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Stellingen

1. Als een gistsoort cen lage epoxidehydrolase activiteit bezit dan is de bepaling van
de bijbehorende enantioselectiviteit pas mogelijk als er een recombinante gastheer
wordt gebruikt waarin het desbetreffende epoxidehydrolase coderende gen in
voldoende hoge mate tot expressie wordl gebracht.

Dit proefschrift. .

2. Het epoxidehydrolase coderende gen van Xanthophyllomyces dendrorhous is niet
essentieel voor groei van deze gist onder laboratorium condities,
Dit proefschrift.

3. Het oploshare epoxidehydrolase van Aspergillus niger vertoont sterke gelijkenis
met het membraan gebonden microsomale epoxidehydrolase (mEH) en niet met het
oplosbare (soluble) epoxidehydrolase (sEH). Dit leidt tot verwarring over de aard
en intracellulaire locatie van dit enzym.

Arand er al. (1999). Biochem. J. 344: 273-280.

4. Het succes van de ontwikkeling van een op een specificke omzetting toegespitst
mutant enzym, via technieken zoals "error prone PCR" en "DNA shuffling", is in
hoge mate athankelijk van het wvoorhanden zijn van een geschikte
screeningsmethode,

5. Leukoprotoxine is een betere naam voor leukotoxine aangezien leukotoxine zelf
niet toxisch is maar het daaruit gevormde leukotoxine diol wel.

Moghaddam ef al. (1997). Nat. Med. 3: 562-566.

6. In landen die in staat zijn tot het reproductief klonen van mensen zou deze techniek
bij wet verboden mocten worden.

7. Bij de overgang op de wintertiid zouden de televisicomroepen hun
kinderprogramma's een uur eerder moeten laten beginnen,

8. De Rijn komt bij Spijk ons land binnen.
Stellingen behorend bij het proefschrift "Cloning and application of epoxide hydrolases
from yeasts".

Hans Visser.
Wageningen, 1 maart 2002,
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Introduction




Chapter 1

EPOXIDES

Epoxides are cyclic ethers that, due to the strong tension of the three-membered
ring structure and the electronic pelarization of the two C-O bonds, readily react with
various nucleophilic compounds. Additionally, the epoxide ring of unsymmetrical
epoxides can be opened at either the less hindered epoxide carbon atom (base-catalyzed
reaction) or the more hindered epoxide carbon atom (acid-catalyzed reaction). Because
of these properties, epoxides are versatile intermediates in organic synthesis (Swaving
and de Bont, 1998). Consequently, epoxides are valuable building blocks for the
synthesis of biologically active compounds such as clinical drugs or insecticides by the
pharmaceutical and agrochemical industries.

Two enantiomeric forms (enantiomers) of an epoxide are possible if one of the
epoxide carbon atoms is chiral. This means that such an epoxide is actually a racemic
mixture of its enantiomers (Figure 1). For pharmaceutical companies it is very
important to produce drugs that are as safe and effective as possible. It is therefore of
great importance that, instead of the racemic epoxide mixtures, enantiopure epoxides
are used in the chiral epoxide-dependent synthesis route of clinical drugs.

o) Ao
Racemic mixture (S8)-Enantiomer {R)-Enantiomer

Figure 1. Chemical structures of both racemic and the separate enantiomers of phenylethylene oxide
{styrene oxide).

Enantiopure epoxides can be obtained by using both chemical and biological
procedures (for reviews see de Bont, 1993; Besse and Veschambre, 1994; Archelas and
Furstoss, 1997). The chemical methods that are used usually introduce an epoxide
moiety (epoxidation) at the position of a double bond in e.g. alkenes or allylic alcohols.
Despite several successful asymmetrical epoxidations, these chemical methods have
some drawbacks (Besse and Veschambre, 1994). First, the reactions are catalyzed by
toxic heavy metals. Second, for some methods the catalyst (metalloporphyrines) has to
be synthesized, which can be difficult. Third, a limited number of compounds can be
used as substrate for epoxidation. Fourth, the yield of enantiopure epoxides can be low.

Biological procedures involve enzyme-catalyzed reactions, which have the
advantage to allow stereospecific oxygenation reactions that are difficult to carry out
chemically. For example, monooxygenases can be used in the stercospecific
epoxidation of alkenes to generate enantiopure epoxides. Alternatively, enantiopure
epoxides can be obtained by the enzyme-catalyzed kinetic resolution of a racemtc
epoxide mixture. One of the enzymes, which can be used for the kinetic resolution of
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racemic epoxides is lipase. Ideally, lipase only modifies one of the two epoxide
enantiomers ¢.g. by ester hydrolysis. This allows the separation of the remaining
enantiopure epoxide enantiomer from the other (converted) enantiomer.

The use of both the chemical and biological (biocatalytic) methods, which are
successful in the production of enantiopure epoxides are protected by patents.
Therefore, from an indusirial point of view it is of great interest to search for new
catalysts that can be used to produce enantiopure epoxides. A biocatalyst that meets
this demand is the epoxide hydrolase.

9] H 0
/N EH c|) |H
H-C—C-H — H—C—C—H
] | H;0 | 1
H H H H

Figure 2. General scheme cf the hydrelysis of a simple epoxide into its corresponding diol by an EH.

Epoxide hydrolases (EHs, E.C. 3.3.2.3) catalyze the hydrolysis of epoxides to the
corresponding diols (Figure 2). They act cofactor independently using only water and
they are ubiquitous in nature. Most interestingly, EHs can hydrolyze racemic epoxide
mixtures in an enantioselective manner, which can result in enantiopure epoxides.
Because of these properties, EHs might be promising candidate biocatalysts for the
production of enantiopure epoxides from cheap and readily available racemic epoxides.

OUTLINE OF THIS THESIS

At the start of the work that is presented in this thesis, EHs from yeast origin were
already subject of investigation in the group of Industrial Microbiology headed by
Professor J. A. M. de Bont. The red-colored yeast Rhodotorula glutinis in particular
showed the enantioselective hydrolysis of various structurally different epoxides
leading to encouraging yields of enantiopure epoxides or diols (Weijers, 1997).
Meanwhile, additional research has been performed on the biochemistry and
application of EHs from basidiomycetous yeast species in both the analytical and
preparative scale enantioselective hydrolysis of various epoxides (Botes, 1999; Botes et
al., 1998, 1999; Choi et al., 1999, 2000; Kronenburg er al., 1999; Weijers et al., 1998).

The research described in this thesis was part of two successive research projects,
which both focused on the potentials of yeasts EHs in enantioselective epoxide
hydrolysis. The main objectives of these projects were to gain important fundamental
knowledge on yeasts EHs and to develop biotechnological processes based on the use
of these enzymes for the production of enantiopure epoxides,

To introduce EHs an overview of the molecular biology, biochemistry and potential
application of these enzymes is given in chapter 2. In chapters 3 and 4 the isolation and
characterization of the EH-encoding genes from the carotenoid producing yeast species
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Xanthophyllomyces dendrorhous (perfect state of Phaffia rhodozyma, Golubev, 1995)
and R, glutinis is described. The relationship of the EHs from these yeast species to
other EHs was analyzed.

The EH from R. glutinis is a potential candidate to be applied in the
enantioselective hydrolysis of epoxides. In order to develop an efficient EH-catalyzed
epoxide hydrolysis system the EH-encoding gene of R. glutinis was over-expressed in
Escherichia coli, When compared to homologous expression in R. glutinis itself, the
recombinant expression system showed a strong increase in activity, due to the
overproduction of EH, without loss of enantioselectivity. The utility of this system was
demonstrated for the hydrolysis of l-oxa-spiro[2.5)octane-2-carbonitrile, which is a
versatile building block in organic synthesis.

Qther yeast strains having high and low quality EH activities were reported (Botes
et al., 1999). The EH-encoding genes from a few of these strains were isolated and
expressed in E. coli. The corresponding amino acid sequences and activities toward
trans-1-phenyl-1,2-propane oxide were examined. A highly efficient recombinant EH
was obtained for the enantioselective hydrolysis of rrans-1-phenyl-1,2-propane oxide.
The results of this study are described in chapter 5.
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Chapter 2

INTRODUCTION

Epoxides are cyclic ethers that readily react with a number of reagents, nucleophiles
in particular. Commonly used nucleophiles reacting with epoxides are oxygen,
nitrogen, sulfur, halide and carbon compounds. This is one of the properties, which
causes epoxides to be versatile intermediates in organic synthesis (Swaving and de
Bont, 1998). However, due to their highly reactive nature epoxides can easily react and
damage biologically important molecules such as proteins (enzymes) or nucleic acids
(DNA), Therefore, on one hand epoxides are useful building blocks in organic
chemistry, and on the other hand they are a threat to human health as a consequence of
their potentially cytotoxic and carcinogenic properties.

Epoxide hydrolases (EHs; EC 3.3.2.3) are enzymes that catalyze the addition of
water to epoxides, thereby usually generating the corresponding vicinal #rans-diols
(Figure 1). EHs have been found in many organisms, including mammals, insects,
plants, fungi and bacteria and may therefore be regarded as ubiquitous enzymes.
Several types of EHs are recognized that are involved in processes such as the
detoxification of noxious epoxides, catabolism or biosynthetic pathways.

O
T EH HEe |
H—-C—-C-H  ———=* H—C—C—H
I T H,0 i i
H H H QOH

Figure 1. Epoxide hydrolysis by an EH resulting in the corresponding trans-diol.

In this chapter an overview will be given of EHs. First, different types and
functions of epoxide hydrolases will be presented. Next, the relatedness of these Ells
and their mechanisms of action will be evaluated. Finally, the use of EHs as biocatalyst
in the enantioselective hydrolysis of epoxides is presented.

MAMMALIAN EHs

Microsomal EH

Microsomal EH (mEH) from rodents was the first epoxide hydrolase described
(Oesch and Daly, 1971; Oesch et al., 1971b). Microsomal EH activity has been
detected in essentially all organs and tissues of rats and mice (Oesch, 1977). However,
the enzyme is located primarily in the endoplasmic reticulum of hepatocytes (Qesch
and Daly, 1971} and it has been suggested to use mEH as a marker enzyme for
microsomal membranes {Oesch ef af., 1971a). Microsomal EH has been purified to
homogeneity from livers and other tissues of several mammalian species revealing a
minimum molecular weight ranging from approximately 46 1o 54 kDa (Halpert et al.,
1979; Lu er al., 1975, 1979; Papadopoulos er ai., 1994). Molecular studics indicated

12
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that mEH is co-translationally inserted into the membrane of the endoplasmic reticulum
by means of a single membrane signal anchor sequence, which is dispensable for
catalytic activity {Okada et ol., 1982; Friedberg et al., 1994).

Microsomal EH encoding-genes and cDNA's from several mammalian organisms
have been isolated (Porter ef al., 1986; Falany ef a/., 1987; Skoda er al., 1988; Hassett
et al., 1989, 1994b). The mEH polypeptide from rabbit, rat and human comprises 455
amino acids with a calculated molecular mass of approximately 53 kDa (Heinemann
and Ozols, 1984; Porier et al, 1986; Skoda et al., 1988). In human and rat single
functional mEH-encoding genes per haploid genome have been proposed (Falany et al.,
1987). The human mEH gene is located to the long arm of chromosome 1 (Skoda et al.,
1988). The primary transcript of the human mEH gene extending from the start of
transcription to the poly(A) addition site, is 20,271 nucleotides in iength (Hassett et al.,
1994b). The rat mEH gene measures approximately 16,000 base pairs (Falany et al,
1987). Despite the difference in size the human and rat mEH genes are organized very
similar. Both genes consist of 9 exons, which are separated by 8 introns. In both species
exon 1 does not encode protein. The sizes of introns 2 to 8 are identical, whereas the
sizes of the human exons 1 and 9 are 100 nucleotides longer and 5 nucleotides shorter
respectively than the rat exons 1 and 9. The difference of the latter is in the length of
the non-coding tail (Hassett ez al., 1994b).

Two prominent genetic polymorphisms of human mEH exist (Hassett ef al., 1994a).
The first one is found in exon 3 and results in the substitution of Tyr by His at amino
acid position 113. The second is found in exon 4 and concerns the substitution of His
by Arg at amino acid position 139. These polymorphisms have been associated with
human discases such as an altered risk to different types of cancer (Harrison e al,,
1999; Wu et 4l., 2001) and emphysema (Smith and Harrison, 1997). In vitro studies
indicate that the Tyr/His and His/Arg amino acid variations do not exert a primary
influence on the mEH catabolic function, but may instead affect the mEH stability
(Hassett ef al., 1994a),

Microsomal EH is regarded as the EH most contributing in the detoxification of
potentially cytotoxic and carcinogenic epoxide metabolites of xenobiotic compounds,
which are generated by the cytochrome P450 monooxygenase systems. Most mEH
substrates are converted into less reactive and better water-soluble metabolites that can
be readily conjugated or excreted, which explains the detoxifying role of mEH. It
exhibits broad substrate specificity, ranging from simple short chain aliphatic epoxides
to large polycyclic aromatic hydrocarbons such as benzo-(a)-pyrene-4,5-oxide (Figure
2) (Oesch er al., 1971b; Jerina et al., 1977). In addition to the epoxide derivatives of
environmental chemicals e.g. polycyclic aromatic hydrocarbons, mEH is also involved
in the metabolism of the epoxide derivatives of clinical drugs such as the anti-epileptic
drugs carbamazepine and phenytoin (Eugster er al., 1991; Riley et al., 1988).

13
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Figure 2. Chemical structures of mEH substrates. 1, Styrene oxide. 2, 1,2-Epoxyoctane. 3, cis-Stilbene
oxide. 4, Benzo-{a}-pyrene-4 S-oxide.

In contrast to its protective role, mEH is also involved in the bio-activation of the
ultimate carcinogenic metabolite 7,12-dimethylbenz{a)antracene-3,4-diol-1,2-epoxide
(Mivata et al, 1999), which is capable of producing DNA adducts {Dipple and
Nebzydoski, 1978).

Furthermore, mEH was identified as a subunit of the anti-oestrogen-binding site
(Mésange et al., 1998) and it is active in endogenous steroid epoxide metabolism
(Vogel-Bindel er al., 1982) and sodium-dependent bile acid transport (von Dippe ef af.,
1996). However, Honscha ef al. (1995) showed that heterologously expressed mEH
was unable to mediate the transport of the bile acids taurocholate and cholate.
Additionally, in mice mEH is not essential for reproduction and physiclogical
homeostasis (Miyata et al., 1999).

Several mEH inhibitors have been described. Among these are 1,1,1-trichloro-2,3-
propene oxide (Oesch et al., 1971c), cycloalkene oxides e.g. cyclohexene oxide (Oesch
et al., 1973; Magdalou and Hammock, 1988), the anti-epileptic drug valpromide {(Kerr
et al., 1989) and pentachlorophenol (Moorthy and Randerath, 1996). More recently
metals such as zinc and mercury (Draper and Hammock, 1999) and ureas, amides and
amines (Morisseau et al., 2001) were reported to inhibit mEH.

0]

HO

Figure 3. Chemical structure of the stercid epoxide estroxide, which is an endogenous substrate of rat
mEH {(Findrich et af., 1995).

A pumber of chemicals induce rat mEH gene expression e.g. phenobarbital
(Hardwick ef al., 1983), nitrosamines (Craft e al., 1988), diazines (Cho and Kim,
1998), 2-acetylaminofluorene (Astrdm et al, 1987), trans-stilbene oxide
(Schmassmann and Oesch, 1978) and others. In addition to these exogenous
compounds, rat mEH is also induced by its endogenous substrate, which is the steroid

14
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epoxide estroxide (Figure 3) (Findrich er al, 1995). Human mEH expression in
primary hepatocyte cultures indicated that mEH gene expression is only modestly
induced by common mEH inducers (Hassett er al, 1998). Dexamethasone, a
glucocorticoid, was reported to repress mEH gene expression (Bell er al., 1990).

Scoluble EH

Soluble EH (sEH, formally known as cytosolic EH) is an enzyme, which is like
mEH involved in the metabolism of epoxides derived from both exogenous and
endogenous sources (Meijer and DePierre, 1988). Soluble EH activities have been
demonstrated in different tissues from mammals such as mice, rats and rabbits. In
general, liver, heart and kidney tissues show the highest sEH activities (Gill and
Hammock, 1980; Schladt er al., 1986). The sEH protein has been purified from e.g. rat
and human livers. Native sEH exists as a homodimeric protein with an estimated
molecular mass of 120 kDa and a subunit mass of 58 to 61 kDa (Schiadt et al., 1988;
Wang et al., 1982). In addition to the protein, sEH-encoding genes and cDNAs have
been isolated (Beetham er al., 1993; Grant er al., 1993; Knehr er al., 1993; Sandberg
and Meijer, 1996). The human sEH gene measures approximately 45 kbp in length,
contains 19 exons (Sandberg and Meijer, 1996} and is located on chromosome 8
(Larsson ef al, 1995). The open reading frames of sEH cDNA clones predict
corresponding polypeptides of 554 amino acids with a calculated molecular mass of 62
kDa (Beetham e al., 1993; Knehr et al., 1993).

Initially, sEH was localized to the cytosolic and mitochondrial fraction of
mammalian cells (Gill and Hammock, 1980, 1981). Additional studies showed that
sEH is present in the cylosol and in peroxisomes {Waechter et al., 1983; Messing
Eriksson ef al., 1991). The C-terminus of sEH contains the amino acid sequence Ser-
Lys-Ile, which is highly homologous to the peroxisomal targeting sequence Ser-Lys-
Leu. It was suggested that this difference might turn the signal sequence into an
impaired peroxisomal targeting sequence, which causes the presence of sEH in both
peroxisomes and the cytosol (Arand er al., 1991). However, Mullen er al. (1999)
presented evidence that the dual localization of sEH in the cytosol and peroxisomes of
rodents is not due to an inefficient peroxisomal targeting sequence. Insiead, they
suggest the existence of two sEH isozyme variants (cytosolic and peroxisomal) in
marmmalian cells.

Also soluble EH exhibits a broad substrate range. This range partly overlaps with
and is complementary to that of mEH. In general, trans-substituted epoxides are the
better sEH substrates (Fretland and Omiecinski, 2000}, Examples of xenobiotic
epoxides accepted by sEH are trans-8-cthylstyrene 7,8-oxide (Wang ef al., 1982) and
trans-P-methylstyrene oxide (Ota and Hammock, 1980). Trans-stilbene oxide (TSO) is
the typical sEH model-substrate to distinguish sEH activity from mEH activity (Figure
4). The broad range of xenobiotic epoxides metabolized by sEH suggests a protective
role of this enzyme against these harmful compounds {Grant e a/., 1996).

15




Chapter 2

S

Figure 4. Chemical structure of frans-stilbene oxide, a typical SEH substrate.

Another role of sEH is found in the metabelism of fatty acid epoxides. In mammals,
cytochrome P450 epoxygenase mediated conversion of arachidonic acid results in the
formation of a class of biologically active metabolites known as cis-
epoxyeicosatrienoic acids (EETs) (Capdevila ez al., 2000). These EETs are hydrolyzed
by sEH to their corresponding dihydroxyeicosatrienoic acids (Fang et al.,, 2001). In
mice, the sEH-dependent metabolism of arachidonic acid was identified to play an
important role in the control of blood pressure regulation and renal function (Sinal er
al., 2000). Additionally, linoleic acid is a polyunsaturated lipid, which is a very
abundant fatty acid in the average American diet. It can be oxidized by autooxidation or
P450 enzymatic action to epoxides known as leukotoxin and isoleukotoxin. Both
epoxides are believed to be protoxins that upon hydrolysis by sEH are converted to the
cytotoxic isoleukotoxin- and lenkotoxin diols {Figure 5} (Moghaddam e al., 1997).

(o]

/\/\/:\/L—\/\/\/\/COOH

lsEH

HO OH

Figure 5. Hydrolysis of leukotoxin into leukotoxin diol by sEH.

Two genetic polymorphisms, altering the sEH amino acid sequence, were identified
and characterized. The first concerns a substitution of an Arg at amino acid position
287 by a Glu. The second involves the insertion of an Arg following Ser at position 402
resulting in two adjacent Arg residues at positions 403 and 404 instead of the more
common Arg al position 403. Soluble EH proteins containing the Arg insertion exhibit
strikingly lower activity, which may have important physiological implications
(Sandberg et al., 2000},
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In rodents, sEH is induced by a diverse group of compounds collectively termed
peroxisome proliferators. Among these are clofibrate, di(2-ethylhexyl)phthalate, p-
chlorophenoxyacetic acid and 2-ethylhexanoic acid. In general, peroxisome
proliferation is accompanied by increased sEH activity (Meijer and DePierre, 1988).

Chalcone oxide and derivatives thercof e.g. 4-phenylchalcone oxide are very potent
inhibitors of sEH (Mullin and Hammock, 1982). In addition to these, sEH activity is
also inhibited by trans-3-phenylglycidols {Dietze et af., 1991), ureas and carbamates
(Morisseau ef al., 1999b) and metals such as Zn’*, Cd**, Hg?" and cu? (Draper and
Hammock, 1999).

Cholesterol 5,6-oxide hydrolase

Cholesterol 5,6-epoxide hydrolase is an enzyme, which is, like mEH,
predominantly present in liver microsomes buf has also been detected in 2ll other
tissues tested {Astrém et al., 1986). There is no protein purification protocol reported
for cholesterol 5,6-epoxide hydrolase, nor has the gene or cDNA encoding this enzyme
been isolated. It hydrolyzes cholesterol 5,6a-epoxide and cholesterol 5,6p-epoxide to
cholestane 3(3, 3o, 6B-triol solely (Figure 6) (Watabe ef /., 1981; Nashed et of., 1985).
However, the a-epoxide is a better substrate than the f-epoxide (Nashed et al., 1985)
and enzymatic activity is inhibited by the product of the reaction through a competitive
mechanism {Sevian and McLeod, 1986).

—_—
; Cholesterol EH
HO o

Figure 6. Conversion of cholestero! 5,6a-epoxide into cholestane 3p, 5a, 6p-triol by cholestercl EH.

Furthermore, cholesterol 5,6-epoxide hydrolase is inhibited by iminocholestanols
(Watabe et af, 1981; Nashed er al., 1985), 7-ketocholesterol and 6- or 7-
ketocholestanol (Sevanian and McLeod, 1986), 7-dehydrocholesterol 5,6B-oxide
(Nashed et af., 1986) and detergents such as Emulgen 108 and Lubrol PX (Watabe et
al., 1986).

In rodents, cholesterol 5,6-epoxide hydrolase is induced by clofibrate, which is a
clinical drug commonly prescribed to patients unable to control serum cholesterol
(Finley and Hammock, 1988).

17




Chapter 2

The oxidation of cholesterol proceeds as part of the lipid peroxidation proccess in
membranes, Among the most typical cholesterol oxidation products are the, aiready
mentioned, enantiomeric (o and ) cholesterol 5,6-epoxides, which have been shown to
be weak direct-acting mutagens. Therefore, it is likely that the cholesterol epoxide
hydrolase functions to detoxify the mutagenic cholesterol epoxides (Fretland and
Omiecinski, 2000).

However, cholestane 3(3,5a,6(3-triol is more toxic and a more potent inhibitor of
DNA synthesis than the epoxide. In case of low epoxide hydrolase activity
mutagenicity, cansed by the cholesterol epoxide, is favored. On the other hand, a fast
conversion to the cholestanetriol favors cytotoxicity (Sevanian and Peterson, 1984,
1986).

Leukotriene A4 hydrolase

Leukotrienes are tmportant chemical signaling molecules in a variety of
inflammatory and allergic conditions, Leukotriene By is a powerful chemotactic agent
that seems {o play a role in the recruitment of inflammatory cells to the site of tissue
injury (Samuelsson, 1983; Haeggstrom, 2000). Leukotriene A4 hydrolase is a cytosolic
EH that catalyzes the last step in the biosynthesis of LTB,: it converts LTA4 ((55)-
trans-5,6-oxido-7,9-frans-11,14-cis-eicosatetracnoic  acid) into LTBs ((55,12R)-
dihydroxy-6,14-cis-8,10-frans-cicosatetracnoic acid) (Figure 7). However, it does not
hydrolyze styrene oxide or trans-stilbene oxide (McGee and Fitzpatrick, 1985).

COOH

—_—

= LTA4 hydrolase

Figure 7. Conversion of LTA, into LTB, by LTA4 hydrolase.

LTA4 hydrolase displays some typical features. First, it is a bifunctional zinc
metalloenzyme that, in addition to its EH activity, also possesses an aminopeptidase
activity (Haeggstrom et al., 1990a, 1990b; Minami et al., 1990). It contains a zinc-
binding domain, which is required for both enzymatic activities (Haeggstrém, 2000).
Second, in contrast to hydrolysis of epoxides by other EHs, hydrolysis of LTAy into
LTBs by LTA4 hydrolase does not result in a vicinal diol, Instead, the introduced
hydroxy! groups are 8 carbon atoms apart from one angther. Third, LTA4 hydrolase is
covalently modified and inactivated by its endogenous substrate LTA, during catalysis.
After initial binding of LTA4 to the active site, the hydroxyl group of Tyr378 may
attack the reactive epoxide to cause covalent modification and enzyme inactivation
(Haeggstrém, 2000).

LTA, hydrolase has been purified from a number of mammalian cells and tissues
and the molecular masses of the purified protein varies between 67 and 70 kDa (Evans
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et al., 1985; Haeggstrom et al., 1988; Iversen ef al,, 1995). Isolated LTA4 hydrolase-
encoding cDNA encodes a protein of 610 amino acids with a corresponding molecular
weight of 69 kDa (Funk ef ol., 1987, Medina et /., 1991; Minami et al,, 1995), The
human LTA, hydrolase-encoding gene is larger than 35 kb and contains 19 exons. A
single copy of the gene is present, which was localized to chromosome 12 (Mancini
and Evans, 1995).

LTA4 hydrolase contains 1 mole of zinc, which primary function is catalytic, per
mole of protein. However, at zinc concentrations exceeding a 1:1 {(metal:enzyme) ratio,
zine is inhibitory to the epoxide hydrolase activity. In addition to zinc, other divalent
cations such as Cd** and Hg2+ are effective inhibitors of LTA4 hydrolase (Wetterholm
ef al., 1994). The homology of LTA4 hydrolase to zinc proteases led to the analysis of
the inhibitory effect of protease inhibitors on LTA4 hydrolase activity. As a result of
this, bestatin and captopril, inhibitors of aminopeptidases and angiotensin-converting
enzyme respectively, were found to inhibit LT A4 hydrolase too (Orning et al., 1991).
Furthermore, more powerlul and selective synthetic inhibitors {a-keto-f-amino ester,
thioamine and hydroxamate compounds) of LTA4 hydrolase have been developed in
several laboratories (Haeggstrom, 2000).

Hepoxilin A; hydrolase

Arachidonic acid is converted by 12-lipoxygenase to vield (125)-
hydroperoxyeicosatetraenoic acid ((125)-HPETE). Hypoxilins A; and B; are hydroxy
epoxide metabolites formed through the rearrangement of (125)-HPETE by a putative
hepoxilin synthetase enzyme activity. Changes in intracellular calcium and potassium
concentrations as well as changes in secondary messenger systems appear to be the
basic biological actions achieved by hepoxiling (Pace-Asciak, 1994),

Hepoxilin A, hydrolase is a cytosolic enzyme, which has been purified from the rat
liver (Pace-Asciak and Lee, 1989). The molecular mass of the purified enzyme was 53
kDa, The presence of hypoxilin A; hydrolase activity in crude homogenates of rat
kidney, ovaries, spleen, liver, lung, skin and other tissues indicates the ubiquity of this
enzyme in the rat. Both hypoxilin A; and B, are converted by hypoxilin Aj; hydrolase to
their corresponding triols trioxilin A; and B; (Figure 8). However, hepoxilin A; is the
better substrate (Pace-Asciak et al., 1983). In addition, hypoxilin A, hydrolase is only
marginally active toward other epoxides such as leukotriene A, and styrene oxide
{Pace-Asciak and Lee, 1989),

Trichloropropene oxide, an inhibitor of mEH, also inhibits the hepoxilin epoxide
hydrolase from intact human platelets (Margalit et @/, 1993). Human neutrophils
contain specific hepoxilin A, binding sites, which might implicate a receptor-mediated
action of this epoxide (Reynaud ef al., 1996).

19




Chapter 2

HO COOH HO

Hepoxilin A3 hydrolase
HO..

Figure 8. Conversion of hepaxilin Az into trioxilin Az by hepoxilin As hydrolase.

The knowledge of hepoxilin Ay hydrolase is rather limited when compared to the
other mammalian epoxide hydrolases. Isolation and characterization of hepoxilin As
hydrolase-encoding ¢DNAs or genes would increase the knowledge of this epoxide
hydrolase and its relation to the other epoxide hydrolases.

PLANT EH

One of the first reports on epoxide hydrolase activity in plants described the
hydrolysis a fatty acid epoxide, 18-hydroxy-9,10-epoxystearic acid, to 9,10,18-
trihydroxystearic acid by a 3000 x g precipitate from an apple skin homogenate
(Croteau and Kolattukudy, 1975). The common precursor of the former compound,
9,10 epoxystearic acid, is formed by the epoxidation of oleic acid (Blée and Schuber,
1990; Pinot et al., 1992). In soybean, 9,10-epoxystearic acid is a better EH substrate
than 18-hydroxy-9,10-epoxystearic acid. Furthermore, the enantioselective hydrolysis
of ¢is-9,10-epoxystearic acid results exclusively in the formation of threo-(9R,10R)-
dihydroxystearic acid (Figure 9), which is a naturally occurring metabolite in higher
plants {Blée and Schuber, 1992b). All the fatty acid compounds mentioned above are
major components of the plant protective biopolymer cutin (Kolatinkudy, 1981).
Therefore, plant EH 1s likely to be involved in the biosynthesis of this plant envelope
polymer. In addition, soybean EH also hydrolyzes linoleic acid mono-epoxides. An
example of such an epoxide is 9,10-epoxy-12-octadecenoate, which is also known as
the leukotoxin found in mammals (Blée and Schuber, 1992a).

Figure 9. Hydrolysis of (9R,10S5)-epoxystearic acid into fhreo-{9R,10R)-dihydroxystearic acid by soybean
sEH.
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In addition to the involvement in cutin biosynthesis, fatty acid epoxides as well as
the EH generated hydroxylated derivatives play an important role in the plant defense
mechanism against plant pathogens ie. plant pathogenic fungi. For example, a
trihydroxy-octadecenoic acid is produced in plant suffering from rice blast disease and
it exerts a growth inhibitory effect against the rice blast fungus Pyricularia oryzae
(Kato er al., 1985).

Furthermore, an enzyme similar to soybean EH is involved in the biosynthesis of
dodecano-4-lactone in ripening nectarines. Therefore, plant EH might also be important
in the biosynthesis pathway of fruit aroma components (Schéttler and Boland, 1996).

In addition to these natural lipid epoxides, plant EH is also able to hydrolyze
benzyl- or phenyl- substituted epoxides such as trans-1,3- diphenylpropene oxide and
trans-stilbene oxide (Morisseau ef al., 2000).

Fatty acid epoxide hydrolase activity is present in numerous plant species (Stark ez
al., 1995). The enzyme has been purified ffom soybean seedlings as a soluble 64-kDa
dimeric prolein with an apparent subunit mass of 32 kDa (Blee and Schuber, 1992c).
However, the soluble EH purified from soybean seed was present as a monomeric
enzyme with a molecular mass of 36 kDa (Arahira er al., 2000). Furthermore,
recombinant soluble EHs from cress and potato were expressed as monomeric proteins
with masses of 36 and 39 kDa respectively. In addition to the proteins, plant EH-
encoding genes and cDNA sequences have been isolated too (Stapleton er al., 1994;
Kiyosue er a/., 1994, Guo et al., 1998; Arahira et al., 2000). The EH ¢DNAs encode
proteins of 312-321 amino acids in length with corresponding molecular masses of 35-
39 kDa. Amino acid sequence comparison studies indicate that these plant soluble
epoxide hydrolases are very similar to mammalian sEH. The main difference is the
absence of the first approximately 235 N-terminal amino acids of mammalian sEH in
plant sEH, i.e. plant sEHs are missing the N-terminal domain of the mammalian sEHs
(Kivosue et al., 1994; Stapleton ez al., 1994; Guo ef al., 1998).

The expression of soluble plant EH-encoding genes is induced after exposure to
stress-like sitvations. The cress sEH gene is induced by plant hormones such as auxin
and by draught stress (Kiyosue ef al., 1994). Potato sEH mRNA accumulates on
wounding and application of the plant hormone methy] jasmonate (Stapleton et af.,
1994). The tobacco sEH gene is induced during the resistance response to tobacco
mosaic virus (Guo er of, 1998) and the soybean sEH gene is induced by the
phytohormone ethylene (Arahira et al., 2000).

Plant sEH is inhibited by 4-fluorochalcone-oxide and trans-3-phenylglycidol in a
similar way as mammalian sEH (Kiyosue er of., 1994; Stapleton et al., 1994). Other
substituted chalcone oxides are potent inhibitors of plant sEH. However, 4-phenyi-
chalcone-oxide does not inhibit plant sEH, while it is an excetfent inhibitor of
mammalian sEH (Morisseau et «f., 2000). Furthermore, the mEH inhibitor 1,1,1-
trichloropropene-2,3-epoxide only weakly inhibits plant sEH (Pinot et al., 1997a).

A few reports discuss the existence of an additional plant EH located in the
microsomal fraction of plant cells {Biée and Schuber, 1992¢; Pinot ef al., 1997a).
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Despite these indications, more research is necessary to confirm the presence of a
mEH-type plant EH.

INSECT EH

Juvenile hormones (JHs) [, 11 and III are epoxide-containing sesquiterpenoids which
regulate embryogenesis, larval growth and development, metamorphosis and
reproduction in insects. The corpora allata secrete JHs into the hemolymph of the insect
and during development and reproduction hemolymph JH concentrations change. JHs
biosynthesis and degradation determine the JH titer in the hemolymph. Two metabolic
enzymes, JH esterase (JHE) and JH epoxide hydrolase (JHEH), are involved in the
degradation of JHs and thereby regulating JH titers (Figure 10) (de Kort and Granger,
1996).

In addition, insect EH activity has been associated with the clearance of pheromone
concentrations from insect sensory tissues. Analogues of disparlure, an epoxide-
containing pheromone, have been shown to be inhibitory to gypsy moth EH and
therefore to pheromone metabolism (Graham and Prestwich, 1994).

EH activity, both soluble and microsomal, has been demonstrated in insects such as
tobacco homworm (Manduca sexta) (Touhara and Prestwich, 1993), southern
armyworm (Spodoptera eridania) (Mullin and Wilkinson, 1980), bulb mite
(Rhizoglyphus robini) (Cohen et al, 1993), fruit flies (Drosophila melanogasier)
(Harshman et al., 1991} and the cabbage looper (Trichoplusia mi) (Hanzlik and
Hammock, 1988). The enzyme associated to the microsomal compartment (JHEH) has
been purified and contains a molecular weight of 46-50 kDa (Touhara and Prestwich,
1993; Mullin and Wilkinson, 1980).

Figure 10, Conversion of juvenile hormone Il into its corresponding dicl by JHEH.

Although JHs are its endogenous substrates, insect EH shows high activity toward
monosubstitued epoxides such as 1,2-epoxyoctane and styrene oxide and lower activity
toward cis-1,2-distubstituted epoxides such as cyclohexene oxide (Mullin and
Wilkinson, 1980). Therefore, an additional role for the insect EH might be the
detoxification of harmful epoxides. Interestingly, EH activity is considerably induced
(4-5 fold) in mites ingesting frans-stilbene-oxide-impregnated filter papers or plant
material from onions and garlic. Nevertheless, tobacco homworm JHEH showed
highest activity toward JH HI. The relative activities for other substrates such as JH I,
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JH 1L, ¢rans- and cis-1,3-diphenylpropene oxide, trans- and cis-stilbene oxide and cis-
9,10-cpoxystearic acid were all less than 16% compared to JH ITT {100%) (Debernard et
al., 1998).

Phytochemicals such as sinigrin, flavone, menthol, trars-fB-carotene, chalcone and
trans-cinnamic acid decrease bulb mite EH activity (Cohen et al., 1993). In addition,
several epoxides such as 1,1,1-trichloro-2,3-epoxypropane and mixed-function oxidase
inhibitors inhibit southerm armyworm EH (Mullin and Wilkinson, 1980). Recently, two
classes of inhibitors, a glycidol-ester series and an epoxide-ester series, of JHEH from
the cabbage looper were developed and found to be highly effective (Linderman ef al.,
2000).

Insect JHEH-encoding cDNAs have been isolated from tobacco homworm
(Wojtasek and Prestwich, 1996) and cabbage looper (VanHook Harris et al., 1999).
These cDNA sequences encode proteins of 462 and 463 amino acids respectively. The
respective predicted amino acid sequences share 44% and 39% sequence identity to
human mEH. Southemn blot analysis suggests that multiple epoxide hydrolase genes are
present in the cabbage looper (VanHook Harris er al., 1999).

FUNGAL EH

Fungi

The plant pathogenic fungus Fusaritim solani pisi was one of the first fungi found to
contain an epoxide hydrolase activity (Kolattukudy and Brown, 1975). A cell-free
extract prepared from cutin grown F. solani pisi cells catalyzed the hydrolysis of a
cutin epoxide-containing monomer, 1&8-hydroxy-9,10-epoxyoctadecancic acid (18-
hydroxy-9,10-epoxystearic acid), to 9,10,18-trihydroxyoctadecanoic acid. Interestingly,
less than 6 % of this activity was observed when cells were grown on glucose instead
of cutin. Therefore, the epoxide hydrolase of this fungus is induced by cutin
{monomers). Moreover, it might take care of the detoxification of toxic epoxy acids,
which are released from the plant by fungal hydrolysis of the cutin-polymer thus
making a successful invasion possible. However, 9,10-epoxystearic acid, another cutin
monomer, as well as styrene oxide were not readily hydrolyzed by this fungus
(Kolattukudy and Brown, 1975},

Other fungal epoxide hydrolase activities have been reported and are involved in
the metabolism of phenanthrene by white rot fungi (Bezalel et al., 1996; Sutherland,
1991) or coincide with secondary metabolite pigment production in dematiaceous fungi
(Grogan ef al., 1996).

In addition, multiple EHs are believed to be related to the production of host-
specific toxins by the tomato pathogenic fungus Alternaria alternata f. sp. lycopersici
(Morisseau et al., 1999¢). With molecular masses of 20-25 kDa, these EHs are different
from sEH and mEH. One of the EH activities was located in the soluble fraction of a
cell extract and hydrolyzes its possible physiological substrate 9,10-epoxystearic acid
more efficiently than the model sEH and mEH substrates frans- and cis-stilbene oxide
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and trans- and cis-diphenylpropane oxide. /n vivo treatment of the fungal culture with
the peroxisome proliferator clofibrate stimulated EH activity by 83% and enhanced
toxin production 6.3 fold. Potent inhibitors of mammalian sEH e.g. 4-fluorochalcone
oxide also inhibited this fungal sEH activity (Pinot et al., 1997h).

The EH from A. niger has been purified to homogeneity using p-nitrostyrene oxide
as substrate. This soluble enzyme is a tetramer composed of four identical subunits
with a molecular mass of 45 kDa. A DNA probe for the enzyme has been obtained by
genomic PCR using degenerate primers derived from intemal peptide sequences
{Morisseau et al., 1999a). Subsequently, the gene has been cloned and characterized. It
encodes a polypeptide of 398 amino acids with a calculated molecular weight of 44.5
kDa. The deduced amino acid sequence of this soluble A. niger EH shares significant
sequence similarity to membrane bound mammalian mEH. However, the mEH N-
terminal membrane anchor sequence is missing in the fungal enzyme, which explains
its soluble character (Arand et al., 1999).

Yeasts

Information on biological functions of yeast EHs is very limited. Nevertheless, an
EH activity has been demonstrated in the biosynthesis route of the aroma compounds y-
decalactone and vy-dodecalactone in the lactone producing veast Sporidioboius
saimonicolor. The EH involved catalyzes the hydrolysis of 9,10- and 11,12-
epoxystearic acid esters, which is the first step in this pathway (Haffner and Tressl,
1998).

Following research on the potential of fungal and bacterial EH activities, a number
of different yeast strains have been screened for the hydrolysis of styrene oxide
(Weijers and de Bont, 1999). From this study, Rhodotorula glutinis CIMW 147 was
selected for further analysis. It exhibits a remarkably broad substrate range including
aryl-, alkyl- and alicyclic epoxides. High enantioselectivity was demonstrated in the
hydrolysis of methyl substituted aryl and aliphatic epoxides, whereas lower selectivity
was seen with terminal epoxides (Weijers, 1997). Meso-compounds 2,3-epoxybutane,
1,2-epoxycyclopentane and 1,2-epoxycyclohexane are also accepted, which is of
special interest since enantiopure frars diols could be obtained with a theoretical yield
of 100% (Weijers and de Bont, 1999). In general, the asymmetric hydrolysis of meso-
epoxides by microbial epoxide hydrolases is rare (Archer, 1997). The hydrolysis of a
homologous range of unbranched 1,2-epoxyalkanes (Figure 11) revealed that both
enantioselectivity and reaction rate are strongly influenced by the chain length of the
epoxide. The enantioselectivity was optimal in the hydrolysis of 1,2-epoxyhexane,
while 1,2-epoxyheptane was converted at the highest initial reaction rate (Weijers ez al.,
1998).
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1 2 3

Figure 11. 1,2-Epoxyalkanes, substrates of the R. giutinis EH. 1, 1,2-Epoxyhexane. 2, 1,2-Epoxyheptane.
3, 1,2-Epoxyoctane.

Low enantioselectivity in the hydrolysis of 1,2-epoxyoctane by many EHs
prompted Botes et al. (1998) to screen for a 1,2-epoxyoctane enantioselective EH
containing yeast strain. A total number of 187 yeast strains from 25 genera were
analyzed. Of these, 8 yeast strains belonging to the basidiomycetes genera
Rhodotorula, Rhodosporidium and Trichesporon hydrolyzed 1,2-epoxyoctane in an
asymmetric way. Rhodotorula araucariae CBS 6031 and Rhodosporidium toruloides
CBS 349 exhibited excellent enantioselectivity for this aliphatic epoxide. Taken
together, it is evident that substrate specificity and enantioselectivity in basidiomycetes
yeasts are strain dependent {Botes ef al., [998).

The EH from R. glutinis CIMW 147 is membrane associaled and has been purified
after solubilization by Triton X-100. The native enzyme exists as an homodimeric
protein with a subunit molecular mass of 45 kDa. Peptide analysis revealed an amino
acid sequence very similar to that of mEH (Kronenburg et al., 1999). Additionally, the
membrane associated EH from R. toruloides CBS 349 was purified to homogeneity.
The enzyme has an apparent monomeric molecular mass of 54 kDa. A carbohydrate
content of over 42% indicates heavy glycosylation of this yeast EH (Botes, 1999), In
addition to the EH activities of R. glutinis CIMW 147 and R. toruloides CBS 349, the
EH activities of other related Rhodotorula and Rhodosporidium as well as
Trichosporon species were membrane associated (Botes ef al., 1999b).

The R. toruloides enzyme is inactivated by chemical residue-specific modification
of Asp/Glu, His and Ser residues. In addition, metals such as Co™, Hg2+, Ag2+, Mgh
and Ca®" inhibited enzyme activity, whereas EDTA increased enzyme activity (Botes e
al., 1999a).

Detergents have been shown to affect the R giwsinis EH. Several non-ionic
detergents stimulated both the specific activity of the enzyme as well as the
enantioselectivity. Thesit and sucrosemonolaurate had the most pronounced effect
(Kronenburg and de Bont, 2001).

Kull et al. (1999) have cloned and characterized a bifunctional leukotriene A4
hydrolase from S. cerevisiae, which is 42% identical to the human LTA, hydrolase,
The human LTA, hydrolase converts LTAy into LTB,. However, S. cerevisiae LTA4
hydrolase does not. In the hydrolysis of LTA., a compound identified as (55,65)-
dihydroxy-7,9-trans-11,14-cis-eicosatetraenoic actd was produced instead of LTB4
((5S,12R)-dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid). It has been suggested
that, as no leukotriene biosynthesis and 1.TA4 formation has been described in yeast,
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the §. cerevisiae LTA4 hydrolase active site accommodates some other lipid, which is
structurally related to LTAy4 (Kull et al., 1999).

BACTERIAL EH

Tnitially, research on bacterial epoxide hydrolases was focused on the use of these
enzymes as asymmetric biocatalysts in the process of obtaining enantiopure epoxides
and/or vicinal diols, Therefore, most EH-containing bacteria were isolated in epoxide
hydrolase screening programs for the hydrolysis of certain types of epoxides {(Mischitz
et al., 1995; Zocher et al., 2000). Especially the group of K. Faber (Graz, Austria)
analyzed a great number of different bacteria for their abilities to hydrolyze epoxides.
Among these bacterial species, which showed interesting EH activity, are several
Rhodococci (Hechtherger ef al., 1993; Faber er al., 1996), Corynebacterium sp. UPT 9
(Mischitz et al., 1995), Mycobacterium paraffinicumn NCIMB 10420 and Nocardia
species (Kroutil er al., 1996). In general, 2,2- and 2,3-disubstituted epoxides are
hydrolyzed with good to excellent enantioselectivity by these bacterial enzymes (Ormu
and Faber, 1999).

Contrary to the "random” screening of bacterial strains in order to find an EH-
containing bacterium, other bacteria were isolated by selection for growth on an
epoxide as sole source of carbon and energy. Thus indicating a specific metabolic
function of these enzymes. Corynebacterium sp. Cl12 was isolated on cyclohexene
oxide (Carter and Leak, 1995), while Agrobacterium radiobacter AD1 was isolated on
epichlorohydrin (van den Wijngaard ef al., 1989) (Figure 12).
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Figure 12. Chemical structures of cyclohexena oxide (1), epichlorohydrin (2) and limonene-1,2-
epoxide (3).

The enzymes purified from Corynebacterium sp. C12 and A. radiobacter AD1 have
subunit sizes of 32 and 35 kDa respectively. While the Corynebacterium sp. C12 EH
was found to be a multimeric (probably tetrameric) protein, the 4. radiobacter AD1 EH
was isolated as a monomeric protein (Misawa er al., 1998; Jacobs et al., 1991),

The genes encoding the Corynebacterium sp. C12 and A. radiobacter ADI1
enzymes have been isolated and encode polypeptides of 287 amino acids (32 kDa) and
294 amino acids (34 kDa) respectively. Amino acid sequence comparison to protein
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databases indicates that these bacterial enzymes are similar to one another and to the
sEHs found in mammals and plants {(Misawa et al., 1998; Rink er al., 1997).

While bacterial sEHs are expressed constitutively, the expression level is induced to
a much higher level by the growth substrates c¢yclohexene oxide and frans-
dihydroxycyclohexane as was observed for the Corynebacterium sp. Cl2 epoxide
hydrolase (Carter and Leak, 1995).

Recently, a novel degradation pathway of the monoterpene limonene, a plant
secondary metabolite, by Rhodococcus erythropolis DCL14 was reported and includes
the conversion of limonene-1,2-epoxide (Figure 12) to limonene-1,2-diol {van der
Werf et al., 1999b). The enzyme involved, limonene-1,2-epoxide hydrolase (LEH), is
induced when R. erythropolis DCL14 is grown on monoterpenes. LEH was purified to
homogeneity and found to be a monomeric cytoplasmic enzyme of only 17 kDa. LEH
exhibits narrow substrate specificity, i.e. of several compounds tested only limonene-
1,2-epoxide, 1-methylcyclohexene oxide, cyclohexene oxide and indene oxide were
substrates. LEH belongs to a novel class of epoxide hydrolases (van der Werf ¢f al.,
1998).

EHs AND THE o/f HYDROLASE FOLD FAMILY OF ENZYMES

Soluble and microsomat EH belong to the o/f hydrolase fold family of enzymes

Amino acid sequence comparison of mammalian sEH and mEH reveals no clear
similarity or relation between these two enzymes. However, both proteins share
significant sequence similarity to the bacterial haloalkane dehalogenase (Arand ef al.,
1994), which is a member of the o/ hydrolase fold family (Franken et al., 1991).
Based on the sequence similarity to haloalkane dehalogenase, it was hypothesized that
sEH and mEH are distantly related enzymes that have evolved, together with
haloalkane dehalogenase, from a common ancestral protein, Moreover, sEH and mEH
probably belong to the o/p hydrolase fold family of enzymes, which hydrolyze
epoxides via an enzyme-substrate-ester intermediate (Arand et al., 1994).

Consequently, the related structures of these enzymes contain a highly similar o/
sheet, which consists of P-sheets connected by a-helices (Figure 13) (Ollis er al.,
1992). The best-conserved structural features of the fold are the loop-borne elements of
a catalytic triad. The order of the catalytic amino acid residues in the primary sEH and
mEH structure is always a nucleophilic residue, an acidic residue and a perfectly
conserved His residue. The nucleophilic residue, Asp, is situated in a nucleophile
"elbow" and fits in the conserved motif: s-x-n-x-s-s, where "s" is a small restdue, "x" is
any residue and "n" is the nucleophile. The acidic residue is either a Glu or Asp.
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Figure 13. Schematic representation of the o/f hydrolase fold. p1-p8, B-sheets. aA-aF, a-helices. The
positions of the members of the catalytic triad are indicated (Nucleophile, Acid and Histidine).

The hydrolysis reaction occurs in two steps starting with the formation of a covalent
intermediate formed between the nucleophile and the substrate. This intermediate is
stabilized by another conserved motif, the oxyanion hole. The covalent intermediate is
hydrolyzed in the second step by a water molecule, which is activated by the Asp/Glu-
His pair.

The gene evolution of epoxide hydrolases was further studied by Beetham et al.
(1995). The amino acid sequence relationships of mammalian sEH to plant sEH, mEH,
haloalkane dehalogenase and haloacid dehalogenase were analyzed. Homology was
found between the carboxy-terminal residues (230-554) of mammalian sEH and
haloalkane dehalogenase, plant sEH and mammalian mEH. The amino-terminal
residues (1-229) of mammalian sEH are homologous to haloacid dehalogenase.

The homology between haloalkane dehalogenase and haloacid dehalogenase does
not indicate relatedness between these enzymes. Mammalian sEH was suggested to
derive from a gene fusion based on the homology of the amino- and carboxy-terminal
residues to the respective dehalogenases. Additionally, the homology of mammalian
sEH and mEH suggest that they derive from a gene duplication, probably of an
ancestral bacterial (epoxide) hydrolase gene (Beetham er af., 1995).

The relatedness of mammalian sEH, mEH, JHEH, plant sEH, bacterial sSEH and
fungal EH is illustrated in figure 14.
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Figure 14. Phylogenetic tree of several «/B hydrolase fold EHs. EH, epoxide hydrolase. sEH, soluble EH,
mEH, microsomal EH. JHEH, juvenile hormone EH. A. thaliana, Arabidopsis thaliana. S. tuberosum,
Solanum fuberosum. A. radiobacter, Agrobacterium radiobacter. M. sexta, Manduca sexta. T. mi,

Trichoplusia ni. A. niger, Aspergifius niger.

The enzymatic mechanism of o/f hydrolase fold EHs

Initially, conversion of epoxides by EHs was thought to occur by direct hydrolysis.
In this mechanism a specific histidine residue of the enzyme activates a water molecule
by proton abstraction. Subsequently, the activated water hydrolyzes the epoxide by
nucleophilic attack (Hanzlik ef al., 1976; DuBois et al., 1978). However, an alternative
two-step-mechanism was proposed (Armstrong er al., 1980). In this mechanism, an
acidic amino acid residue of the EH performs a nucleophilic attack at the epoxide ring,
which resulls in a covalent intermediate between substrate and enzyme by means of an
ester bond. Then, a histidine activated water molecule hydrolyzes this bond resulting in
the diol product and the regenerated enzyme.

The first experimental results supporting this mechanism came from single-turnover
experiments showing the transfer of radio-labeled oxygen (**0) from mEH to 1,10-
phenanthroline 5,6-oxide, which indicates the formation of a substrate-enzyme ester
intermediate (Lacourciere and Armstrong, 1993). Additionally, the results of other
biochemical experiments suggests the covalent linkage of Asp™” of murine sEH to its
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substrate (Borhan et al., 1995; Pinot ef al., 1995). Furthermore, a putative covalent
enzyme-substrate intermediate was isolated by the brief exposure of murine sEH to
radio-labeled JHIII (Hammock et al., 1994). Definitive proof for the formation of an
enzyme-substrate-intermediate was reported by Miiller er al. (1997). An enzyme-
substrate-ester intermediate between rat mEH and “*C-labeled cis-9,10-epoxystearic
acid was visualized by denaturing SDS protein gel electrophoresis and subsequent
fluorography. The radio-active signal of the mEH-substrate intermediate could be
suppressed by inclusion of the competitive inhibitor 1,1,1-trichloropropene oxide in the
mEH/cis-9,10-epoxystearic reaction mixture. In a similar way, binding of "*C-labeled
¢is-9,10-epoxystearic acid to rat sSEH was demonstrated.

Based on homology to haloalkane dehalogenase the members of the catalytic triad
for sEH (Asp’ > -Asp**-His*>) and mEH (Asp™-Glu**-His*") were predicted (Arand
et al., 1994; Beetham et af., 1995). These candidate catalytic residues have been
chanped in the respective enzymes by site directed mutagenesis. As predicted, murine
sEH mutants with changes in the positions of Asp™>, Asp*®®, and His’> were
completely inactive (Pinot ef al., 1995; Arand ef ol., 1996). Similarly, in several other
reports site specific mutants of mEH revealed Asp”™, Glu** and His""' to constitute the
catalytic triad (Bell and Kasper, 1993; Laughlin ef al., 1998; Tzeng et al., 1998, Arand
et al., 1999). Members of the catalytic triad of other o/B hydrolase fold EHs have been
identified and align with the catalytic residues of the respective sSEH and mEH enzymes
(Rink er al., 1997; Arand et al., 1999).

Enzyme kinetics studies show that for most EHs the first step of the reaction
proceeds significantly faster than the second step, which is therefore rate limiting
{Tzeng et al., 1996; Rink et al., 1998; Arand et al., 1999), For example, the mEH rate
constant of the first step is three orders of magnitude higher than the rate constant of
the second step with glycidyl-4-nitrobenzoate as substrate (Tzeng et al., 1996).

X-ray structures of o/f hydrolase fold EHs

Recently, crystal structures of the EHs from A. radiobacter AD1, murine liver
cytosol and 4. niger were reported (Nardini et al., 1999; Argiriadi et al., 1999; Zou et
al., 2000). The information of the enzyme’s structure confirms previous found data and
also shows new aspects of the way EHs operate.

The first three-dimensional EH structure was reported for A. radiobacter AD1 EH
(Nardini et al., 1999). This enzyme shows a two-domain structure: a core domain
showing the typical o/ hydrolase fold topology and a second mainly o-helical domain,
which lies like a cap on top of the core domain. The active site cavity, with the catalytic
residues Asp'”’ and His™™, is located in a predominantly hydrophobic environment
between these two domains. However, the acidic member of the catalytic triad, Aspz“’,
is forced away from the active site due to crystal packing forces. A side chain of Gln'**
takes the vacant space and thereby mimics a bound substrate. A tunnel, connecting the
back of the active site cavity and the surface of the enzyme, provides access to the
active site for the catalytic water molecule. The nitrogen atoms of Phe'®® and Trp™®
form the oxyanion hole.

30




Molecular biology, biochemistry and potential application of EHs

Importantly, two previously unanticipated tyrosine residues (Tyr'>* and Tyr*'’) are

the only acidic functional groups present in the active site (Nardini et al., 1999, 2001).
These cap domain located tyrosine residues polarize and activaté the epoxide ring by
hydrogen bond formation, which facilitates the nucleophilic attack by Asp'”. As a
result of the formation of the covalent bond between the primary carbon atom of the
epoxide and the carboxylic side chain of Asp'® a negative charge emerges on the
epoxide oxygen. This newly formed oxyanion is stabilized by dislocation of the
negative charge to one of the tyrosines by transferring a proton (Rink et al., 1999,
2000).

The crystal structure of murine sEH revealed that the sEH is a dimer (Argiriardi et
al., 1999). Each sEH monomer is composed of an N-terminal (Arg®-Gly*'®) and a C-
terminal domain (Val**>-Ala®*"), which are comnected by a 16-residue proline-rich
linker (Thr*'®-Asp®*). The C-terminal domain contains the active site for epoxide
hydrolysis. Its structure is similar to that of haloalkane dehalogenase and A.
radiobacter AD1 EH, which have o/p hydrolase folds. The N-terminal domain contains
a vestigial active site, which is similar to that of haloacid dehalogenase. The vestigial
domain plays an important structural role by stabilizing the dimer, but does not
participate in epoxide hydrolysis, The active site of sEH is located at the base of a,
hydrophobic pocket-containing, L-shaped cavity. In addition to the catalytic triad
{Asp*P-Asp*-His™®), a tyrosine residue (Tyr*®®) was identified, which may function
in epoxide activation and opening (Argiriardi et ol., 1999). Indeed, both Tyr™ and
Tyr*® are required for full catalytic activity (Yamada ez al., 2000). Additionally, the x-
ray structures of atkylurea inhibitors complexed with murine sEH show hydrogen bond
interactions between the inhibitors and Tyr’®' and Tyr*®*. This suggest that these
tyrosine residues serve as general acid catalysts that facilitate epoxide ring opening in
the first step of the hydrolysis reaction (Argiriadi et al., 2000).

A. niger EH is a soluble enzyme with an amino acid sequence, which is similar to
the amino acid sequence of the membrane bound enzyme mEH. However, it lacks the
N-terminal membrane anchor sequence of mEH. The catalytic triad has been identified
as Asp'?, Asp™® and His*™. The acid residue of the charge relay is an Asp residue
(Asp™*®), whereas the corresponding residue in all other mEHs is a Glu residue. The
presence of Asp®*® contributes to the high epoxide turnover number of this fungal
enzyme when compared to other EHs. In the hydrolysis of 4-nitrostyrene oxide by 4.
niger EH the first step in the reaction procedure is rate limiting, which is in contrast to
the common second step of hydrolysis of the ester intermediate (Arand et al., 1999).
Despite these differences, the x-ray structure of 4. niger EH is of special interest
because of its relationship to the very important mammalian epoxide-metabolizing
enzyme mEH.
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Figure 15. Schematic prasentation of the reaction machanism of a/p hydrolase fold EHs. In the first step,
the epoxide, which is positioned by tyrosine residues, is attacked by the Asp nucleophile. An enzyme-
substrate-aster intermediate is formed. The intermediate is hydrolyzed in the secand step by an Asp/Glu-

His pair-activated water molecule. This resuits in the formation of the dicl and the regenerated enzyme.

The x-ray structure of 4. niger EH revealed a dimer consisting of two 44 kDa
subunits. Each subunit is composed of three parts. First, there is a core «/P hydrolase
fold, which contains the active site residues. Second, a lid or cap is present, which caps
the active site and protrudes from the o/p hydrolase fold. The third part is an N-
terminal meander that in tum caps the lid. The dimer interface results primarily from
the interaction of the lids and the tips of the N-terminal meanders. The catalytic triad
Asp'®, Asp®® and His’™* have been found on expected positions in the crystal
structure. In analogy to the other EH crystal structures, two tyrosine residues, Tyr'
and Tyr'", have been identified which probably act as proton donors for the epoxide
ring, thereby facilitating ring opening in the first step of the reaction (Zou et ai., 2000).

The structure of A. niger EH has been suggested to be representative for the class of
mEHs (Zou er al., 2000). Therefore, new insights could be given on several
unanswered questions concerning mEH. For example, the inability of mEH to
hydrolyze bulky trans-substituted epoxides could be explained by the shape of the
substrate-binding site: the catalytic nucleophile waits for the substrate at the end of a
relative narrow hydrophobic tunnel. Inhibition of mEH by fatty acid amides could be
explained by the binding of these inhibitors to the two proton donating tyrosine
residues. The N-terminal part of mEH that precedes the core o/ hydrolase fold is
unique to mEHs and could offer the possibility of mEH to interact with other
xenobiotic  metabolizing enzymes such as  cytochrome  P450-dependent
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monooxygenases. However, based on the A. aiger EH structure a possible role of mEH
in bile acid transport was rejected (Zou ef al., 2000).

The reaction mechanism of o/} hydrolase fold EHs can be summarized as follows:
In the first step, the epoxide moiety of the substrate is bound and activated by active
site located tyrosine residues to facilitate ring opening. A covalent intermediate
between enzyme and substrate is formed upon nucleophilic attack of de epoxide ring by
the nucleophilic residue. In the second step, the histidine and acidic residue of the so-
called charge relay activate a water molecule by proton abstraction, which in tum
hydrolyzes the covalent enzyme-substrate ester intermediate. This step results in the
diol-product and regenerated enzyme (Figure 15).

Aspects concerning the catalytic mechanisms of non o/f hydrolase fold EHs

Detailed insight into the catalytic mechanism of the zinc metalloenzyme LTA.
hydrolase has been obtained by determination of its crystal structure, The structure does
not show the specific topology of an o/ hydrolase fold. Based on the LTA, structural
data a reaction mechanism of LTA, hydrolysis has been proposed, which is different
from that of the o/p hydrolase fold EHs (Thunnissen et /., 2001).

Contrary to LTA4 hydrolase, no information is available on the catalytic mechanism
of hepoxilin hydrolase. Therefore, no comparison of this enzymatic activity to other EH
activities can be made.

Microsomal EH catalyzes epoxides by a base-catalyzed mechanism, whereas
cholesterol 5,6-oxide hydrolase operates by an acid-catalyzed mechanism (Nashed et
al., 1986). Miiller et al. (1997) have visualized the covalent intermediates between two
EHs, mEH and sEH, and their substrates, which is typical for o/p hydrolase fold EHs.
However, the same experimental approach could not reveal covalent binding of
cholesterol epoxide to cholesterol 5,6-oxide hydrolase. Therefore, the enzymatic
mechanism and structure of cholesterol 5,6-oxide hydrolase are different from those of
sEH and mEH.

LEH from R. erythropolis DCL14 belongs to a novel class of EHs, which is
different Irom the «/P hydrolase fold EH class. For example, the nucleophilic attack of
LEH on l-methylcyclohexene oxide takes place at the more substituted carbon atorn,
which suggests an acid catalyzed reaction mechanism (van der Werf ef al., 1999a).
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