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General Introduction
Short-chain halogenated aliphatic compounds there has been increasing attention for
are manufactured in bulk quantities by the legislation aimed at prevention and great
chemical industry (Table 1). They are used for a pressure to reduce the production and emission
broad range of applications such as rates. There also has been an enormous
intermediates for chemical synthesis, research effort to understand the fate and
plasticizers, hydraulic and heat transfer fluids, ecotoxicological effects of individual and
solvents, fungicides, insecticides, herbicides and mixtures of halogenated hydrocarbons. We now
nematocides. 1,2-Dichloroethane for instance is know that many halogenated hydrocarbons can
used for the synthesis of vinyl chloride, a serve as a growth substrate for microorganisms,
starting compound for the synthesis of polyvinyl whereas others are degraded without any
chloride (PVC). Compounds such as benefit for the organisms catalyzing the
tetrachloroethene and trichloroethene are used reaction. This latter process is referred to as
as degreasing agents, whereas 1,2- cometabolism, and for several important
dibromoethane and 1,3-dichloropropene are environmental pollutants, such as chlorinated
used as nematocides in agriculture. As a result ethenes, it is probably the only available option
of these applications and due to spillage or for biodegradation under aerobic conditions. 
improper disposal these compounds have The general introduction in this thesis will
entered the environment and have caused give an overview on the chemical and physical
contamination of soil and groundwater at many properties of chlorinated aliphatic hydrocarbons
sites. and the toxicology and metabolism of

For a lomg time, it has been assumed that halogenated ethenes in mammals. It will than
halogenated hydrocarbons mainly enter the switch to the bacterial degradation of
environment from anthropogenic sources. halogenated compounds and it will describe
However, it is now clear that many halogenated how product toxicity may explain why only
aliphatic compounds detected in the cometabolic degradation has been reported for
environment can originate from natural abiotic most chlorinated ethenes. The studies described
sources, for instance volcanoes, as well as from in Chapter 2 and 3 were performed using a
biotic sources, such as, plants, marine methanotroph that is capable of the cometabolic
organisms, fungi, and mammals (Gribble, 1992 degradation of chlorinated ethenes, and an
and 1994). The environmental relevance of overview of the available data on the
emission from natural sources is illustrated by physiology and bioremediation potential of
the annual global emission of chloromethane, methanotrophs will be presented. From the data
which has been estimated to be as high as 5 in Chapter 2 and 3 and literature data it was
million tons. This is more than two orders of concluded that the sensitivity of methanotrophs
magnitude higher than the anthropogenic to product toxicity is a major limitation for the
chloromethane emission (Gribble, 1994; transformation of chlorinated ethenes by these
Harper, 1985). However, for the halogenated organisms and that most toxic effects arise from
compounds that are considered in this thesis, the inability to detoxify the reactive chlorinated
chlorinated ethenes, emission is mainly ethene epoxides. Furthermore, an overview on
anthropogenic. the current knowledge about enzymes that

 From the 1960s it has become clear that the convert epoxides will be presented. Chapters 4,
anthropogenic introduction of halogenated 5, and 6 focus on a glutathione S-transferase
compounds in nature may have important and
often unpredictable consequences. As a result,
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Table 1. Estimated annual world production in the 1980s of the 10 most-produced chlorinated aliphatic
hydrocarbons (Chem & Eng. News 1991 69:28-74).

Compound World production
10  ton year6 -1

Product/application

1 ,2-Dichloroethane
Vinyl chloride
Tetrachloroethene
Trichloroethene
Ttetrachloromethane
Trichloromethane
1,1,1-trichloroethane
Epichlorohydrin
Dichloromethane
Chloromethane

23.0
18.5
1.2
1.0
1.0
0.9
0.8
0.7
0.6
0.5

Vinyl choride/polyvinyl chloride
Polyvinyl chloride
Dry cleaning/solvent
Dry cleaning/solvent
Synthetical rubber
Intermediate in synthesis
Solvent
Intermediate in synthesis
Solvent
Solvent

with activity towards epoxides that is present in (Henschler, 1986 and 1994). The presence of
an isoprene-utilizing bacterium. Therefore, the halogen substituents causes a destabilization the
biological significance of isoprene will be adjacent carbon-carbon bond system in alkanes
described and an overview on bacterial whereas adjacent carbon-carbon bonds are
glutathione S-transferases will be presented. stabilized in alkenes. These basic considerations

Halogenated Hydrocarbons

Chemical and toxicological properties of
halogenated hydrocarbons. Halogenated
hydrocarbons are toxic for man and may also
have significant ecotoxicological effects. In
most cases the presence of a halogen-
substituent affects both the chemical and
toxicological properties of hydrocarbons
(Henschler, 1986, 1994a  and 1994b). The
electron withdrawing effect of halogen
substituents make the halogen-substituted
carbon atom susceptible to reactions with
nucleophilic groups in biomolecules. Indeed, in
dehalogenation reactions that are catalyzed by
specialized enzymes, called haloalkane
dehalogenases, the dehalogenation is initiated
by a nucleophilic attack of an active-site residue
on the halogen-substituted carbon atom (Pries
et al., 1994). In general, halogen substituents
cause an electron deprivation in the adjacent
carbon-carbon bond. This has completely
different consequences for the chemical
reactivity of halogenated alkanes and alkenes
compared to their non-halogenated analogs

are helpful in understanding the metabolic fate
of halogenated aliphatics in mammals. Reaction
of halogenated alkanes with activated oxygen,
which is catalyzed by cytochrome P450 (see
below), results in the formation of alcohols or
free radicals, whereas epoxides will be the
major oxidation product of halogenated
alkenes.

The reactivity of the (oxidation) products
that are formed from halogenated alkenes and
alkanes is the main cause of their toxicity. For
most chlorinated ethenes toxic effects have
been well documented (Henschler, 1994b).
Acute toxicity after exposure to high
concentrations in inhalation tests caused death
in both mice and rats as a result of respiratory
failure and/or circulatory collapse. More
practically relevant are chronic toxicity tests. It
has been shown that with all chlorinated ethenes
the primary effects of chronic exposure are
mainly liver and kidney damage (Table 2).
These observations have resulted in legislation
with respect to safety rules (Table 2).
Chlorinated ethenes are also mutagenic which is
not caused by the substrates as such, but rather
by the products after (oxidative) bioactivation,
of which the mechanisms will be discussed
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Table 2. Chlorinated ethenes: MAC values in the Netherlands and target organs.

compound MAC values1)

(ppm)
Target organs3)

Chloroethene (vinyl chloride)
1,1-Dichloroethene
1,2-Dichloroethene (cis and trans)
Trichloroethene
Tetrachloroethene

    -2)

    5
200
  35
  35

Liver, kidney
Kidney
Liver, kidney
Liver, kidney
Liver, kidney

 Source NIA TNO (www.nia.tno.nl)1) .

 This compound has been shown to be carcinogenic and consequently the MAC value has2)

   been withdrawn. 
 Adapted from Henschler, 1994.3)

below. Vinyl chloride is a well known sites in biological molecules (Fig. 1)
carcinogen for man and other mammals (Bolt et (Guengerich and Strickland, 1977; Kline and
al., 1982; Henschler, 1994a and 1994b). For van Duuren, 1977).
the other chlorinated ethenes carcinogenicity Because of the industrial importance of vinyl
has been demonstrated in laboratory chloride, numerous studies have been done on
experiments, usually with high exposure levels, its metabolism and toxicity (Giri, 1995;
but this has not been confirmed with Guengerich et al., 1981; Henschler, 1986,
epidemological studies (Henschler, 1994a; 1994a and 1994b; Kappus et al., 1975). The
McLaughlin and Blot, 1997). cytochrome P450 that oxidizes vinyl chloride to

Metabolism of chlorinated ethenes in
mammals.  The bioactivation reactions which
cause the mutagenic and carcinogenic effects of
chlorinated ethenes have to a large extent been
elucidated in the late seventies and early
eighties, and several comprehensive reviews on
this subject are available (Bolt, et al., 1982;
Fahrig et al, 1995; Giri, 1995; Henschler, 1986,
1994a and 1994b). As early as in 1945 it was
recognized that the key step in chlorinated
ethene metabolism is the metabolic oxidation to
the correspondingepoxides (Powell, 1945).
Overwhelming evidence is now available that
cytochrome P450 catalyzes these oxidations
(Fig. 1)(Bonse et al., 1975; Guengerich et al.
1991; Guengerich et al., 1981; Guengerich and
Strickland, 1977; Henschler, 1986, 1994a and
1994b). The chlorinated ethene epoxides
(chlorinated epoxyethanes) are electrophilic
compounds that either directly, or after
intramolecular rearrangement (Griesbaum,
1975; Kline et al., 1978) react with nucleophilic

chloroepoxyethane is rapidly inactivated upon
this reaction (Guengerich et al., 1977). 

A special case is represented by 1,1-
dichloroethene because of its asymmetric
chlorine and electron distribution. Oxidation to
an epoxide has never been directly
demonstrated, but from analysis of the
metabolites that are produced it has been
concluded that 1,1-dichloroepoxyethane is the
major primary metabolite produced from 1,1-
dichloroethene (Folkert, 1997).   

Several studies have shown that cis- and
trans-1,2-dichloroethene are oxidized to the
corresponding epoxides by cytochrome P450
(Leibman and Ortiz, 1977; Costa and Ivanetich,
1982; Henschler, 1986). Compared to other
chlorinated epoxyethanes, these epoxides are
relatively stable in aqueous solutions with half-
lives of 31 h and 72 h for trans- and cis-1,2-
dichloroepoxyethane, respectively (Janssen et
al., 1988). The epoxides may rearrange to
dichloroacetaldehyde or may be further
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Fig. 1. Mammalian metabolism of chlorinated ethenes. (A) Oxidation by cytochrome P450 (Henschler, 1986 and
1994). The resulting epoxides may react with cellular nucleophiles, rearrange to acyl chlorides or chlorinated
acetaldehydes, or hydrolyse to unstable chlorinated vic-diols. (B) Reductive dechlorination of trichlorethene and
tetrachloroethene by GSH S-transferases (Henschler, 1994). The mercapturic acid is converted to a reactive
thioketene or to an N-acetylated mercapturic acid which is readily excreted in the urine.
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converted by epoxide hydrolases or glutathione enzymes, termed dehalogenases, are involved in
S-transferases (Fig. 1) (Costa and Ivanetich, the cleavage of carbon-halogen bonds and the
1982).  data on the physiology and genetics of

Detailed in vivo and in vitro studies on dehalogenation have been reviewed (Fetzner
oxidative trichloroethene metabolism by and Lingens, 1994; Janssen et al., 1994;
cytochrome P450 are available (Henschler, Leisinger et al.,1994). Most of the
1986; Ensley, 1991; Miller and Guengerich, dehalogenases do not cleave carbon-halogen
1983). As with the other chlorinated ethenes, bonds of vinylic chlorides, and this may be part
the major primary oxidation product is the of the explanation of the persistence of
corresponding epoxide which decomposes in chlorinated ethenes. The only exceptions are
water to carbon monoxide, formic acid, the 3-chloroacrylic acid dehalogenases that
glyoxylate, glycolic acid, oxalic acid or have been identified in organisms growing on
dichloroacetaldehyde (Fox et al., 1990; the nematocide 1,3-dichloropropene and in
Henschler, 1986; Oldenhuis et al., 1992). bacteria that degrade 3-chloroacrylic acid
Several of the reactive intermediates form (Hartmans et al., 1991; Poelarends et al., 1998;
covalent adducts with biological molecules Van Hylckama Vlieg et al., 1992). The
(Miller and Guengerich, 1983). Furthermore, it dehalogenation of 3-chloroacrylic acid yields
has been demonstrated that chlorine migration malonic acid semialdehyde, but to our
may occur in a trichloroethene-cytochrome knowledge the enzymes are not active with
P450 complex, which leads to the production of chlorinated ethenes.
chloral (Miller and Guengerich, 1982). Chloral Despite the fact that there is obviously a
is then converted to trichloroethanol or wide variety of halogenated hydrocarbon-
trichloroacetic acid (Bonse et al., 1975). utilizing bacteria, several halogenated aliphatics

The oxidation product of tetrachloroethene, remain resistant to biodegradation under
tetrachloroepoxyethane, rapidly rearranges to aerobic conditions. One important class of such
the corresponding trichloroacylcloride that compounds is chlorinated ethenes. Only vinyl
reacts with cellular macromolecules or low- chloride has been demonstrated to be a growth
molecular-weight compounds. Upon reaction of substrate under aerobic conditions. Hartmans
trichloroacetylchloride with water and De Bont (1992) have demonstrated that
trichloroacetic acid is formed (Costa and degradation proceeds with chloroepoxyethane
Ivanetich, 1980). as an intermediate, but the metabolism of this

Trichloroethene and tetrachloroethene can epoxide remains to be established. 
also be metabolized via a glutathione-dependent In general the recalcitrance of halogenated
reductive pathway (Fig. 1). The glutathione compounds to aerobic degradation increases
conjugates that are formed are converted to with an increasing number of chlorine
mercapturic acids (Henschler, 1994a). These substituents. However, there are some
can be acetylated to form an N-acetylated exceptions to this rule. For instance, various
mercapturic acid that is readily excreted in urine. 1,2-dichloroethane degrading cultures have
Enzymatic cleavage by β-lyase will result in the
formation of thioketenes that may react with
DNA (Müller, 1994).

Biodegradation of halogenated aliphatics.
Despite the toxicity and persistence of
halogenated hydrocarbons, many micro-
organisms have evolved that are able to degrade
these compounds and use them as sole source of
carbon and energy. In most cases specialized

been isolated (Janssen et al., 1985; Van den
Wijngaard et al., 1992) whereas 1,2-
dichloropropane-utilizing organisms have not
been isolated. Thermodynamic calculations and
inspection of catabolic pathways of various
chlorinated compounds indicate that this
inability to support growth is mainly caused by
biochemical factors (Dolfing and Janssen, 1994;
Janssen et al., 1994). For all compounds
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Table 3. Gibbs free energy values for the aerobic mineralization of some chlorinated C1

and C  compounds (data from: Dolfing et al., 1993; Dolfing and Janssen, 1994). Only2

methane, ethane, ethene, chloroethane, 1,2-dichloroethane, and chloroethene serve as
growth substrates.

Compound Reaction products )G°' (kJ)

Methane
Tetrachloromethane
Ethane
Chloroethane
1,2-dichloroethane
1,1-dichloroethane
1,1,1-trichloroethane
1,1,1,2-tetrachloroethane
Pentachloroethane
Hexachloroethane
Ethene
Chloroethene
1,1-dichloroethene
cis-1,2-Dichloroethene
trans-1,2-Dichloroethene
Trichloroethene
Tetrachloroethene

CO  + 2 H O2 2

CO  + 4 HCl2

2 CO  + 3 H O2 2

2 CO  + 2 H O + HCl2 2

2 CO  +  H O + 2 HCl2 2

2 CO  +  H O + 2 HCl2 2

2 CO  + 3 HCl2

2 CO  + 4 HCl2

2 CO  + 5 HCl 2

2 CO  + 6 HCl2

2 CO  + 2 H O 2 2

2 CO  + H O + HCl2 2

2 CO  + 2 HCl2

2 CO  + 2 HCl2

2 CO  + 2 HCl2

2 CO  + 3 HCl2

2 CO  + 4 HCl2

  -826
  -551
-1466
-1381
-1279
-1283
-1217
-1142
-1085
-1038
-1320
-1237
-1143
-1143
-1145
-1072
-1006

investigated in these studies, the Gibbs free methanes, are higher than for the reduction of
energy values show that aerobic degradation to sulfate to sulfide, indicating that reductive
water, carbon dioxide and HCl yields significant dechlorination is thermodynamically attractive
amounts of energy. A selection of compounds is under anaerobic conditions (Dolfing and
shown in Table 3 which illustrates that: (i) Janssen, 1994). Indeed, under anaerobic
substitution of chlorines for hydrogens gives a conditions, chlorinated ethenes (Fig. 2) and
modest decrease in free energy. (ii) the Gibbs other chlorinated aliphatics are reductively
free energy change does not differ dramatically dehalogenated (De Bruin et al, 1992, Maymó-
with an increasing degree of halogen Gatell et al., 1997; Carter and Jewell, 1995).
substitution. (iii) desaturation decreases the Much work has been devoted to reductive
Gibbs free energy change only slightly. dehalogenation reactions that are carried out by

Note that even complete substitution of acetogens and methanogens that produce
ethane with chlorines only reduces the free transition metal cofactors (Ensley, 1991;
energy by 29%. This means that growth on Holliger et al., 1992; Mohn and Tiedje, 1992).
nearly all chlorinated compounds is in principle These are cometabolic reactions that usually
possible, provided that an organism has the proceed at low rates. The highest degradation
proper enzymes for harvesting this energy rates are observed with organisms that use
during conversion of the compound via a these compounds as terminal electron acceptor
suitable catabolic pathway. in a process that is also referred to as

Dechlorination under anaerobic
conditions: optimal degradation in a
combined anaerobic/aerobic system.
Calculations show that redox potentials of acceptor produce cis-1,2-dichloroethene or
reductive dehalogenation of chlorinated vinyl chloride (Gerritse et al. 1996; Holliger et
aliphatics, such as chlorinated ethenes and al., 1997), but Maymó-Gatell et al. (1997) have

halorespiration (Egli et al., 1989; Traunecker et
al., 1991). Most pure cultures that use
tetrachloroethene as a terminal electron
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Fig. 2. Combined anaerobic and aerobic degradation of
chlorinated ethenes.

isolated a pure culture that dechlorinates methanotrophs utilize the ribulose
tetrachloroethene to ethene. The physiology of monophosphate pathway, whereas type II
anaerobic dehalogenation and the biochemistry methanotrophs use the serine pathway as the
of the enzymes involved is a research field that primary route for formaldehyde utilization.
is currently rapidly developing (Neumann et al., Type X organisms possess enzymes of both
1996, Magnusson et al., 1998, Miller et al., pathways. The primary step in methane
1998). Unlike with aerobic conditions, metabolism is the oxidation of methane to
degradation rates under anaerobic conditions methanol which is catalyzed by methane
decrease with a decreasing degree of halogen monooxygenase. 
substitution. Thus, cis-1,2-dichloroethene and Two forms of methane monooxygenases
vinyl chloride are frequently observed at sites have been found in methanotrophic bacteria. A
that have originally been contaminated with soluble form (sMMO) that derives electrons
tetrachloroethene or trichloroethene and in view from NADH is only found in a limited number
of the carcinogenic potential of vinyl chloride of methanotrophs, mainly type II and type X
this is of serious concern. bacteria. This enzyme is expressed under

The observation that tetrachloroethene and copper limitation (Anthony, 1986; Oldenhuis et
trichloroethene are more rapidly dechlorinated al., 1989; Prior and Dalton, 1985). The best
under anaerobic conditions than dichloroethenes studied sMMOs are the enzymes of
and vinyl chloride implies that at any Methylosinus trichosporium OB3b and
bioremediation based on reductive Methylococcus capsulatus (Bath). Of both

dechlorination there is the risk of (temporary)
accumulation of the carcinogen vinyl chloride.
This strongly favours the development of
remediation systems in which the highly
chlorinated ethenes are degraded reductively,
whereas the ethenes bearing less chlorine
substituents are degraded aerobically (Fig. 2)
(Carter and Jewell, 1993; Farthepure and
Vogel; 1991; Gerritse et al., 1995)

Cometabolic Transformation
of Chlorinated Ethenes  

Methanotrophic bacteria. Methanotrophic
bacteria can utilize methane as the sole source
of carbon and energy and a detailed review on
their taxonomy, physiology and ecological role
in the global carbon cycle was published by
Hanson and Hanson (1996). Methane is
oxidized in four consecutive steps to methanol,
formaldehyde, formate, and carbon dioxide,
respectively. Methanotrophs are divided in 3
distinct classes that are characterized by the
pathway that is used for formaldehyde
assimilation (Hanson et al., 1991). Type I
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organisms the genes encoding sMMO have been al., 1991). The cometabolic degradation rates
cloned and sequenced (Cardy et al., 1991a; are much higher with cells expressing sMMO
Cardy et al., 1991b; Stainthorpe et al., 1990). than with cells expressing pMMO (Chapter 2 of
The sMMOs of these organisms are very similar this thesis; Oldenhuis et al., 1991; Anderson
and the data on many biochemical and and McCarty, 1997). Chlorinated ethenes are
biophysical studies with these enzymes have oxidized to the corresponding epoxides in a
been reviewed recently (Lipscomb, 1994). The similar fashion as with cytochrome P450
enzymes consist of a 245 kDa hydroxylase (Chapter 2 of this thesis; Fox et al.,1990;
component of α β γ  subunit structure, a 382 2 2

kDa reductase, and a 15 kDa B component that
functions as a regulatory or effector protein.
The hydroxylase components contain a non-
heme di-ironcluster and the 3-dimensional
structures of the sMMOs of  M. trichosporium
OB3b, and M. capsulatus (Bath) have been
solved by X-ray crystallography (Rosenzweig et
al., 1993; Elango, et al., 1997). Although
methane is the only sMMO substrate that can
support rapid growth of methanotrophs, the
enzyme also catalyzes the fortuitous oxidation
of many saturated, unsaturated, linear, branched,
(poly)cyclic, and halogenated hydrocarbons
(Lipscomb, 1994). 

A particulate or membrane bound methane
monooxygenase (pMMO is produced by all
methanotrophs. This copper containing enzyme
is easily inactivated in extracts, which has been a
major obstacle in biochemical studies (Nguyen
et al., 1994). It was recently shown that pMMO
is very sensitive to oxygen and optimization of
the isolation procedure has resulted in an almost
completely pure pMMO preparation which may
facilitate future research (Nguyen et al., 1998).

Transformation of chlorinated ethenes by
methanotrophs. Since Wilson and Wilson
(1985) demonstrated that in aerobic soils
trichloroethene could be degraded when
methane was added, methanotrophs have drawn
the attention of researchers working in the field
of bioremediation. Overwhelming evidence is
available that indicates that methane
monooxygenase catalyzes the oxidation of
chlorinated ethenes in a process that is
designated cometabolism (Ensley et al., 1991;
Fox et al., 1990; Hanson and Hanson, 1996;
Janssen et al., 1988; Koh et al., 1993; Little et
al., 1988; Oldenhuis et al., 1989; Oldenhuis et

Janssen et al., 1988; Little et al., 1988). The
reactivity of the chlorinated epoxyethanes and
their degradation products results in covalent
modification of cellular components and
inactivation of the biocatalyst. With purified
sMMO from M. trichosporium OB3b complete
inactivation occurred after an average of 200
molecules of trichloroethene were oxidized per
molecule of hydroxylase component (Fox et al,
1990). Furthermore, carbon from [ C]TCE14

was shown to be covalently attached to all
hydroxylase subunits in these experiments.
From these results it was concluded that the
modifying compound was a diffusible reaction
product. When cell suspensions of  M.
trichosporium OB3b were inactivated with
[ C]TCE various proteins become labelled14

which confirms that binding of trichloroethene
metabolites is a nonspecific process (Oldenhuis
et al., 1991). 

Monooxygenase activity rapidly decreases as
a result of the oxidation of chlorinated ethenes
and therefore the amount of substrate that can
be converted is limited. Alvarez-Cohen and
McCarty (1991a) introduced the term
transformation capacity (T ) that was definedc

the maximum mass of cometabolized
compound that can be transformed per unit
mass of cells. The T values have since thenc 

been determined for all chlorinated ethenes,
other chlorinated aliphatics, and mixtures of
chlorinated compounds, both with pure and
with mixed methane-utilizing cultures (Chapter
3 of this thesis; Alvarez-Cohen and McCarty,
1991a, b and c; Chang and Alvarez-Cohen,
1995 and 1996; Dolan and McCarty, 1995;
Fitch et al., 1996a; Oldenhuis et al., 1991).
From these studies it can be concluded that the
addition of formate enhances the performance
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of cultures. Formate functions as a source of contaminants occured which resulted in poor
reductant without exerting competitive performance. This has provided an incentive for
inhibition and is preferred over methane and some researchers to construct sequencing
methanol because they act as competitive biofilm reactors which are cycled between a
inhibitors of sMMO. Formate is also preferred growth/recovery phase and a degradation phase
over formaldehyde that is toxic, even at low (Fitch et al., 1996b; Speitel and Leonard,
concentrations. 1992). However, the reactivation of

The preferred methane monooxygenase for methanotrophic cells is often inefficient as cells
bioremediation, sMMO, is only expressed at are killed due to the transformation of
copper concentrations lower than those that can chlorinated compounds (Chapter 3 of this
be observed in contaminated groundwater thesis). This may explain why in a sequencing
(Phelps et al., 1992). Even though the central biofilm reactor complete regeneration of the
role of copper in the metabolism of trichloroethene degrading activity did not
methanotrophs has long been recognized occur, which resulted in decreased
(Stanley et al., 1983) only recently the transformation rates at each subsequent
mechanism of action was elucidated. The first degradation cycle (Fitch et al., 1996b). 
indication of the existence of a copper-specific The following considerations are of
uptake mechanism was provided by work on the importance when an optimal (cost-effective)
characterization of mutants that constitutively reactor for the application of methanotrophic
express sMMO (Phelps et al., 1992). Recently, bacteria has to be designed (Sipkema et al.,
two small polypeptides have been identified that 1998). The growth substrate methane needs to
are involved in the binding of extracellular be efficiently used, which may be hampered by
copper and that may also be associated with the fact that methane is only slightly soluble in
pMMO (DiSpirito et al., 1998; Zahn and water. Secondly, competition of chlorinated
DiSpirito, 1996). Furthermore, copper plays a substrate and growth substrate for the same
key role in negative regulation of expression of active site (of sMMO) results in decreased
sMMO genes, and the positive regulation of cometabolic transformation rates. Furthermore,
expression of the pMMO genes (Nielsen et al., the addition of a reductant is critical to obtain
1997). A mutant that constitutively expressed high transformation rates and this may be the
sMMO even in the presence of high levels of major cost component of any reactor when
copper has been isolated and such mutants may formate is used. Product toxicity leads both to
be useful in bioremediation (Fitch et al., 1996a decreased transformation rates and loss of cell
en 1996b). viability (Oldenhuis et al., 1991; Chapter 3 of

Application of methanotrophs for
bioremediation.  Several treatment systems
have been proposed for the application of
methanotrophs for the cleanup of contaminated
waste gas, waste water, and groundwater. These
include mixed tanks (Oldenhuis and Janssen,
1993; Walter et al., 1997), expanded-bed
reactors (Fennel et al.1993; Phelps et al., 1990
and 1991), packed-bed biofilm reactors (Speitel
and McLay, 1993; Strand et al., 1991), a hollow
fiber membrane reactor (Aziz et al., 1995), and
a rotating-disc biofilm reactor (Arvin, 1991). In
some of these designs competitive inhibition
between the growth substrate, methane, and the

this thesis). Two-step reactors in which cells
are first grown and then added in a separate
reactor to the contaminated waste stream are
the preferable system for application of
methanotrophs. Several two-step reactors have
been constructed for the treatment of
chlorinated ethene-contaminated waste water
(Chang and Alvarez-Cohen, 1997; Dobbins  et
al., 1995; McFarland et al., 1992; Sipkema et
al., submitted; Tschantz et al., 1995).

Apart from the treatment of groundwater in
bioreactors as disscussed above, in situ
degradation of soil contaminants by the
stimulation of indigenous microbial populations
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or by bioaugmentation with selected cultures Detoxification of epoxides may also proceed by
may also prove to be an effective and cheap spontaneous or glutathione S-transferase
bioremediation technique. One of the most catalyzed conjugation with glutathione ((-L-
detailed studies has been carried out at the Glu-L-Cys-Gly). Glutathione-conjugation to
Savannah River site in the US where methane one of the carbon atoms in the epoxide ring
was injected to stimulate indigenous results in the formation of a stable conjugate.
methanotrophs (Travis and Rosenberg, 1997). Subsequently, the glutamate and glycine
Indeed biodegradation could be stimulated and a residues are removed by peptidases, and the
detailed model that includes physical-chemical amino group of cysteine is N-acetylated. The
factors, geohydrological and biological factors resulting mercapturic acid is excreted in urine.
proved to be helpful in predicting the Consequently, in rodents and people that were
effectiveness of bioremediation. In another exposed to epoxyethane, 2-methylpropene,
experiment enhanced degradation occurred at a styrene oxide, phenyl glycidylether, or aflatoxin,
site where M. trichosporium OB3b was injected the corresponding mercapturic acids have been
at a trichloroethene contaminated site at a detected (Cornet and Rogiers, 1997; Katoh et
depths as low as 27 m (Duba et al., 1996). al., 1991; Linhart et al., 1998; Maestri et al.,
However, the performance of the ”in situ 1997; Scholl et al., 1997; Nauhaus et al. 1996).
bioreactor” that was thus constructed suffered Glutathione S-transferases also catalyze the
form an uneven distribution of microorganisms nucleophilic addition of glutathione to many
due to soil hetrogeneity. Furthermore, the other electrophilic substrates. Since the first
performance rapidly collapsed within two days, description of a glutathione S-transferase that
which indicated the need for frequent re- catalyzes the reaction of glutathione with 1,2-
injection of the biocatalyst. dichloro-4-dinitrobenzene (DCNB) in extracts

Glutathione S-Transferases
and Epoxide Metabolism

Detoxification of epoxides in mammals; the of distinct features of the active sitearchitecture
role of glutathione S-transferases. Both in and kinetic properties (Dirr et al., 1994;
mammals and bacteria oxygenases convert Armstrong et al., 1997; Wilce et al., 1996).
olefins to epoxides. One way in which epoxides Recently, two new classes, designated beta and
may be detoxified is by hydration by epoxide zeta, have been identified to which also several
hydrolases (Fig. 3) (Armstrong, 1988; bacterial enzymes belong (Board et al., 1997;
Armstrong 1997; Henschler; 1986, 1994a and Rossjohn et al., 1998b). All glutathione S-
1994b; Seidegard and Ekström, 1997). The transferases are homo- or hetero-dimeric
diols that are formed from the hydration of enzymes with typical subunit sizes of 23 to 27
epoxides may be directly excreted, as for kDa (Armstrong et al., 1997). Furthermore, a
instance in the metabolism of 1,3-butadiene few membrane-bound enzymes have been
(Nauhaus et al., 1996). After the metabolism of
phenyl glycidyl ether in rats, the products 3-
(phenyloxy)lactic acid and N-acetyl-O-
phenylserine were identified in urine. Hence, it
was concluded that further metablism of the diol
includes oxidation, transamination and N-
acetylation (De Rooij et al., 1998).

of liver (Booth et al., 1961), there has been
increasing interest in the biochemistry,
enzymology and genetics of these enzymes.
Cytosolic eukaryotic glutathione S-transferases
have been divided into five different classes
(alpha, mu, phi, kappa, and theta) on the basis
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Fig. 3. Detoxification of epoxides in mammals (Cornet and Rogiers, 1997; Katoh et al., 1991; Linhart et al., 1998;
Maestri et al., 1997; Scholl et al., 1997; Nauhaus et al., 1996).

described (Armstrong et al., 1997). From 3- extended in future. Glutathione-dependent
dimensional structures and mutagenesis studies enzymes are involved in protection against
it is known that the N-terminal domain is oxidative stress, ensure correct folding,
involved in binding of glutathione (Dirr et al., synthesis and degradation of proteins, and play
1994; Rossjohn et al, 1998a; Wilce et al., a role in a wide range of different metabolic
1994). In the enzymes of the alpha, mu, and pi processes in the bacterial cell (Penninckx and
classes, a critical role is assigned to N-terminal Elskens, 1993; Vuilleumier, 1997). 
tyrosine residues that are believed to enhance In contrast to extensive studies on
the nucleophilicity of glutathione. Thus, the pK glutathione S-transferases from eukaryotes,a

of the thiol may be lowered from 9.0 for little work was done on bacterial glutathione S-
glutathione in aqueous solution to 6.3 in the transferases until the mid 80's. This may in part
active site of the enzyme (Armstrong et al., be explained by the fact that many bacterial
1997). In class theta enzymes a serine rather glutathione S-transferase are not, or poorly,
than a tyrosine residue is essential (Board et al., active with the standard assay substrate 1-
1995; Vuilleumier et al., 1996). chloro-2,4-dinitrobenzene (CDNB) (Fig. 4).

Bacterial glutathione S-transferases.
Glutathione is found in cyanobacteria, activity in cell extracts it was incorrectly
proteobacteria, phototrophs and a few gram- concluded that bacteria do not produce
positive bacteria (Newton et al., 1996). As glutathione S-transferases. Recently, a
many genera have not yet been tested for the comprehensive review on bacterial glutathione
presence of glutathione, this list may be S-transferases has been published by

From the absence of glutathione-dependent
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Fig. 4. The reaction of glutathione with 1-chloro-2,4-
dinitrobenzene (CDNB) catalyzed by rat M1-1
glutathione S-transferase. A nucleophilic aromatic
substitution that is one of the most frequently used
assays for GSH S-transferase activity (adapted from
Armstrong, 1997).

Vuilleumier (1997). The function of many
bacterial glutathione S-transferases is elusive,
and many of the sequences that are available
have been identified in genome sequencing
projects. However, rapid developments are
currently being made in research on the protein
level which is illustrated by the recently
published 3-dimensional structure of the
glutathione S-transferase B1-1 of Proteus
mirabilis (Rossjohn et al., 1998b). 

Several bacterial operons that encode genes
involved in the degradation of aromatic
compounds contain open reading frames that
show homology with glutathione S-transferases. glutathione S-transferases that catalyze
In the gene cluster that encodes biphenyl- reductive reactions. LigF is involved in the
polychlorobiphenyl degradation in Pseudomonas
sp. LB400, a glutathione S-transferase encoding
gene (bphK) was found. This was the only gene
in an operon of 11 genes that was not essential
for biphenyl degradation (Hofer, 1994). It has
been postulated that BphK is involved in
metabolism of halogenated biphenyls but this
hypothesis remains to be confirmed.
Subsequently, bphK homologues were found in
the aromatic hydrocarbon degradation operon of
Cycloclasticus oligotrophus and several other
polycyclic aromatic hydrocarbon degrading
isolates (Wang et al., 1996; Lloyd-Jones and
Lau, 1997). Sequence analysis of these genes
revealed a high degree of conservation which
may make the bphK homologues a potentially
useful marker for polycyclic aromatic
hydrocarbon degrading organisms (Lloyd-Jones
and Lau, 1997).

The orf3 gene of Burkholderia cepacia
AC1100 is another example of a putative
glutathione S-transferase encoding gene with
unknown function. This gene is located in a
gene cluster involved in the degradation of the
herbicide 2,4,5-trichlorophenoxyacetic acid
(Daubaras et al., 1995). Gene knockout
experiments demonstrated that this gene is not
required for growth on 2,4,5-trichloro-
phenoxyacetic acid. The orf3 gene product was
overexpressed in E. coli and it did not show
activity with CDNB.

Two examples have been published of

reductive cleavage of ether-bonds β-aryl ethers
which frequently occur in lignin but the
mechanism of this reaction remains to be
elucidated (Masai et al., 1993). During
metabolism of pentachlorophenol PcpC
catalyzes the step-wise conversion of 2,3,5,6-
tetrachloro-p-hydroquinone to 2,6-dichloro-p-
hydroquinone in which each dechlorination step
results in the formation of glutathione disulfide.
In reaction mixtures, the intermediate 2,3,5-
trichlorohydroquinone, as well as the
conjugates 2,3,5-trichloro-6-S-glutathionyl-
hydroquinone and an unidentified isomer of
dichloro-S-glutathionylhydroquinone were
observed (McCarthy et al., 1996; Xun et al.,
1992). McCarthy et al. (1996) provided
convincing evidence that the glutathione
conjugates are not physiologically relevant
intermediates but are generated by oxidatively-
damaged enzyme. In the postulated model,
catalysis starts with a nucleophilic attack of the
thiolate anion of glutathione on the aromatic
ring resulting in displacement of the chloride.
The second step is a nucleophilic displacement
of the glutathione moiety by the active-site
cysteine with the aid of an acid or base. Thus, a
mixed disulphide with the cysteine residue is
formed. The last step in the catalytic cycle is the
reaction of a second glutathione molecule to
form glutathione disulfide and the glutathione-
free enzyme. 

Enzymes that are active with CDNB have
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been isolated from P. mirabils and E. coli fosfomycin  (1,2-epoxypropylphosphonic acid)
(DiIlio et al., 1988; Izuka et al., 1989). The resistance proteins, designated FosA and FosB
presence of CDNB-active enzymes in P. (Arca et al., 1990; Zilhao and Couvalin, 1990).
mirabilis was associated with increased These remarkable proteins consist of much
resistance of the bacterial host to antibiotics smaller subunits, and share no sequence
(Perito et al., 1996). As mentioned above the 3- homology with other glutathione S-transferases.
dimensional structure of the glutathione S- Furthermore, they require divalent metal ions
transferase B1-1 of this organism has recently for activity (Arca et al., 1990; Bernat et al.,
been published (Rossjohn, 1998b). In the 1997). Bernat et al. (1997) provided evidence
structure a mixed disulfide of glutathione with that these enzymes are mechanistically related
Cys  was observed. By analogy to the to glyoxylase I and extradiol dioxygenases and10

mechanism of PcpC that was postulated by proposed that these enzymes belong to a
McCarthy et al. (1996), this may represent the previously unidentified superfamily of
disulfide intermediate in a PcpC-type reaction metalloenzymes. 
mechanism. On the basis of sequence alignments
it was concluded that glutathione S-transferase Epoxides occur as intermediates in the
B1-1 together with the E. coli glutathione S- degradation pathway of several aliphatic and
transferase, XylK, and BphK (see above) belong aromatic compounds. They may be generated
to a class of glutathione S-transferases, from alkenes by monooxygenases or from
designated class beta (Rossjohn et al., 1998b). halohydrins by halohydrin hydrogen-halide-

Other examples of glutathione S-transferase lyases (haloalcohol dehalogenases)(Hartmans et
mediated dechlorination are the al., 1989; Fetzner and Lingens, 1989; Kasai et
dichloromethane dehalogenases that are al., 1998).
involved in growth on dichloromethane. In A wide range of enzymes are involved in
organisms that utilize dichloromethane, microbial metabolism of epoxides; these
dichloromethane dehalogenases catalyze the enzymes include epoxide isomerases,
glutathione-dependent hydrolysis of carboxylases, dehydrogenases, hydrolases,
dichloromethane to formaldehyde. The reductases, and lyases (Fig. 5) (Swaving and De
intermediate chloromethyl-S-glutathione that is Bont, 1998; Weijers et al., 1988). Epoxide-
formed from the addition of glutathione is converting enzymes not only have drawn the
subsequently hydrolyzed, yielding formaldehyde attention of groups working on the
and (reduced) glutathione. Two closely related biodegradation of organic pollutants. They may
genes have been sequenced and the also be valuable tools in the production of chiral
corresponding proteins that have distinct kinetic synthons that can be used in organic synthesis
features have been characterized (Bader et al., (Kasai et al., 1998).
1994; LaRoche et al., 1990). Protein Epoxide hydrolases catalyze the hydration of
engineering studies have shown that an N- the epoxide ring to the corresponding diol
terminal serine residue is required for enzyme Examples of bacterial epoxide hydrolases are
activity (Vuilleumier and Leisinger, 1996). enzymes involved in degradation of

Many mammalian glutathione S-transferases epichlorohydrin (3-chloroepoxypropane), and
are active with epoxides and they play an epoxypropane (Castro and Bartnicki, 1968; De
important role in the detoxification of these Bont, et al., 1982; Jacobs et al., 1991). The
compounds (Armstrong, 1997; Wilce and gene (echA) encoding the epoxide hydrolase of
Parker, 1994). However, only two bacterial the epichlorohydrin-utilizing bacterium
enzymes are described for which it has been Agrobacterium radiobacter AD1 has been
established that activity with epoxides is cloned, sequenced, and overexpressed in E. coli
physiologically relevant. Both enzymes are (Rink et al., 1997). Evidence was presented

Bacterial metabolism of epoxides.
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Fig. 5. Enzymes involved in epoxide conversion in bacteria. See text for details on epoxide hydrolase, epoxide
carboxylase, epoxide dehydrogenase, α-pinene lyase, and styrene oxide isomerase. The glutathione S-transferase
involved in 1,2-epoxy-2-methyl-3-butene conversion reported in this thesis is a novel type of epoxide transforming
enzyme.

that the enzyme belongs to the α/β hydrolase
fold family and the mechanism and catalytic
triad were shown to be similar to that of
haloalkane dehalogenase.   

The metabolism of epoxypropane in
Xanthobacter sp. Py2 has been the subject of
several detailed studies. Swaving et al. (1995)
isolated mutants that were no longer capable of
utilizing epoxypropane as a growth substrate. A
4.8 kb DNA fragment that complemented one of
these mutants contained four open reading
frames. A series of papers has appeared that
describes the elucidation of the mechanism of
epoxide conversion in strain Py2 (Allen and
Ensign; 1996; Allen and Ensign; 1997a Allen
and Ensign; 1997b; Weijers et al., 1995;
Swaving et al., 1996). It was shown that
epoxides are carboxylated to β-ketoacids with a
concomitant transhydrogenation reaction during
which NADPH is oxidized and NAD  is reduced+

(Fig. 5). Epoxide carboxylase, the enzyme
catalyzing this reaction, was resolved from a
crude extract into four protein components that

were all required for carboxylase activity (Allen
and Ensign, 1997b). To each component a
function could be assigned and a correlation
with the open reading frames identified by
Swaving et al. (1995) was established with N-
terminal sequence analysis of the purified
proteins. Recently, a highly similar epoxide
carboxylase has been detected in Rhodococcus
rhodochrous B-276 (previously identified as
Nocardia corallina), which indicates that
carboxylation of epoxides may be common
among phylogenetically-distinct bacteria (Allen
and Ensign, 1998).

In ethene-utilizing bacteria, ethene is
oxidized to epoxyethane (Hartmans et al.,
1991), which is further converted to acetyl-
CoA by epoxide dehydrogenase in a reaction
that is dependent on NAD , FAD, CoA, and a+

fourth unknown cofactor (Fig. 5)(De Bont and
Harder, 1978; Hartmans et al., 1989). 

Griffiths et al. (1987b) described an epoxide
lyase that is involved in the degradation of the
bicyclic monoterpene α-pinene. Upon oxidation
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of α-pinene, an epoxide is formed that is
converted by α-pinene oxide lyase (Griffiths et
al, 1987a). The remarkable reaction that is
catalyzed by this enzyme involves the cleavage
of two carbon-carbon bonds which results in the
opening of both the four- and six-membered
ring system (Griffiths et al, 1987a; Trudgill,
1990). The enzyme was purified to homogeneity
from a Nocardia strain and was found to be
highly specific for α-pinene oxide (Fig.
5)(Griffiths et al., 1987b).

Styrene oxide is an intermediate in styrene
degradation in several bacterial strains. Two
different epoxide converting enzymes may be
involved. The reduction of styrene oxide by
epoxide reductase would result in the formation
of 2-phenyl ethanol (Shirai and Hitsatsuka,
1979. Other groups reported epoxide isomerase
activity that result in the formation of phenyl
acetaldehyde production (Fig. 5) (Hartmans et
al., 1989). The gene encoding this enzyme,
styC, was found in a recently cloned operon
containing the genes for styrene catabolism
(Beltrametti et al., 1997).

It would be interesting if one of the enzyme
systems discussed above would also convert the
epoxides that are generated from the oxidation
of chlorinated ethenes. However, we have tested
the epoxide hydrolase (EchA) of A. radiobacter
strain AD1 and found that it was not active with
cis-1,2-dichloroepoxyethane (unpublished
results). 

Isoprene 

It has been suggested that the decreased
sensitivity to toxic effects of chlorinated ethene
transformation that is observed with isoprene-
degrading organisms may be due to the presence
of epoxide-converting enzymes that are active
with chlorinated epoxyethanes (Ewers et al.,
1990). Isoprene (2-methyl-1,3-butadiene) is an
important biological compound and it is the root
member of the isoprenoids that include
compounds such as rubber, terpenes, cholesterol
and other sterols, vitamin A, carotenoids, and

the polyisoprene tail of chlorophyll and vitamin
K. Isoprene is readily released from many of
these compounds by heating in the presence of
metals (Sharkey, 1996) which explains why it is
found in cigarette smoke (Darrall. et al., 1998).

In industry, isoprene is synthesized in a
number of processes. It occurs as a byproduct
during the synthesis of ethylene from petroleum
(Sharkey, 1996). Furthermore, isoprene has
been used as a copolymer with butadiene for
the synthesis of butyl rubber. The world trade
value of the major application for isoprene, the
synthesis of polyisoprene, was estimated to be
over $1 billion (Sharkey, 1996). 

The important role of isoprene in biological
systems has long been recognized but only in
recent years more insight was obtained in its
physiological function. In the early 1960s it was
discovered that isoprene is emitted in large
amounts by plants (Rasmussen and Went,
1964). The global emission of isoprene is
estimated to be about 3 x 10  g annually, which14

is roughly equal to the global methane emission
(Brasseur and Chatfield, 1991). Plants may emit
2% of the carbon that is assimilated as isoprene,
but it can be as high as 15% in oak trees
(Monson and Fall, 1989; Sharkey et al., 1996).
Isoprene is emitted as a reaction to thermal
stress and its production is closely linked to
photosynthesis (Monson et al., 1992; Sharkey
and Singsaas, 1995). It is well known that
thermal damage rapidly reduces photosynthesis
rates (Havaux, 1993; Monson et al., 1992;
Sharkey and Singsaas, 1995). In photosynthetic
membranes isoprene may function as a stabilizer
of the lipid bilayer, protein-membrane
interactions or protein-protein interactions
(Sharkey et al., 1996). Isoprene emission is not
limited to plants, but it was also described for
bacteria (Kuzma et al., 1995) and animals
(Sharkey, 1996). Isoprene emission from
animals is influenced by dietary changes
(Sharkey, 1996) and probably most isoprene
produced is metabolized before it can be
emitted (Dahl et al., 1987). Oxidative
metabolism of isoprene results in the generation
of reactive mono- and di-epoxides which
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indicates that it may be mutagenic and catalyzes the conversion of dimethylallyl
carcinogenic (Gervasi and Longo, 1990). diphosphate to isoprene.

The C  units in isoprenoids are not derived The role of isoprene in atmospheric5

from isoprene but from isopentenyl diphosphate chemistry has drawn considerable attention
and dimethylallyl diphosphate. Sanadze (1991) (Thompson et al., 1992). Isoprene is quite
postulated that isoprene may be generated non- reactive due to the presence of the two
enzymatically from dimethylallyl diphosphate unsaturated bonds and has a half-life of a few
but since then data have been published that hours in the atmosphere. In a series of
indicate the involvement of a specialized photochemical reactions it is involved in the
enzyme. Silver and Fall (1995) reported the production of tropospheric ozone (Trainer et
partial purification of isoprene synthase from al.1987; Thompson, 1992).
aspen (Populus tremuloides) leaves, that

Outline of this Thesis  

As stated above, organisms capable of
cometabolic degradation of chlorinated
aliphatic compounds may be used for the
bioremediation of contaminants. The successful
application of these organisms will depend on
several factors. A detailed insight in the kinetics
of conversion is needed for an optimal reactor
design. In Chapter 2 this question is addressed.
It describes the development of a method for
the on-line monitoring in the headspace of
volatile substrates. With this method the
degradation kinetics of various halogenated
compounds by Methylosinus trichosporium
OB3b expressing sMMO or pMMO was
determined. Surprisingly, we found that the
oxidation product of cis-1,2-dichloroethene,
cis-1,2-dichloroepoxyethane, was also
converted by cells expressing sMMO, and this
reaction was highly toxic. The kinetic
parameters were used to design a two-step
reactor for the treatment of contaminated waste
water or ground water (Sipkema et al., 1998).

The cometabolic transformation of
halogenated ethenes results in the formation of
toxic degradation products. It was already
known that the reactivity of these products
causes decreasing transformation rates
(activity). In Chapter 3 we describe that not
only is the activity effected, but it is known that
the transformation products also cause a
decrease in cell viability. A comparison of the
loss of viability with the decrease in
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transformation rates showed that for the activity with 1,2-dichloro-epoxyethanes.
monooxygenase-mediated transformation of all Research then focussed on epoxide
chlorinated ethenes except vinyl chloride, the metabolism of strain AD45. In Chapter 5 the
decrease in the cell viability was the purification and characterization of the
predominant toxic effect. The data reported in glutathione S-transferase with activity towards
this chapter indicated that the cometabolic epoxides is reported. It is shown that the
degradation potential of M. trichosporium enzyme catalyzes the addition of glutathione to
OB3b is optimally exploited in a two-step isoprene monoxide that results in formation of
reactor system in which growth and degradation 1-hydroxy-2-glutathionyl-2-methyl-3-butene.
are separated. This compound is the substrate for a highly

The sensitivity of M. trichosporium OB3b to specific dehydrogenase that was also purified
epoxides is one of the main factors limiting  its and characterized. This enzyme catalyzes the
application in bioremediation. This high NAD -dependent oxidation of the hydroxyl
sensitivity may be explained by the absence of group to the corresponding aldehyde and
enzymes that are capable of detoxifying these carboxylic acid.
compounds. As discussed above it was known In Chapter 6 the cloning and sequence
that epoxides occur in the degradation pathways analysis of the genes encoding the glutathione
of many unsaturated compounds and therefore S-transferase and dehydrogenase are reported.
we checked isolates utilizing the natural alkene These genes are located in a large gene cluster
isoprene for their capability to transform that also contains genes encoding a second
chlorinated ethenes and the corresponding glutathione S-transferase, a four component
epoxides. In Chapter 4 we report the monooxygenase and a putative racemase. The
characteristics of the isoprene-utilizing implications of these findings for the
Rhodococcus sp strain AD45 that oxidizes metabolism of isoprene and epoxides are
chlorinated ethenes to the corresponding discussed.
epoxides and isoprene to 1,2-epoxy-2-methyl-3- In Chapter 7 the results are summarized and
butene (isoprene monoxide). Evidence is some general conclusions are drawn.
presented for the presence of an epoxide
transforming glutathione S-transferase that has

+


