization interface is formed with the lid surface together with the Nterminal extension.
The bacterial enzyme, ArEH was initially reported to be a monomer
(Nardini et al. 1999). However, comparision with the structure of AnEH
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indicate similar interactions in the lid. Hence, Zou et al. (2000) suggested
that ArEH, may also be a dimer in solution.
Box 3. The D/E hydrolase fold enzymes
The D/E hydrolase fold was first described in 1992 and includes a wide range
of different hydrolytic enzymes such as esterase, peptidase, lipase, dehalogenase and epoxide hydrolase (Ollis et al. 1992). The D/E fold is composed of
a core domain consisting of an eight-stranded E sheet flanked on both sides by
D-helices and a mainly helical domain that forms a lid over the core.
The enzymes of the D/E hydrolase fold contain a catalytic triad composed of
a nucleophile (serine, cysteine or aspartate), a charge relay (aspartate or glutamate) and a base (histidine). Insertions near the catalytic machinery shape the
substrate binding site and thus confer a variable catalytic site to accommodate
the different substrates acted upon. The arrangement of the catalytic triad is,
however, remarkably conserved (Figure 7).

Figure 7. The active site of three D/E hydrolase fold enzymes. (A) Thioesterase (Lawson
et al. 1994), (B) dehalogenase (Franken et al. 1991) and (C) EH (Paper IV).

The order of the amino acid sequence of the catalytic residues is preserved
in the superfamily and occurs in the order Nucleophile-Acid-Base. Furthermore, there is a conserved sequence motif making up an oxyanion hole
(HGXP) and another motif surrounding the nucleophile, Sm-X-Nu-X-Sm (Sm
= small residue, X = any residue, Nu = nucleophile) (Nardini and Dijkstra
1999).
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Present investigation

Aims of the study
The overall aim of this study was to investigate the epoxide hydrolases belonging to the D/E hydrolase fold. These enzymes are involved in the important regulation and detoxification of epoxides. The crucial function of EH
suggests a ubiquitous nature of the enzyme and in paper I the focus was to
explore the existence of EH in the model organism, Saccharomyces cerevisiae. The second part of this thesis covers the investigation of the catalytic
function of a plant EH, StEH1. The goal was to probe the reaction mechanism and to elucidate the basis for stereoselectivty and regioselectivity. In
paper II, mutational studies were combined with steady state and pre-steady
state kinetics and pH dependence of catalysis was measured to scrutinize the
reaction mechanism. The role of the catalytic tyrosines was further studied in
paper III. Finally, the three dimensional structure of StEH1 is reported in
Paper IV.

Identification of an epoxide hydrolase in S. cerevisiae
(Paper I)
Introduction to the yeast project
Epoxide hydrolases of the D/E hydrolase fold have been identified in numerous species from all kingdoms of nature. However, in S. cerevisiae no EH
belonging to the D/E hydrolase fold family had previously been identified. S.
cerevisiae, bakers yeast, is the best-studied eukaryotic microorganism and is
widely used as a model organism also for multicellular eukaryotes.
The entire genome of S. cerevisiae has been sequenced (Goffeau et al.
1996) and the main focus now is functional genomics, the assignment of
function to every gene within the genome. This includes the large-scale
study of proteins in regard to structure and function. Different strategies are
used to probe the functional genomics of the cell. A traditional method is
screening of knockout cells (with a single mutated gene) to assess the biological importance of that gene product (Forsburg 2001). Additional information has been gathered from microarray studies of the yeast genome (DeRisi et al. 1997). The expression profiles of transcripts are analyzed in re20

sponse to toxic chemicals and different environments. Altogether, these
analyses can provide clues about the function of any as of yet unassigned
gene. Information gathered about S. cerevisiae is compiled at the Saccharomyces Genome Database (http://www.yeastgenome.org/).

EH in yeast
We used an alternative approach to identify an EH of the D/E hydrolase fold
in S. cerevisiae. The sequences of four D/E hydrolase fold enzymes with
known structures were used to search the whole yeast genome. The used
sequences were MmsEH (Argiriadi et al. 1999), Solanum tuberosum EH
(StEH1) (Stapleton et al. 1994), ArEH (Nardini et al. 1999) and haloalkane
dehalogenase (DhlA) from Xanthobacter autotrophicus GJ10 (Janssen et al.
1989). All four searches resulted in the same hit, the open reading frame
(ORF), YNR064c.
The sequence identity for YNR064c with the query sequences is between
23-30 %. Sequence identities within the D/E hydrolase fold enzymes are
typically low; the structure and function is the conserved entity rather then
the amino acid sequence (Ollis et al. 1992). However, a sequence alignment
with YNR064c and the four enzymes clearly shows the D/E-hydrolase fold
features (Figure 8). The three members of the catalytic triad and a putative
oxyanion hole all match the corresponding residues in the reference enzymes. Moreover, two tyrosine residues required for epoxide hydrolysis are
also present in YNR064c. These tyrosine residues are not required for catalysis of halide hydrolysis and are therefore missing in the DhlA enzyme.
The primary structure alignment with enzymes with known catalytic residues
strongly suggests that the yeast YNR064c encodes for an epoxide hydrolase
belonging to the D/E hydrolase fold.
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Figure 8. A sequence alignment of YNR064c and four enzymes belonging to the
D/E hydrolase fold. Residues known to be involved in the catalytic mechanism of
MmsEH (the C-terminal domain, residues 233-554), StEH1, ArEH and DhlA are
highlighted in gray boxes. ox, oxyanion hole; nu, nucleophile; acid, catalytic Tyr; cr,
charge relay; base, catalytic histidine; *, sequence identity

The sequence of YNR064c was used as a query in order to investigate the
EH distribution within the microorganism domain. Interestingly, the sequence was highly conserved (more then 70 %) in three other Saccharomyces species. Closely related putative proteins were also found in a wide range
of microorganisms, mostly eubacteria and fungi, with sequence identities
around 45% (Figure 9).
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Figure 9. Phylogenetic tree. The black box demonstrates one cluster of highly conserved Saccharomyces ORFs and closely related putative EHs from other microorganisms.

Endogenous and recombinant expression of YNR064c
A wealth of information have been reported about the expression pattern of
mRNA in S. cerevisiae in respons to different environments. Exposing yeast
cells to a DNA alkylating agent resulted in an elevated expression of more
then 300 transcripts (Jelinsky and Samson 1999). The mRNA of YNR064c
was the fourth highest induced and the level of induction was in parity with
that of the GST2 gene, encoding a known detoxification enzyme, glutathione
transferase. This result indicates that YNR064c plays an important role in
response to stress.
The mRNA expression of YNR064c is indicative of expression of the corresponding protein, but is not direct proof. Thus, YNR064c specific antibodies were used to visualize the endogenous expression of YNR064c protein in
S. cerevisiae. The expression of YNR064c was established after five hours
and 24 hour growth of a culture of S. cerevisiae, but at later time points no
expression was detected (Paper I). These findings indicate that the protein is
needed at early stages of growth.
In order to make a more complete characterization of YNR064c, pure protein was produced. Two recombinant expression systems were developed, in
prokaryotic E. coli and in eukaryotic P. pastoris cells. In both tested constructs, YNR064c was supplemented with a tag of histidine residues in order
23

to simplify purification with immobilized metal affinity chromatography
(IMAC). The protein was expressed at low yield in both expression systems,
and typical expression levels were 1.5 mg protein per liter of culture.

Characterization of YNR064c
The isoelectric point of YNR064c recombinantly expressed in E. coli and P.
pastoris was identical, and was determined to 5.1. Using size exclusion
chromatography, the protein was shown to behave as a dimer in solution.
Epoxide hydrolase activity of YNR064c was analyzed using epoxides
typically hydrolyzed by mEH (cis-stilbene oxide) and sEH (trans-stilbene
oxide) (Figure 3). The protein displayed low but reproducible activity with
both trans-stilbene oxide and cis-stilbene oxide (0.05 nmol/min u mg) and
slightly higher activity using phenanthrene 9,10-oxide (3.5 nmol/min u mg).
No hydrolase activity could be detected using epoxides p-nitro-styrene oxide
or 4-nitrophenyl-(2S,3S)-epoxy-3-phenylpropyl carbonate (unpublished
data).
To investigate if YNR064c possessed another hydrolytic activity, nonepoxide substrates were tested. However, no hydrolytic activity could be
detected with either dichloroethane (Paper I), p-nitrophenyl acetate or pnitrophenyl phosphate (unpublished data) indicating that YNR064c is not a
dehalogenase, esterase or phosphatase.

Conclusions regarding YNR064c
The ORF YNR064c from S. cerevisiae was previously assigned as similar to
1-chloroalkane halidohydrolase. Based on sequence analysis and functional
characterization, we conclude that YNR064c is an EH belonging to the D/E
hydrolase fold family.
The primary structure show features in agreement with characteristics for
an EH of the D/E hydrolase fold; the order of the catalytic residues, the presence of catalytic tyrosine residues and an expected conserved sequence making up the oxyanion hole.
Further evidence comes from the low but reproducible catalytic activity
with the tested epoxides and absence of hydrolytic activity of YNR064c
using halide, ester or phosphate substrates. YNR064c is a soluble, dimeric
protein and is expressed at early growth phase of S. cerevisiae. Earlier reports from microarray studies show that expression of YNR064c is induced
by toxic agents and oxidative stress. The conservation of highly related ORF
sequences in a range of microorganisms also suggests that YNR064c has an
important function and we suggest that YNR064c belongs to new a subclass
of the D/E hydrolase fold enzymes and acts on a specific, yet unknown, set
of substrates.
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Characterization of the catalytic mechanism of potato
EH, StEH1 (Paper II, III and IV)
Introduction to the potato project
A few EH from plants have been purified and characterized (Blée and Schuber 1992a, Bellevik et al 2002, Stapleton et al 1994), although only limited
analyses of the kinetic properties have been performed (Blée and Schuber
1992b, 1995, Summerer et al 2002).
In potato, Solanum tuberosum, four highly related EH genes have been
identified (Stapleton et al 1994). The substrate specificity and inhibition
pattern of one of the corresponding enzymes, StEH1 has been analyzed
(Morisseau et al 2000). StEH1 was found to exhibit high catalytic activity
with trans-substituted aromatic epoxides such as trans-1,3-diphenylpropene
oxide and trans-stilbene oxide. The enzyme was also found to be heat stable,
making StEH1 a suitable candidate as a biocatalyst of epoxides and derivatives thereof. However, the studies of the catalytic action of StEH1 were
performed on racemic epoxides, and therefore lacked information about enantioselectivity of the enzyme. The involvement of plant EH in production
of cutin and in defense responses also makes these enzymes interesting from
a physiological point of view. In order to investigate the mechanism of enantioselectivity, and to probe the catalytic mechanism of a plant EH, we carried
out an extensive characterization of the catalytic mechanism of potato EH,
StEH1.

Expression and purification of StEH1 and mutants (Paper II)
In order to perform detailed functional studies and site-directed mutagenesis
of StEH1, a recombinant expression system enabling DNA manipulations
and an efficient purification system was developed.
StEH1, supplemented with a five membered histidine tag, was recombinantly expressed in E. coli. Point mutations of active site amino acid residues were constructed with sequential PCR and all constructed mutants expressed with similar yield as the wild type protein (over 40 mg per liter culture). StEH1 was purified with a two step protocol including Ni-IMAC followed by size exclusion chromatography.

Catalytic residues of StEH1
Based on sequence comparison with known EHs, Morisseau et al. (2000)
proposed the identity of the catalytic triad (Asp105, Asp265 and His300) and
the catalytic tyrosines (Tyr154 and Tyr235) of StEH1. In order to verify the
involvement of four of these proposed catalytic residues we constructed mutant proteins for purification and characterization. To compare the activity of
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each protein variant, the apparent catalytic rates were measured using the
stereoisomers of TSO (Table 1).
Table 1. Enzyme activity of wild type and mutant StEH1

Enzyme variant
Wild type
Asp105Ala
Tyr154Phe
Tyr235Phe
Tyr154Phe/Tyr235Phe
His300Ala

Apparent catalytic rate
(nmol/min u mg)
R,R-TSO
S,S-TSO
43000
2700
<1
<1
60
10
226
9.5
<1
<1
30
13

The importance of the mutated residues were clearly shown by the low activity of the mutants as compared to the wild type enzyme. Removing the carboxylate group of the nucleophile Asp105 produces a catalytically dead protein. Obiviously, the nucleophile is essential to produce the alkyl-enzyme
intermediate (Figure 5). The tyrosines are involved in the activation of the
substrate, supporting the opening of the epoxide ring. Each single tyrosine
mutant retained a fraction of the catalytic power (0.1-0.5 %) of the wild type
activity, thus one tyrosine residue retains some of the polarizing ability. With
the double tyrosine mutant, however, no activity could be detected. The proposed catalytic histidine, involved in the second hydrolytic step, was replaced by alanine. The resulting mutant displayed reduced activity, supporting the involvement of His300 in activation of the water molecule and possibly also the nucleophile (Figure 7).

Catalytic mechanism of StEH1
StEH1 was reported to have a high specific catalytic activity with transsubstituted aromatic epoxides (Morisseau et al. 2000). However, the enantioselectivity of the enzyme was unknown and little was reported about the
kinetics and the catalytic mechanism of the enzyme. The large production of
pure protein, in combination with the stability of StEH1 and the existence of
two tryptophan residues in the active site, make StEH1 a good candidate for
a thorough analysis of the catalytic mechanism of a plant EH. The reaction
mechanism of the hydrolysis of the enantiomers R,R-TSO and S,S-TSO,
catalyzed by wild type and mutant forms of StEH1, was studied. The individual kinetic steps (Figure 5) were studied by steady state and pre-steady
state measurements.
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Table 2. Kinetic parameters of wild type StEH1and H300N with the enantiomers of
TSO
Enzyme TSO
WT
R,R
S,S
WT
H300N R,R
H300N

S,S

kcat
(s-1)
23
2.6

Km
(PM)
10
0.7

kcat/Km
(PM-1s-1)
2.3
3.7

Ks
(PM)
> 10
10

k2
(s-1)
>100
17

k-2
(s-1)
47
15

3.2
1.8

k3
(s-1)
24
3

-

-

-

60

0.3

0.13

0.005

0.003

-

-

-

> 40

>0.35

0.05

0.006

-

k2/Ks
(PM-1s-1)

For standard errors, see paper II

The apparent catalytic activity of StEH1 was measured with the enantiomers
of TSO and the rate with R,R-TSO was faster then with S,S-TSO (Table 1).
However, the actual catalytic efficiency (expressed as kcat/Km) was shown to
be higher with the S,S-enantiomer (Table 2), making StEH1 slightly enantioselective in favor of S,S-TSO. The reason for this is a lower Km value for
S,S-TSO that compensates for the 10-fold higher catalytic rate with the R,Renantiomer.
The rate limiting step in the two-step mechanism of both Rattus
norvegicus mEH (RnmEH) (Tzeng et al. 1996, Laughlin et al. 1998) and
ArEH (Rink and Janssen 1998) has been shown to be the hydrolytic breakdown of the alkyl enzyme intermediates. In contrast, the formation of the
intermediate was reported to be the rate-limiting step of conversion of 9,10epoxystearic acid with soybean EH (Blée et al. 2005). Interestingly, the
StEH1 did display burst kinetics with the enantiomers of TSO and 9,10epoxystearic acid as substrates. The formation of a burst indicates accumulation of an intermediate, and thus, that the rate limiting step for this plant
enzyme to be hydrolysis of the intermediate. The rate-limiting breakdown of
an intermediate in the reaction mechansim of StEH1 hydrolysis allowed use
of stopped-flow spectroscopy to measure the separate steps of the catalyzed
reaction. The reaction was recorded as a change in the signal of intrinsic
tryptophan fluorescence. The proposed catalytic mechanism is illustrated in
scheme 2.

(Scheme 2)

The different steps in the catalytic mechanism of StEH1with TSO as substrate were studied by pre-steady state and post-steady state kinetics (Table
2, Figure 10). The binding of S,S-TSO was tighter than R,R-TSO (KS). Once
the complex was formed, however, the alkylation step (k2) with the R,Renantiomer was more then five fold faster. The alkylation rate of StEH1 was
10-100 fold slower as compared to the alkylation rates displayed by ArEH
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with styrene oxide (Rink and Jansse. 1998) and RnmEH (Laughlin et al.
1998) with glycidyl-4-nitrobenzoate.

Figure 10. (A) The fluorescence traces of one turnover cycle recorded with StEH1
and S,S-TSO or R,R-TSO as substrates. Note the large difference in tryptophan fluorescence signal with the different substrates. (B) Initial exponential decay when
rapidly mixing StEH1 and varying concentrations of S,S-TSO were used to obtain
the kinetic parameters KS, k2 and k-2.

The alkylation reaction of StEH1 was reversible (k-2 z 0). The same behavior
was shown both for RnmEH (Tzeng et al. 1996) and ArEH (Rink and
Janssen 1998). The dealkylation rate (k-2) for R,R-TSO was three times
higher then for S,S-TSO, indicating that the different conformations of the
substrates are retained in the alkyl-enzyme intermediate. The hydrolytic step
(k3) with both enantiomers was basically equivalent with the respective turnover number (kcat), establishing this step to be rate limiting. Even though the
alkylation rate for StEH1 was shown to be orders of magnitude slower then
the alkyltion rate displayed for the bacterial and rat enzymes, the actual turnover numbers of the three enzymes with respective substrates are similar,
around 1-10 s-1 (Tzeng et al. 1996, Rink and Janssen 1998).
The importance of the tyrosines in the alkylation reaction was revealed
when the respective single mutants (Y154F and Y235F) were studied by
stopped-flow fluorimetry. None of the mutants displayed burst kinetics with
either R,R- or S,S-TSO. Assuming that the mutations did not influence the
intrinsic tryptophan signal, the absence of signal indicated that the alkylenzyme intermediate was not accumulated. Thus, these results indicate that
the rate-determining step has changed to alkylation instead of hydrolysis for
the tyrosine mutants. This notion is further supported by the fact that the kcat
values for the mutant enzymes are roughly 300-fold lower than for the wild
type.
The experimental results verified the proposed catalytic mechanism of
StEH1, as illustrated in Scheme 2. The Michaelis complex is formed fol-
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lowed by fast, and reversible, formation of the alkyl-enzyme intermediate,
ES’. The subsequent hydrolysis step is rate limiting and dictates the kcat with
both enantiomers of TSO.

Hydrolysis of 9,10-epoxystearate
Fatty acid epoxides are thought to be physiological substrates of plant EH.
The specific activity of StEH1 with cis- and trans-9,10-epoxystearate was
measured and was determined to 150 nmol min-1 mg-1. Burst kinetics were
obtained when mixing StEH1 with either cis- or trans-9,10-epoxystearate,
suggesting that hydrolysis of the alkyl enzyme intermediate is also the rate
limiting step with epoxystearate. The efficiency of the alkylation (k2/KS)
could be obtained and was in the same order of magnitude (3.3 PM-1s-1) as
with R,R-TSO as substrate (2.7 PM-1s-1). Assuming that the catalytic mechanism with epoxysterate is equivalent to the mechanism of TSO, the value of
kcat would be dictated by the rate of k3, which was 1.3 s-1 and 3 s-1 for the
trans and cis isomer respectively (unpublished data).

The catalytic base
His300 is the catalytic base in StEH1. It activates a water molecule that hydrolyses the alkyl enzyme intermediate in the second step of the reaction.
Destroying the basic functionality of His300 is thought to render an enzyme
with intact alkylation ability but with impaired hydrolytic capacity. In order
to analyze the function of His300, the residue was replaced with alanine,
asparagine and glutamine.
The His300Ala and His300Gln mutations resulted in severely crippled
proteins with approximately three orders of magnitude lower activities with
TSO, as compared to the wild type enzyme. If the mutation had only affected
the rate of hydrolysis, accumulation of the intermediate and thus a concomitant lowering in KM would have been expected. The KM values were, however, elevated 2 – 6 fold. Thus, the catalytic mechanism of the histidine mutants was different from the expected behavior. To further investigate the
basic nature of StEH1, the His300Asn mutant was studied in detail. This
protein displayed an even more impaired catalytic activity and no steady
state parameters could be obtained. The mutant did, however, produce a
large change in tryptophan signal when mixed with TSO and analyzed with
the stopped-flow technique (Table 2).
The obtained alkylation rate of R,R-TSO with the His300Asn mutant was
decreased 300 –fold as compared to the wild type. The rate of hydrolysis
was affected even more and was 8000 slower than for the wild type. Thus,
the base deficient H300N mutant possesses greatly reduced efficiencies of
both the alkylation and hydrolysis steps. Interestingly, when the corresponding catalytic histidine in RnmEH was mutated, only the hydrolysis step of
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the reaction was affected (Tzeng et al. 1998). Investigating the active site of
EH (Paper IV) reveals that the catalytic histidine is within hydrogen bonding
distance with the nucleophilic aspartate (Figure 7). Removal of this hydrogen bond may decrease the reactivity of the aspartate and hence lower the
alkylation rate.

pH dependence of kinetic constants for StEH1
The catalytic activity of enzymes may vary with pH due to the involvement
of functional groups acting as acids or bases in the reaction. Measuring the
pH dependence of steady state kinetic parameters can give insight into the
ionization events of the involved acids and/or bases. A measured pH dependence of kcat/KM can provide information about the ionization of the free
enzyme and the free substrate. The pH dependency of kcat, on the other hand,
follows the pKa of catalytically important residues in the enzyme-substrate
complex. Thus information about groups involved in the covalent chemistry
of the reaction can be obtained (Fersht, 1999).

Figure 11. The effects of pH on (A) kcat and (B) kcat/KM of StEH1. The reaction was
followed at different pH values with R,R-TSO (ɴ) or S,S-TSO (Ƒ).

The pH dependence of catalysis followed a bell shaped curve, indicating that
at least two ionizable groups are involved in the catalysis of TSO (Figure
11). The obtained pKa for the basic group is around 5.5 for both kinetic parameters with both substrates and is most likely reflecting protonation of the
catalytic histidine. At lower pH the histidine residue will become protonated
and hence lose its function as a base. Knowing that StEH1 catalysis of an
epoxide requires two functional tyrosine residues, the basic pKa values were
suggested to reflect ionization of Tyr154 and/or Tyr235. The pKa for tyrosine in aqueous solution is 10.1 (Creighton 1993), but the environment in a
protein can perturb the ionization constant of a functional group. The basic
pKa obtained when analyzing kcat was 8.2 with R,R-TSO and 7.2 with S,STSO. Thus, the titration data of kcat for S,S-TSO was shown to be slightly
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more acidic, suggesting that this substrate interacts differently with the enzyme and lowers the pKa of the involved group(s) (Figure 11A).
The titration curves of the kcat/KM obtained for the two enantiomers were
very similar (Figure 11B). The pKa values for the acidic group (around 8)
was, moreover, found to be almost as low as the value determined for kcat.
StEH1 displays a fairly narrow pH curve with an optimum activity around
pH 7. The pH dependence of kcat for RnmEH displays a similarly shaped
curve but shifted to a basic pH with a pH optimum around 8.5 (Armstrong et
al. 1979). The pH dependence of kcat/KM for ArEH also differs from StEH1
(Rink et al. 2000). The bacterial enzyme presents a broad pH optimum between pH 6 and 10. The noticeable difference between the plant enzyme and
the other two is the pKa value for the acidic entity (the tyrosines). The obtained pKa value for StEH1 is 2-3 pH units lower than the values obtained
for the rat and bacterial enzymes.

Ionization constant of active site tyrosines (Paper III)
The results from the pH dependence of catalysis with StEH1 and TSO indicated that the catalytic tyrosines have unusually low pKa values, both in the
free enzyme and in the catalytic mechanism.
To further investigate the role and characteristics of the catalytic tyrosines, the ionization constant of all the tyrosines in the free StEH1 enzyme
were studied by UV absorption difference spectroscopy. StEH1 wild type
and mutants Tyr154Phe, Tyr235Phe and Tyr154Phe/Tyr235Phe were titrated
at equilibrium. The strategy behind the experiment is based on the different
absorption profiles of tyrosine and tyrosinate (Figure 12A and B).

Figure 12. (A) The ionized form of tyrosine absorbs more light at 295 nm compared
to the protonated tyrosine. (B) Difference absorption spectra is generated by measuring the absorption spectrum for the enzyme at different pH values, using the spectra
at pH 5.5 as a zero reference. (C) The fraction of tyrosinate formed in the active site
as a function of pH for the wild type enzyme(٪) and Y154F/Y235F double mutant
(ɰ).
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At 295 nm the ionized form of tyrosine absorbs more then the nonionized
species. Thus the concentration of tyrosinate at different pH value can be
calculated using 'H295 = 2400 M-1 cm-1 (Glazer 1976). The stepwise ionization of all tyrosines in each protein was followed directly by recording the
spectrum at different pH values, using the spectrum recorded at low pH (pH
5.5) as zero reference (Figure 12C).
All four protein variants displayed similar titration patterns with estimated
pKa values above 10.5 (Figure 12C). Moreover, the lack of any plateau in the
titration curve implies that none of the tyrosines (15 in the WT) possess an
unusual pKa value (typically 9-11 in proteins). Thus, the free enzyme has a
pKa value for the active site tyrosines that is 2-3 pH units higher than the
basic ionization constants obtained when titrating kcat/KM (| 8) (Paper II).
As stated above, the pH dependence of kcat/KM should reflect proton transfer events in the process of free enzyme and free substrate forming product,
E + S o E +P. If, however, there is a change in the rate determining step
with pH, an apparent ionization constant will be obtained. This apparent
constant will be composed of the ratios of rate constants and not reflect a
true ionization event (Fersht 1999).
Is there a pH dependent change in the rate determining step for StEH1
hydrolysis of TSO? The pH dependence of KS (k-1/k1) for the StEH1 catalysis
of S,S-TSO (Scheme 2) indicates that this may be the case. The value of Ks
increases with pH, and is three-fold higher at pH 8 as compared to pH 7 (unpublished data). Thus the rate of k-1 and/or k1 have changed, with a possible
concomitant change in the rate limiting step.

The catalytic tyrosines
Two tyrosine residues have been shown to be important in the epoxide catalysis of EHs (Nardini et al. 1999, Rink et al. 1999, Yamada et al. 2000,
Argiriadi et al. 2000, Paper II). The precise role of the tyrosines concerning
the nature of the acid function is, however, still not fully understood. One
question that remains unanswered is whether or not these tyrosyls function
as Brønstedt acids protonating the leaving group and thus forming a tyrosinate. Otherwise the role would be as Lewis acids acting as an electron sink.
Furthermore, the finding that two tyrosines are conserved in the EH family
raises the question if they are both equally important and how they interact.
In order to further examine the catalytic function of the tyrosines, direct
measurement of tyrosinate formation during StEH1 hydrolysis of S,S-TSO
was performed. Transient build up of the tyrosinate was detected within the
time range of alkyl-enzyme formation and the signal disappeared with the
rate of the hydrolytic half-reaction, as compared to the fluorescence burst
(Figure 13A). The formation of tyrosinate displayed a pH dependence, thus
the ionization constant could be determined (Figure 13B). The obtained ionization constant for formation of the tyrosinate was 7.3. This value corre32

sponds to the kinetic pKa value determined for kcat in S,S-TSO hydrolysis
(7.2) (Paper II). Moreover, the maximal ionization corresponded to approximately 0.4 tyrosinate per enzyme molecule, indicating that one (or
both) of these tyrosine(s) is partially ionized in the alkylation step. This low
degree of ionization indicates that the tyrosine pair behaves more like Lewis
acids, harboring electronegative charge rather then a classical Brønstedt acid
(proton donor).

Figure 13. (A). Detection of transient buildup and disappearance of tyrosinate in the
active site during StEH1-5H catalyzed hydrolysis of S,S-TSO. The signal of tryptophan fluorescence has been included for comparison. (B) pH dependence of the
amplitude of tyrosinate formation. The titrated tyrosine phenols display a pKa value
of 7.3 and a maximal ionization corresponding to approximately 0.4 tyrosinate
formed per active site.

As noted above, the rate limiting step is alkylation for the single-tyrosine
mutants Y154F and Y235F. Thus, the intermediate is not accumulated and
burst kinetics is not obtined. If, however, the rate limiting step is shifted, the
function of the single tyrosine in the tyrosine mutants could be analysed. In
order to analyse the involvement of each tyrosine residue in the activation of
an epoxide, a chalcone oxide was used (Figure 14). The hydrolysis rate of
this epoxide is so slow that it becomes the rate limitng step also when the
reaction is catalyzed by the tyrosine mutants. Thus the formation of tyrosinate could be analysed.

Figure 14., Trans-2,3-epoxy-1,3-diphenyl-1-propanone, an
chalcone oxide.
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The formation of tyrosinate was detected as above for mutants Tyr154Phe
and Tyr235Phe, respectively. Interestingly, the formation of tyrosinate corresponded to almost one enzyme equivalent with the Tyr154Phe mutant. The
equivalent amount for Tyr235Phe was slightly lower (80 %) (unpublished
data). These results imply that the degree of deprotonation of the single tyrosine residue is higher, as compared to the situation when two tyrosines are
available.

pH dependence of microscopic rate constants
The individual reaction rates for hydrolysis of S,S-TSO as a function of pH
was studied to further investigate the function of the catalytic residues. Both
the rate of alkylation, k2, and the rate of hydrolysis, k3, displayed a pH dependence, allowing for determination of ionization constants. The obtained
pKa values for k2, k3 and tyrosinate formation were equal, 7.3. The individual
reaction rates of TSO hydrolysis as a function of pH was, however, affected
differently by the tyrosine state. The rate of alkylation (k2) increases with pH
in a manner suggesting that the rate is linked to a base (Figure 15). In contrast, the rate of hydrolysis of the alkyl enzyme intermediate (k3) decreased,
unexpectedly, with increasing pH. As the hydrolysis is dependent on the
formation of a basic hydroxyl ion, higher pH would be expected to enhance
the hydrolysis reaction. A reasonable explanation for this behavior is that the
formed negatively charged tyrosinate destabilizes the oxyanion, that is
formed in the hydrolytic half reaction.
We suggest a dual role of the tyrosine pair, first as Lewis acids, accommodating electronic charge formed on the epoxide oxygen. Then, as the electronic charge increases, the tyrosines become more basic and facilitate proton transfer from water to the epoxide leaving group oxygen. If this proposed
mechanism is true, the second function of the tyrosines, as bases, would
dictate the rate of the alkylation step.

Figure 15. The pH dependence of catalytic rate constants. The kinetic rate
constants of alkylation, k2, (Ÿ) and alkyl-enzyme hydrolysis, k3, (Ŷ) titrate
with pKa values indistinguishable from
that of the tyrosinate buildup. k2 increases with pH to a plateau above pH
7.5. In contrast, the rate of hydrolysis
drops with increasing pH. The titrated
Tyr phenols (ż) are included for comparison.
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The proposed involvement of the tyrosines as both Lewis acids and bases
in the catalytic mechanism of epoxide hydrolysis is illustrated in Figure 16.

Figure 16. The proposed function of the tyrosines as acids and bases in the catalysis
of TSO by StEH1. The tyrosines act as Lewis acids, accepting negative charge from
the epoxide oxygen. The basicity of the tyrosines then increases and they facilitate
proton transfer from water to the epoxide oxygen.

The observed behavior of the tyrosine pair resembles that of 1,8biphenylenediol, a bidentate phenolic acid (Figure 17). The compound is
unexpectedly efficient in catalyzing epoxide ring opening (Hine et al. 1985).
The catalytic efficiency is thought to depend on its function as a Lewis acid.
The compound aids in removal of electronic charge on the epoxide oxygen
by providing two well-aligned unoccupied molecular orbitals. Moreover, it
has been shown in a computer simulation that less then one negative charge
is transferred from the nucleophile to the acid (Omoto and Fujimoto 2000).
The reason why the two catalytic tyrosines are absolutely conserved in the
EH family might be explained by the structural and mechanistic mimicking
of a bidentate acid.

Figure 17. The tyrosyl pair in
StEH1 (Paper IV), shown in black,
resembles the structure of 1,8biphenyldiol (Hine 1990), shown in
grey.

35

The X-ray structure of StEH1 (Paper IV)
The three dimensional structures of four EHs of the D/E hydrolase fold from
mammalian (mouse and human), bacterial and fungal species have been
determined (Argiriadi et al. 1999, Nardini et al. 1999, Zou et al. 2000, Gomez et al. 2004). Although several plant EHs have been studied, no structure
of a plant EH had been solved, prior to the current studies. The mutagenic
and kinetic work presented in paper II and III gives a detailed knowledge of
the mechanism of potato EH. Additional information about the catalytic
residues could be provided by solving the three dimensional structure of
StEH1. The difference in the catalytic efficiency with the enantiomers of
TSO and the substrate specificity of StEH1 might also be explained. Furthermore, knowing the structure of StEH1 would aid in rational redesign of
the active site for enhanced enantioselectivity or changed substrate specificity.

Overall structure
The structure of StEH1-5H was solved to 2 Å resolution. The electron density map includes essentially all 321 residues in the enzyme. The His-tag in
the N-terminal is not visible indicating that the extension is flexible and most
likely will not interact with any part of the enzyme. The overall structure
agrees well with the other known EHs consisting of the main D/E-hydrolase
domain and the largely helical lid domain (Figure 18).

Figure 18. The overall structure of
StEH1. The main domain is colored
light gray and the lid is dark gray.
The catalytic residues are shown as
stick representations in black. Picture
was prepared using Molscript (Courtesy of Evalena Andersson, Uppsala
University, Sweden)

Size exclusion chromatography with included reference proteins indicated
that StEH1 is a monomer in solution, and the structural data supports this
finding. The mammalian enzymes form dimers in a domain-swapped archi36

tecture with the dimer interface situated at the bottom of the main domain,
supported by interactions between the N-and C-terminal domains (Argiriadi
et al. 1999, Gomez et al. 2004) (Figure 6). In contrast, the dimer interface of
AnEH results primarily from the interactions of the lids, supported by the
tips of the N-terminal extension (Zou et al. 2000). The ArEH was reported to
be a monomer (Nardini et al. 1999), but the monomers in the crystal packing
make similar interactions with the lid domain as found in AnEH. Thus, Zou
and coworkers (2000) suggested that ArEH also forms dimers (Figure 6). If
this proposal is correct, a comparison of the structures of StEH1 and ArEH
gives an indication as to why StEH1 does not form a dimer (Figure 19). The
potato enzyme has extra loops inserted in the lid domain, covering much of
the area making up the suggested dimer interface in ArEH. The extra loops
found in StEH1 will thus prevent formation of corresponding dimers.

Figure 19. Superimposition of the structures of
StEH1 (black) and ArEH (gray). The arrow indicates the turn in the lid domain in StEH1 that is
thought to prevent dimerization.

Active site architecture
The active site of StEH1 was identified by comparison with known EH
structures and was further supported by the mutagenesis studies (Paper II)
(Figure 20A).
The crystals of StEH1 were grown in the presence of valpromide, an
acetamide acting as a competitive inhibitor, and PEG, included as a cryoprotectant. In the active site, either a valpromide or a solvent PEG molecule is
bound in each of the two molecules in the asymmetric unit (Figure 20B and
C). The binding of PEG gives an indication of how StEH1 can accommodate
long, hydrophobic substances such as 9,10-dihydroxystearate, a cutin precursor and suggested natural substance
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A

B

C
Figure 20. Catalytic residues of StEH1
and bound ligands. (A) The catalytic
residues are labeled. The putative catalytic water is shown between the histidine base and a nearby acidic residue,
Glu35. (B) Different orientation showing the density for PEG in the active
site. (C) Density for valpromide and a
fragment of PEG. (Courtesy of Evalena
Andersson, Uppsala University, Sweden)

The two isomers of TSO were manually docked in the active site of StEH1
(Figure 21). The position of the respective enantiomers was restricted by (i)
the required placement of the epoxide carbons near the attacking Asp105,
(ii) the obligatory hydrogen bond interactions of the oxirane oxygen with the
catalytic tyrosines, (iii) the rigidity of the TSO molecule and (iv) the allowed
van der Waals contacts of the side chains lining the active site.

Figure 21. Docked S,STSO (light gray) and R,RTSO (dark gray) with the
surface showing the volume of the active site.
Trp106 is the proposed
source of the observed
fluorescence signal and
interacts more with S,STSO. (Courtesy of Evalena
Andersson, Uppsala
University, Sweden)
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The shape of the active site forces the two substrates to be differently orientated, which can explain some of the differences found in the kinetic studies
(Table 2, Paper II).
The binding (KS) of the S,S-enantiomer is tighter than binding of R,R-TSO
(Table 2). The stronger interactions with S,S-TSO would arise from stacking
interactions with Trp106 and hydrophobic interactions with Phe189 and
Leu226, which are not found for the R,R-enantiomer. Once the Michaelis
complex is formed, R,R-TSO is better orientated relative to the catalytic
residues then S,S-TSO, demonstrated as a more then five-fold faster alkylation rate. The interaction with Trp106 obtained with S,S-TSO and not R,RTSO can explain the larger quenching signal achieved with this substrate
(Compare Figure 10A).
Inspection of the volume of the active site suggests that StEH1 can accommodate di-substituted epoxides (Figure 21). The active site volume is
however, not large enough for bulky substrates such as 9,10-phenanthrene
oxide, indicated by the very low activity observed with this substrate (Paper
II).

Ongoing structural studies
To get a better understanding of an enzymatic reaction, the structures of the
ground and transition states for the enzyme-substrate and enzymeintermediate complexes are valuable. Such structures would provide information about the interactions with individual catalytic residues not provided
in the structure of the native enzyme.
In order to get an enzyme-substrate complex of StEH1, different strategies have been employed. The StEH1 crystals were soaked with S,S-TSO
and chalcone, respectively, but no complexes were formed. Either binding of
the substrates was not possible in the crystals or the processing of the substrates was too fast for trapping.
A different approach is to create a protein variant better suited to trap a
substrate complex. The base deficient mutant, His300Asn has a significantly
reduced hydrolysis rate thus stabilizing the formed alkyl enzyme intermediate (Paper II). This mutant makes a promising candidate for trapping an alkyl
enzyme intermediate. The mutant protein is at present being subjected to
crystallization attempts and will subsequently be soaked with TSO or chalcone oxide.
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Conclusions regarding StEH1
The successful production of large amounts of pure and stable enzyme made
a thorough investigation of various aspects of the catalytic mechanism of
StEH1 possible. The importance of the proposed catalytic residues, Asp105,
Tyr154, Tyr235 and His300 was confirmed. Furthermore, the individual
kinetic steps of the enzymatic hydrolysis were described for the enantiomers
of TSO. The catalytic mechanism was analogous with the deduced mechanisms of the mammalian and bacterial enzymes. The first step of the reaction
involves reversible forming of an alkyl-enzyme intermediate. The subsequent hydrolysis of the intermediate is rate limiting. StEH1 is slightly enantioselective for S,S-TSO and, moreover, the binding of this substrate is
stronger. The actual hydrolytic rate is, however, higher with the R,Renantiomer.
The function and characteristics of the catalytic tyrosine pair was investigated in detail. Direct measurement of tyrosinate formation during catalysis
indicated a role of the tyrosine pair as a Lewis acids, accommodating negative charge. Furthermore, the individual kinetic steps were studied as a function of pH and were demonstrated to be linked to the formation and decay of
the tyrosinate. The tyrosine pair was actually shown to function both as
Lewis acids and bases.
The structure of StEH1 was determined and is the first EH representative
from the plant kingdom. The appearance of the active site provided additional information about the kinetic differences of hydrolysis of S,S- and
R,R-TSO. The structure will aid in attempts of rational redesign of the enzyme in the search of high activity and enantioselectivity of desired substrates.
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Summary in Swedish

Epoxidhydrolas från potatis och jäst
Introduktion
I mitt arbete har jag studerat ett enzym, epoxidhydrolas (EH), från jäst och
potatis. I det första delarbetet identifierade jag ett EH i jäst och vi föreslår att
det det tillhör en helt ny undergrupp av EH. De följande delarbetena handlar
om EH från potatis, StEH1. Förutom en detaljerad beskrivning av den katalytiska mekanismen av potatisenzymet har mitt arbete gett ny information
om ett par av de funktionella grupperna på enzymet. Dessutom löste vi potatisenzymets struktur vilket ger ny information om dess funktion.
EHs är viktiga enzymer eftersom de katalyserar (ökar hastigheten av) nedbrytning av epoxider. Epoxider är kemiska föreningar som bildas i alla organismer och som kan vara reaktiva och farliga för organismen (Figur 1). I
växter ingår epoxider i det skyddande yttre vax-lagret som omger alla celler.
Dessutom bildas epoxider som försvar mot svamp- och insektsangrepp på
växter. Hos människor fungerar ofta kroppsegna epoxider som signalsubstanser och är involverade i reglering av blodtrycket och har antiinflammatoriska egenskaper. Dessutom omvandlas många främmande ämnen till giftiga
epoxider i kroppen. Dessa epoxider kan ge upphov till bland annat cancer.
För att skydda organismen mot de reaktiva epoxiderna och reglera funktionen av signalsubstancerna, krävs en noggrann kontroll av epoxidernas nedbrytningshastighet. EH är ett sådant kontrollsystem. Enzymet skyddar organismen genom att omvandla epoxider till en diol (Figur 2), som är mindre
reaktiv och lättare att utsöndra.
EH från D/E-hydrolas-familjen finns i nästan alla organismer som har studerats, till exempel bakterier, jäst, växter och djur. Eftersom de är viktiga avgiftningsenzymer hos människor har enzymen studerats mycket noga. Från
dessa studier vet man vilka epoxider enzymerna kan omvandla och det har
gjorts detaljerade beskrivningar för hur den katalytiska reaktionen fungerar.
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EH från jäst (Artikel I)
Identifiering av det första EH från D/E-hydrolas-familjen i jäst. Tidigare har
inget EH från D/E-hydrolas-familjen påvisats i jäst, vilket är anmärkningsvärt då detta enzym spelar en viktig roll i andra organsimer. Vanlig jäst är en
encellig organism som ofta används som modell för mer komplexa organismer. Sedan tio år tillbaka vet man hur hela arvsmassan för jäst ser ut. Nu
försöker man undersöka hur alla gener fungerar, vilka protein som bildas och
vilken struktur och funktion dessa proteiner har.
Genom att söka igenom hela jästgenomet har jag identifierat en gen från jäst,
YNR064c, som enligt min bedömning kodar för ett epoxidhydrolas. Proteinsekvensen jämfördes med kända EH och visade likheter i specifika delar
(Figur 8). Dessutom finns gener med liknande sekvens som YNR064c i ett
flertal mikroorganismer. Tidigare studier har visat att mRNA för YNR064c
uttrycks som svar på ett giftigt ämne. Med hjälp av specifika antikroppar har
jag påvisat att själva proteinet uttrycks i jästceller, under tidig tillväxt-fas.
För att kunna karakterisera proteinet utvecklade jag två rekombinanta metoder (genen flyttas till en annan organism som styrs så att de bara producerar
det valda enzymet). Dessutom utvecklades en reningsmetod.
Olika epoxider användes för att mäta den katalytiska aktiviten hos jästproteinet, men proteinet hade bara marginell aktivitet. Eftersom proteinet; 1)
är välbevarat i många olika mikroorganismer och alltså verkar ha en viktig
funktion, 2) produceras i respons till ett gift och 3) inte har hög aktivitet med
vanliga epoxider, tror vi att YNR064c är ett EH som tillhör en ny underklass
och att det verkar på en ännu okänd epoxid-förening.

EH från potatis (Artikel II-IV)
I arbetet om potatisenzymet har jag erhållit flera nya resultat och kunskaper.
Den katalystiska mekanismen för enzymet har beskrivits i detalj. Dessutom
föreslår vi att de katalytiska tyrosinerna fungerar både som Lewis syror och
baser i den katalytiska mekanismen. Slutligen löste vi den tredimensionella
strukturen för enzymet.
Enzym från ett fåtal växter har studerats och StEH1 från potatis visade sig ha
hög aktivitet med flera epoxider. Den katalytiska mekanismen för ett växtenzym har inte utforskats i detalj. Kunskap om hur den exakta mekanismen
ser ut och hur olika grupper på enzymet inverkar i katalysen kan användas
för att omforma enzymet för att bli snabbare och få en mer specifik aktivitet.
En första frågeställning var om växtenzymet har samma katalytiska mekanism som EH från människor (Figur 5). Den katalytiska mekanismen utförs i
två steg. I första steget av reaktionen bildas ett komplex mellan enzym och
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substrat. I nästa steg reagerar en vattenmolekyl med enzym-substrat komplexet och slår ut diolprodukten.
StEH1 har samma mekanism som mänskligt EH. Enzymet uttrycktes rekombinant i bakterier. Genom att jämföra med kända EH kan identiteten av de
katalytiska aminosyrorna; Asp105, Tyr154, Tyr235 och His300, gissas. Dessa bekräftades genom att de ändrades till andra funktionella grupper (muterades). Funktionen i den katalytiska mekanismen av de valda aminosyrorna
bekräftades med aktivitetsmätningar. Mutanterna hade förlorat det mesta av
den katalytiska aktiviteten. Det naturliga enzymets katalytiska aktivitet med
två enantiomerer (två snarlika kemiska föreningar som är varandras spegelbilder) av substratet TSO (Figur 4) analyserades i detalj. Enzymaktiviteten
mättes genom olika metoder för att analysera de enskilda hastigheterna i
reaktionsmekanismen. Dessutom mättes aktiviteten vid olika pH-värden för
att få mer information om de funktionella grupperna. StEH1 fungerade olika
med de två olika TSO-substraten. S,S-TSO binder in starkare, men R,R-TSO
blir snabbare omvandlat till produkt. Analysen bekräftade teorin om att
StEH1 har samma mekanism som EH från människa.
De två katalytiska tyrosinerna fungerar som Lewis syror och inte som protodonatorer. Två tyrosiner i enzymet spelar en viktig roll för att aktivera epoxiden, men deras funktion är inte tidigare fullständigt utredd. Antingen är
deras funktion att ge ifrån sig en proton och då bilda en tyrosinatjon. Eller så
är funktionen att acceptera elektroner från epoxiden. Ursprungsenzymet och
mutanter av de två tyrosinerna undersöktes genom att mäta ett eventuellt
bildande av den negativa tyrosinatjonen (Figur 12). Resultaten indikerar att
tyrosinerna fungerar som Lewissyror som aktiverar epoxiden genom att acceptera elektroner (Figur 16). Tyrosinerna fungerar alltså inte främst som
proton donatorer, vilket föreslagits tidigare.
Den tredimensionella uppbyggnaden av StEH1. För att kunna dra detaljerade
slutsatser om hur de olika aminosyrorna fungerar måste man ha en bild av
hur enzymet ser ut. Fyra strukturer av EH var kända sedan tidigare, men
ingen från växtriket. StEH1 visade sig vara en monomer med liknande veckning som de tidigare lösta strukturerna (Figur 6 och 18). Genom att studera
den aktiva ytan (där substratet binder och katalysen utförs) kunde flera detaljer från de kinetiska experimenten förklaras (Figur 20). StEH1föredrar transsubstituerade substrat (Figur 3) och långsträckta föreningar som får plats i
den aktiva ytan, medan stora epoxider inte kan hydrolyseras. De två TSO
enantiomererna placerades manuellt in i aktiva ytan på StEH1 i en datorsimulerad bild av enzymet (Figur 21). Den geometriska anpassningen förklarade varför S,S-TSO binder hårdare (fler interaktioner med enzymet) och
varför R,R-TSO processas snabbare (bättre placerad epoxid för katalyserad
reaktion).
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