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ABSTRACT

Haloalcohols are an important class of industrial pollutants some of which are believed to be
carcinogenic. Bacteria that are capable of efficient degradation of these compounds have been isolated.

In our laboratory several soil isolates have been isolated by enrichment on 1,3-dichloro-2-propanol and

have been subject of biochemical and physiological characterization. In order to shed more light on the

biochemical and molecular mechanisms of dehalogenation an Arthrobacter sp H10a was chosen for this
study.

Arthrobacter sp strain H10a possesses two enzymes capable of dehalogenating halohydrins (haloalcohol
dehalogenases). These dehalogenases designated as Deh1 and Deh2 are expressed constitutively but
levels of enzyme activity can be increased 3 to 4 fold in the presence of glycidol. The Deh1 enzyme
showed higher activity towards 1,3-DCP while the Deh2 dehalogenase showed higher activity towards
CPD. The analysis of the ratio of dehalogenation rate for both CPD and 1,3-DCP showed that addition of
haloalcohols to the growth medium resulted in an increase in the Deh2 enzyme activity in relation to the
Deh1 activity, whiist epoxides had an opposite effect. In an attempt to understand the mechanisms of
dehalogenation the Deh1 haloalcohol dehalogenase was purified and characterized. This enzyme is
constituted by two subunits of 31.5 and 34 kDa molecular weight, that associate with other proteins to

form a large protein complex of 200 kDa. Peptide mapping with different proteases and amino acid
micro-sequence analysis of tryptic digests showed 100% identity between the two Deh1 subunits.

The Deh1 haloalcohol dehalogenase catalyzed the conversion of vicinal halohydrins to epoxides and the
reverse reaction in the presence of an excess of halogen. This enzyme showed maximum activity at
90°C and a broad pH optimum from 8.5 to 10.5. The apparent K., and V5, values for dehalogenation
of 1,3-DCP and CPD were 0.11 mM, 236 pgmol min~! mg™! and 2.02 mM, 1.55 umol min~! mg™’,
respectively. The enzyme activity was inhibited by MCA and DCA. The inhibition pattern suggested a
mixed type inhibition predominantly uncompetitive. Amino acid modifying experiments have shown that
one or more cysteine and arginine residues may be involved in catalysis or play important roles in
maintenance of the enzyme structure. Modification of histidine, lysine, aspartic and glutamic acids had
no effect on the dehalogenase activity. '

Studies of the stereospecificity of the epoxides formed by the Deh1 haloalcohol dehalogenase revealed
that (R)-ECH was selectively produced from 1,3-DCP. During the reverse reaction (R)-ECH was
stereoselectively halogenated to 1,3-DCP if the halogen in the reaction mixture was chloride. However, if
chloride was substituted by bromide, the (S)-isomer was halogenated preferentially. Although the
enantiomeric excess and the yields of ECH obtained were low it was shown that it is possible to produce
both isomers of ECH if the reaction conditions were optimized.

An antibody raised against the Deh1 enzyme was used to screen other bacterial isolates in the laboratory
culture collection. This antibody showed immunocross-reactivity with a haloaicohol dehalogenase from
strain H10c. This enzyme revealed the same electrophoretic mobility as the Deh1 protein under both
native and denaturing conditions. The Deh1 antibody also showed cross-reaction with a 31.5 kDa protein
from strain H10f. No immunological cross-reactivity was found between this antibody and the total

protein extracts from haloacid and haloalkane degrading bactena.

Xl



CHAPTER 1

INTRODUCTION



1.1. Introduction

Halogenated aliphatic hydrocarbons are widely employed in the chemical industries as
solvents and synthons in chemical synthesis, degreasing agents, flame retardants and
other specialist applications. They can also find wide spread use as pesticides and
therefore are directly introduced into the environment. The intensive use of these
industnal chemicals combined with their improper disposal has contributed to their
accumulation in terrestrial and aquatic environments. Among these compounds,
chlorinated alkanes and alkenes that contain between one and three carbon atoms are

of main concern as they are suspected of being human carcinogens.

The growing environmental awareness has stimulated interest in studying processes
which can eliminate halogenated compounds (and pollutants in general) from the

environment. The development of treatment biotechnologies requires an understanding
of the organisms, their metabolic mechanisms, and for halocompounds, the catalysis of
dehalogenation. The study of the physiological and the kinetic aspects of these

biotransformations are therefore of significant importance.

A large number of microorganisms capable of dehalogenating a wide range of

compounds have been reported in the literature (Vogel et al.,, 1987; Hardman, 1991;

Janssen et al., 1991). The conversion of these compounds to mineral products and cell
components requires the activity of an efficient mechanism of dehalogenation. Hence

significant effort has been made to identify the dehalogenase enzymes and study their

characteristics.

1.2. Dehalogenation mechanisms

The study of the biodegradation of halogenated aliphatic compounds by a wide variety

of bacteria has revealed that the mechanisms of dehalogenation are mainly of four



types: hydrolysis, elimination, reduction and oxidation. The first two types of reactions
are catalyzed by enzymes, designated dehélogenases; enzymes that specifically
cleave the carbon halogen bond. The last two dehalogenation reactions are the result
of catalysis by an enzyme that, due to its relaxed substrate specificity, is able to reduce

or oxidize the - halogenated hydrocarbons and cause the elimination of the

halosubstituents.

1.2.1. Hydrolysis of the C-X bond

The most extensively studied dehalogenation reaction is the hydroiytic cleavage of the

carbon halogen bond, catalyzed by halidohydrolase-type dehalogenases (Hardman,
1991). Dehalogenation of certain haloacids and haloalkanes is catalyzed by these
enzymes which generate hydroxy analogues and free halogen ions (Figure 1.1 A).
Although the end products are similar, several types of enzymes can be distinguished
according to the substrate specificity. For example, halidohydrolases are either active
towards halogenated acids or alkanes. Within these groups halidohydrolases also show
different substrate specificities, electrophoretic mobilities under nondenaturating
conditions and inhibition by substrate analogues or specific amino acid modifying
reagents (e.g. thiol reagents). There are also hydrolytic dehalogenases which require

cofactors (eg: glutathione) for activity (Stucki et al., 1981).

The specificity of hydrolytic dehalogenases depends on the chain length, position ana
type of halogen substituent. In general the specific activity decreases in the order

F<CIl<Br«l.



1.2.2. Elimination of the HX

Enzyme-catalyzed elimination of HX (Figure 1.1 B) has been found only in the

dehalogenation of halohydrins. These enzymes, designated as halohydrin epoxidases
(Castro & Bartnicki, 1968) or haloalcohol dehalogenases (van den Wijngaard et al.,
1989) are capable of converting vicinal haloalcohols to the corresponding epoxides with

the associated liberation of inorganic halogen. These enzymes aiso catalyze the

reverse reaction of halogenation.

Haloalcohol dehalogenases have recently received particular attention due to their

stereospecificity features. These enzymes can produce preferentially one of the
epoxide isomers, or preferentially assimilate one of the halohydrin isomers. Either way,

the resulting products are chiral glycerol derivatives which are important chiral building

blocks for the synthesis of chiral pharmaceuticalis.

1.2.3. Reduction of halogenated hydrocarbons

Reductive dehalogenation in most cases takes place under anaerobic conditions, and
involves the removal of a halogen substituent from a molecule with concurrent addition
of electrons. This can occur either by (i) hydrogenolysis, where the halogen substituent

is replaced with a hydrogen atom (Figure 1.1 C); or by (ii) vicinal reduction or
dihaloelimination, where two halogen substituents from adjacent carbon atoms are

removed and an additional bond between thre carbon atoms is formed. Reductive
dehalogenation has been attributed to nonspecific reduction by transition metals

associated with certain cofactors such as corrinoids, iron porphyrins and Pgsgcam:

(Mohn & Tiedje, 1992).



Although reductive dehalogenation is not exclusively linked to methanogenesis

(diStefano et al., 1982) ofganisms of this genus may play an important role in

anaerobic biotransformation of polychlorinated ethylenes. Dechlorination of
tetrachioroethylene (PCE) to vinyl chloride (VC) and ethylene under anaerobic
~ conditions I1s achieved through sequential hydrogenolysis. In general, the rates of
reductive dehalogenation are greater for the more highly substituted ethylenes resulting
- in the accumulation of the lesser chlorinated analogues, which are often more toxic

- than the original compounds (eg: vinyl chioride).

1.2.4. Oxidation of halogenated hydrocarbons

Oxidation of halogenated hydrocarbons is a consequence of fortuitous catalysis by an
oxygenase with a broad substrate specificity and resuits in the production of the
corresponding alcohol, aldehyde or epoxide (Figure 1.1 D), dehalogenation occurs by
spontaneous degradation of the oxidized product. Although co-oxidation often results In
incomplete degradation of the halogenated compound, this type of biodegradation can
play a major part in the decomposition of halogenated alkenes in the environment.
Several studies revealed that cytochrome P,459 (Miller & Guenguich, 1982), ammonia
monooxygenase (Arceiro et al., 1989; Vannelli et al., 1990), toluene oxygenases
(Nelson et al., 1987; Nelson et al, 1988; Wacket & Gibson, 1988), propane
monooxygenase (Wacket et al., 1989), propene monobxygenase (Ensign et al., 1992),
“and methane monooxygenase (Little et al., 1988; Tsien et al., 1989; Janssen et al.,
1988b) were capable of oxidizing halogenated alkenes. The differential degradation of
chlorinated alkenes by different bacterial strains reflects (a) the affinity of the
oxygenase towards the substrate, (b) the inhibitory effects of the oxidation products on

the enzymes and (c) the constraints on uptake of chlorinated alkenes into the cell. In

general, the rates of oxidation are higher for the lesser chlorinated ethylenes and none

|
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of the oxygenases have shown activity towards tetrachloromethane and

tetrachloroethylene.
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| \ / ‘%
X OH O
)I( GSH 2 H,0 zc}:; T"
R, —C —R, g—LD > R, — C —F,
| |
H H
Cl .
¢ | 1 D c1—<!:——-c/ == =
| <

Figure 1.1: Examples of dehalogenation; (A) hydrolysis; (B) elimination; (C) reduction; (D)

oxidation of trichloroethylene. R, and R,, alkyl groups; X, halogen.

Although the oxygen requirements of reductive dehalogenation and oxidation of
halogenated ethylenes are opposite, these processes may complement each other in
the removal of such pollutants from the environment. In general, the oxidation rates are
higher with the less chlorinated compounds while the rates of reduction are lower.
Furthermore, reductive dehalogenation of highly substituted ethenes leads to the
accumulation of vinyl chlorine (VC); under aerobiosis, VC is rapidly oxidized by a large
number of oxygenases. Moreover, tetrachloroethyiene is not a substrate for the

oxygenases studied so far, but this compound is rapidly dehalogenated to less



substituted ethylenes under anaerobic conditions. An understanding of the pathways

and the degradation products of halogenated aliphatic compounds by microorganisms
can be useful in evaluating contamination patterns and in selecting the most

appropriate remediation process.

1.3. Biotransformation of short chain halogenated aliphatic compounds,

physiological pathways and dehalogenating enzymes

In the next section an overview of the dehalogenation pathways with a special

emphasis on the enzymes that catalyze the removal of halogens from halogenated

hydrocarbons is presented.

1.3.1. Biodegradation of halogenated alkanoic acids

1.3.1.1. 2-haloalkanoic acids

‘The wide spread use of the herbicide Dalapon, the active ingredient of which is 2.2'-
dichloropropionic acid, prompted the search for microorganisms capable of degrading
halogenated alkanoic acids. Several bactenal genera are able to use these compounds
as carbon and energy sources (Hardman, 1991), the most commonly found belonging
to the genus Pseudomonas. Haloacid dehalogenases are the most studied group of
dehalogenating enzymes. These enzymes do not require co-factors and catalyze the
' hydrolytic removal of the halogen from alkanoic acids, and are therefore designated‘ as
halidohydrolases. The dehalogenation products of these enzymes are either

intermediates of the central metabolism or can easily be converted to such (Figure 1.2).



Haloacid halidohydrolases have been divided into two main groups according to their
substrate specificity: haloacetate dehalogenases (EC 3.8.1.3) and 2-haloacid
dehalogenases (EC 3.8.1.2). The former, are only active towards halogenated acetic
acid and can be further classified into two different types, the ones that are (Goldman
ef al., 1968; Kawasaki et al., 1981b) and are not (Davies & Evans, 1962; Kawasaki et

al., 1981a and 1981b) active towards fluoroacetate.

Hy0 HA

R —=HC — COOr :_> R —— HC—— CcoO

Cl OH

R—HC—COO ——> R— HC—Cco00 —— R — Cc — cOO

Cl OH O

Figure 1.2: Dehalogenation of mono- and di- substituted 2-haloacids.

The 2-haloacid halidohydrolases are specific towards haloalkanoic acids of short chain
length (<Cg), with a free primary carboxylic group and the reactive halogen in the
carbon 2 position. Four different types of enzyme have been distinguished according to

the configuration of the substrate and product, and sensitivity to thiol blocking reagents.

Type 1 halidohydrolases are active only towards the L-isomer of 2-monochloropropionic

acid (2-MCPA), and the reaction products have opposite optical configuration; these

enzymes are insensitive to -SH reagents (Goldman et al., 1968: Little & Williams, 1971;
Leigh et al., 1988; Tsang et al., 1988). Type 2 enzymes dehalogenate both D- and L-

isomers, once more inverting the configuration of the products and are also insensitive



to thiol modifying reagents (Motosugi et al., 1982c; Weightman et a/.. 1982; Leigh et al.,
1988). Type 3 enzymes dehalogenate both D- and L-isomers, but the products have
the same optical configuration and these enzymes are sensitive to thiol reagents
(Weightman et al.,, 1982). Type 4 enzymes act only on the D-isomer, invert the optical

configuration of the substrate and are insensitive to thiol blocking reagents (Leigh et al.,

1988; Smith et a/., 1990).

Based on these findings Weightman et al. (1982) proposed two mechanisms of
dehalogenation that might occur with different types of 2-haloacid halidohydrolases.
The dehalogenation mechanism proposed in Figure 1.3 A for the Type 1, 2 and 4
enzymes is in agreement with the reaction features observed for these enzymes,

inversion of the product optical configuration and insensitivity with thiol reagents. The
differences of stereospecificity observed for these three types of dehalogenase may be
related to the type and/or position of the amino acid that coordinates the acid group of
the substrate. The mechanism outlined in Figure 1.3 B accounts for the properties

observed for the Type 3 2-haloacid halidohydrolases; the optical configuration of the

substrate is maintained through a double inversion involving a thioether intermediate.

In an attempt to shed more light on the mechanism of dehalogenation of 2-haloacid
halidohydrolase Asmara et al. (1992), carried out experiments involving chemical
modification of the Type 1 haloacid halidohydrolase of Pseudomonas cepacia MBA4
(Tsang et al., 1988) and random and site directed mutagenesis. They identified two
amino acid residues, His »5 and Arg 4,, as the key residues for catalytic activity. These
residues are located on the regions 9-20 and 40-50 in the amino acid sequence of the
dhiNVla enzyme, and have been previously shown to be highly conserved among L-2-
haloacid halidohydrolases (van der Ploeg et al.,, 1991; Murdiyatmo et a/., 1992). Asp4g

was also implicated in the reaction mechanism, possibly by positioning the correct

tautomer of His,g In the enzyme substrate complex (Figure 1.4).
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Figure 1.3: Proposed mechanisms of dehalogenation of 2-haloacids. (A) a mechanism resulting in the

inversion of optical configuration; (B) a mechanism resulting in retention of configuration. X=halide,

R=alkyl group (After Goldman et al, 1968 and Little & Williams, 1971).

The halidohydrolases are cytoplasmic enzymes normally induced by their own
substrates or analogues thereof. Although they show a wide substrate specificity the

apparent K. values are normally in the mM range indicating poor substrate affinity.. In

general, the rates of dehalogenation decrease with increasing chain length and number
of halogens substitutes; brominated compounds are dehalogenated faster than the

chlorinated analogues (Table 1.1). 2-Haloacid halidohydrolases are monomers or

dimers of a single type of subunit with a molecular weignt ranging between 15,000 and
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33,000 with an acidic pi (4.9-5.4). The Pseudomonas putida AJ1/23 enzyme differs

from the other halidohydrolases in its tetrameric structure and high moleCular weight
(134,500) (Smith et al., 1990). These enzymes show a basic optimum pH (9-10.5) and

an optimum temperature of 45° to 50°C.

E-S*

Figure 1.4: Proposed dehalogenation mechanism for P. cepacia MBA4 halidohydrolase Va (After

Asmara et al, 1992).

The evolution of halidohydrolase activities has puzzled many researchers since many

of the halogenated compounds of concern are man-made and were introduced into the
environment only relatively recently. The existence of transposons associated with
halidohydrolases would enable translocation and expression of previously cryptic genes

and/or duplication of these genes (Slater et al, 1985). The presence of natural
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plasmids encoding halidohydrolase enzymes would provide another route for
acquisitive evolution by gene transfer mechanisms. Kawasaki et al/ (1981b & 1981c)
isolated and charactenzed two large plasmids, pOU1 and pOU2 from Moraxella sp
strain B and Pseudomonas sp strain C respectively, that encoded two haloacetate

halidohydrolases. Furthermore, four Pseudomonas and two Alcaligenes species

contain large plasmids (S plasmids ranging in size from 149 to 285 Kb) which have

been correlated with dehalogenase activities of the host cells (Hardman et al., 1986).

Table 1.1: Relative activities towards 2-haloalkanoic acids of different halidohydrolases. (1) Tsang
et al., 1988; (2) Motosugi et al.,, 1982a; (3) Motosugi et al., 1982c; (4) Smith et a/., 1990; (5) Jones et al.,
1992; (6) Little & Williams, 1971; (7) Leigh et al.,, 1988; (8) Weightman et al., 1982; (9) Goldman et al/.,
1968; (10) van der Ploeg et al, 1991; (11) Strotman et al, 1990; (12) Kawasaki et al., 1981a; (13)
Kawasaki et al.,, 1981b; (14) Kocabiyik & Turkoglu, 1989; (15) Davies & Evans, 1962.
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More than one halidohydrolase isoenzyme has been found in the same microorganism
and often these isoenzymes showed different substrate specificities. The
FPseudomonas sp CBS3 2-haloacid halidohydrolases, which show 70% amino acid
sequence homology, might have arisen from gene duplication of an ancestral gene and
subsequently evolved slightly different substrate specificities (Schneider et al., 1991).
However, the amino acid sequence of the H-1 and H-2 dehalogenases of Moraxella Sp
B (Kawasaki et al., 1992) and Pseudomonas putida AJ1 HadD and HadL (Barth et al.,

1992) enzymes show no significant homology between the two isoenzymes of each

bactena, ruling out the possibility of gene duplication as outlined above.

1.3.1.2. 3-Haloalkanoic acids

Isolation of bacteria that specifically dechlorinate 3-halogenated carboxylic acids, and
the lack of 2-haloacid halidohydrolase activity towards the R-substituted analogues
suggests that the enzymes invoived Iin the two dehalogenations are completely

different. A Micrococcus denitnificans strain was found to dehalogenate 3-
chloropropionic acid with the formation of acrylic acid, suggesting that the chiorine was

removed by a dehydrohalogenation-type of reaction (Bollag & Alexander, 1971).

Hartmans et al. (1991a) and van Hylckama et al. (1991) isolated two Coryneform
strains (CAA2 and FG41) that were able to use both isdmers of 3-chloroacrylic acid
(CAA) as a sole carbon and energy source and a Pseudomonas cepacia sp strain
CAA1 capable of growth with only the cis-isomer. Dehalogenation of CAA by strain
CAA2 took place after an enzyme catalyzed hydration of the double bond. The
unstable 3-chloro-3-hydroxypropionic acid so formed spontaneously decomposed to
malonate semialdehyde (Figure 1.5) (Hartmans et al, 1991). In contrast with the

halidohydrolases, the enzymes responsible for dehalogenation of CAA, designated as
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nydratases (Hartman et al/, 1991a) or dehalogenases (van Hylckama & Janssen

1991), have the pH optima in the rahge of pH 7.3 to 8.0, and show very high substrate

specificities, suggesting that they represent a distinct type of enzyme.

H,0 OH co,

HCl
Hy Y4 | O 2 O
\C= C ¥D C]——C — CH, — COOH \C—CHQ——COOH \C-——-— CH,
v | / /
COOH H H
H

3chlorcacaylic acid 3-chloro-3-hydroxypropionic acid malonic semialdehyde acetaldehyde

Figure 1.5: Proposed pathway for cis-CAA degradation in Pseudomonas cepacia strain CAA1 and

the Coryneform strain CAA2 (After Hartmans et al.,, 1991a). CAH, chloroacrylic acid hydratase.

Degradation of R-chlorinated four carbon fatty acids such as 3-chlorobutyrate, cis-3-
chiorocronate and trans-3-chlorocronate, by Alcaligenes sp strain CC1 is dependent on
CoA, ATP and Mg4* (Kohler-Staub & Kohler, 1989). Activation of the acids to their CoA
derivatives prior to their dehalogenation is probably catalyzed by a broad substrate
specificity acyl-CoA synthetase involved in R-oxidation of fatty acids. The mechanism of

dechlorination the CoA ester derivative is not yet understood, but probably the chlorine

is removed by nucleophilic displacement by an hydroxyl group, as shown in Figure 1.6.
A similar dehalogenation mechanism was observed for the degradation of 3-chloro-2-

methylpropionic acid (CMPA) and its methyl ester (MeCMPA) by Xanthobacter sp

CIMWSS (Smith et al., 1991).
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O ATP  Mg*
trans-3-chlorocronic acd trans-3-chlorocrotonyl-CoA trans-3-hydroxycrotonyi-CoA 3-ketobutyryl-CoA
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3-chlorabutyric add 3-chlorobutyryl-CoA 3-hydroxybutyryi-CoA 3-ketobutyryl-CoA

Figure 1.6: Proposed catabolic pathway of trans-3-chlorocronate and 3-chlorobutyrate by

Alcaligenes sp strain CC1 (After Kohler-Staub & Kohler, 1989).

1.3.2. Biodegradation of halogenated alkanes

Due to great toxicity of halogenated alkanes only a small number of microorganisms

capable of using these compounds as a single carbon and energy source have been

isolated. The number of biochemical studies of haloalkane metabolism are therefore

fewer than for haloacids.

1.3.2.1. Haiogenated methanes

Halomethanes are widely used in chemical industries as intermediates in chemical
synthesis or as solvents in a variety of industnal processes. Halogenated methanes are

degraded anaerobically by methanotrophs, by reductive dehalogenation to less

substituted methanes, and by substitutive and oxidative mechanisms to CO, (Egli et ai,
1988). The ability to anaerobically transform CCly has been correlated with the

presence of the acetyl-CoA pathway for the degradation or synthesis of acetate (Egli et
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al., 1990). Anaerobic degradation of halomethanes is in fact a chemical process that

anses from non-specific dehalogenation catalyzed by the metal prosthetic groups of '

some enzymes.

Under aerobic conditions dichloromethane (DCM) is degraded to formaldehyde by a

FPseudomonas strain DM1 (Brunner et al., 1980). Further studies on the mechanism of
dehalogenation of DCM by some facultative methylotrophs (Stucki et al., 1981, Galli &
Leisinger, 1988) revealed that the first step in the degradation of this xenobiotic
substrate s catalyzed by an inducible glutathione dependent dichloromethane
dehalogenase. The dehalogenation of DCM to formaldehyde involved a glutathione S-
transferase which forms an S-chloromethyl glutathionine conjugate. This intermediate

undergoes non-enzymatic hydrolysis to yield S-hydroxymethyl glutathione which

decomposes to formaldehyde and GSH (Figure 1.7).

GSH  HQa H,0 HCO H,0 GSH
CH,Cl, ;;‘*l‘} [cs—cmo] ;'—49 [cs ——CHZOH] %} HCHO
GST

Figure 1.7: Proposed dehalogenation pathway for the degradation

of dichloromethane by Hyphomicrobium DM2 (After Kohler-Staub &
Leisinger, 1985). GST, glutathione-S-transferase.

The dichloromethane dehalogenases found In Hyphomicrobium sp DM2 (Kohler-Staub
& Leisinger, 1985), Methylobactenum sp DM4, Hyphomicrobium sp GJ21,
Pseudomonas sp DM1 and Hyphomicrobium sp DM2 (Kohler-Staub et al., 1986) are
identical with respect to substrate specificity, molecular weight and N-terminal amino
acid sequence and they also showed immunological cross-reactivity. These
observations, together with the fact that the DCM-degradation phenotype might be

correlated with the possession of 120 Kb plasmid found in Methylobactenum sp DM4
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(Galli & Leisinger, 1988), suggest that the dichloromethane dehalogenase gene was
honzontally distributed among facultative methylotrophic bacteria. Sequence analysis of
the dcmA gene from strain DM4 has shown conserved regions common with eukaryotic

GSH S-transferases, indicating that DCM-dehalogenase belongs to the glutathione S-

transferase supergene family.

The DCM dehalogenase of the fast growing methylotrophic bacterium strain DM11
shows some kinetic differences from the strains DM1, DM2, DM4 and GJ21 enzymes
(group A) (Scholtz et al.,, 1988b). The DM11 dehalogenase (group B) shows a 5.6 fold

higher V.« than the group A enzymes; however, it represents only 8% of the total

soluble protein whereas the enzyme in the slow growing strains constituted 16% of the
total soluble protein. Both types of enzymes are glutathionine dependent but the group
B dehalogenase showed a positive cooperativity in GSH binding while the group A
enzymes showed a hyperbolic saturation with the co-substrate. Allosteric effects in

enzymes offer greater metabolic control over reaction rates and this may constitute an
evolutionary step in DCM-degradation. Although the two enzyme groups show a very
similar subunit molecular weight (34,000-35,000), they are not related immunologically

and the N-terminal amino acid sequences show no homology, suggesting that the two

DCM dehalogenase groups represent distinct enzymes.

1.3.2.2. Halogenated ethanes

Dehalogenation of 1,2-dichloroethane (DCE) in the environment was found to be
catalyzed by a number of bacteria using a variety of mechanisms. Reduct'ive
dehalogenation of DCE to ethylene and chioroethane by Methanosarcina barken strain
DMS2948 was considered to be via a co-metabolic activity of enzymes containing

corrinoids or factor F 430 as their prosthetic groups (Hollinger et al., 1992).

l
|
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A number of methyiotrophic bacteria that are capable of utilizing 1,2-dichloroethane
(DCE) as a single carbon and energy source have been isolated (Stucki et al., 1983:
Janssen et al.,, 1984; Yokota et al., 1986: van den Wijngaard et al.,, 1992). Initially
Stucki and co-workers (1983) proposed that DCE degradation by strain DE2 started

with oxidation, yielding an unstable intermediate, 1,2-dichloroethanol. which

spontaneously decomposed to 2-chloroacetaldehyde and hydrochloric acid. The former
compound was oxidized to 2-chloroacetate by a NAD-dependent chloroacetaldehyde
dehydrogenase and later dehalogenated by a 2-haloacid halidohydrolase to produce
glycolate. Subsequent studies indicated that degradation of DCE proceeds via 2-
chloroethanol, chloroacetaldehyde, chloroacetate and glycolate (Figure 1.8) and
involves two different halidohydrolases, one specific towards haloalkanoates and

another specific towards haloalkanes, and two different dehydrogenases (Janssen et

al., 1985).

H,0 A PQQ  PQQH, NAD  NADH,

H,O HQ
CICH,CH,C] S—éb CICH,CH,0H ﬁé} CICH,CHO ¥> CICH,COOH % OHCH-COOH
HCD

HAD

Figure 1.8: Catabolic route for 1,2-dichloroethane degradation of Xanthobacter

autotrophicus GJ10 (After Janssen et al, 1989). HAD, haloalkane dehalogenase; HCD.

halocarboxylic acid dehalogenase.

The Xanthobacter autotrophicus strain GJ10 haloalkane halidohydrolase is the best

studied haloalkane dehalogenase as it has been punfied to homogeneity and

characterized (Keuning et al., 1985), the gene has been cloned (Janssen et al., 1989)
and the three dimensional structure determined (Franken et al., 1991). This enzyme
catalyses the hydrolytic cleavage of the chlorine from 1,2-dichloroethane and a number
of other short chain halogenated n-alkanes (C4-Csg), to produce 2-chloroethanol or the

corresponding alcohols and halide ions (Janssen et al., 1985). The GJ10 haloalkane
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halidohydrolase consists of a single polypeptide chain with a molecular weight of

36,000. Thiol reagents, such as HgCl,, iodoacetamide, p-chloromercuric benzoate and
N-ethyimaleimide have been shown to strongly inhibit the enzyme (Keuning et al.,

1985).

The haloalkane halidohydrolase genes (dh/A) of Ancylobacter AD20, Ancylobacter
AD25, X. autotrophicus GJ11 and X. autotrophicus GJ10 have identical sequences

(van den Wijngaard et al., 1992). A large plasmid implicated in DCE dehalogenation
and carrying the haloalkane halidohydrolase and chioroacetaldehyde dehydrogenase

genes has been detected in X. autotrophicus GJ10 (Tardif et al., 1991). The six DCE-
degrading bactena (X. autotrophicus strains GJ10 and GJ11, Ancylobacter strains
AD20, AD25 and AD27, and strain RB8) have the dh/A gene located on a DNA
restriction fragment with the same molecular weight, indicating that the whole dh/A

region might be derived from a common ancestral bactenal strain which was transferred

horizontally (van den Wijngaard et al., 1992). The dh/A sequence showed no overall
similarity to other proteins, however, later studies have shown some N-terminal

homology with the monofiuoroacetate dehalogenase H-1 of Moraxella sp (Kawasaki et

al., 1992).

The three dimensional analysis of the GJ10 haloalkane halidohydrolase has shown that
the enzyme is a spherical molecule composed of two domains: domain I has a a/f5 type
structure with a central eight-stranded mainly parallel R-sheet (Figure 1.9) and domain
1 lies like a cap on the top of domain I and consists of a-helices connected by loops
(Franken et al., 1991). The putative active site is completely buried in an internal
hydrophobic cavity located between the two domains. Verschueren et al. (19393) have
found that dehalogenation of 1,2-DCE occurs by a two step mechanism in which the
Aspq,4 Starts the reaction by acting as a nucleophile. In a second step a water

molecule hydrolyses the covalent ester intermediate formed (Figure 1.10).
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Figure 1.9: Three dimensional structure of the X. autotrophicus GJ10 haloalkane halidohydrolase.

(A) Stereo view of the a-carbon chain; domain I is shown with solid lines and domain II with dashed lines.

The putative active site residues are indicated and selected residues are labelled. (B) Topology of the
secondary structure elements; a-helices are represented as cylinders and [3-strands as arrows; helices In

one side of the R-sheet are dashed, the ones on the other side are shaded and the ones in domain |l are

unfilled. (After Franken et al., 1991).

Oxidation of 2-chloroethanol to chloroacetate in the DCE degrading X. autotrophicus

GJ10 was catalyzed by two different dehydrogenases (Figure 1.8). The chloroethanol
dehydrogenase appeared to be an inducible pyrrolo-quinoline (PPQ)-containing alcohol
dehydrogenase, generally found in methylotrophs and responsible for methanol
oxidation. This enzyme, due to its broad substrate specificity, was found to be active

towards 2-chloroethanol (Janssen et al., 1987b). The second dehydrogenase was a
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iInducible NAD-dependent chloroacetaldehyde dehydrogenase involved in the ethanol

metabolism (Janssen et al., 1987b).

Binding of substrate in the active site cavity
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Figure 1.10: Possible mechanism of dehalogenation of haloalkanes by the X. autotrophicus GJ10

haloalkane dehalogenase (After Verschueren ef al., 1993). T
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The last dehalogenation step is catalyzed by a 2-haloacid dehalogenase. The X
autotrophicus GJ10 enzyme has a molecular mass of 28,000 and is relatively
Insensitive to thiol reagents. The amino acid sequence encoded by dh/B gene showed
considerable homology with other Type 1 2-haloacid halidohydrolase, the two

Pseudomonas sp strain CBS3 (Schneider et al., 1991) and the Pseudomonas cepacia

MBA4 (Murdiyatmo et al., 1992) enzymes.

Although DCE degradation by these bacteria involves very similar enzymes, major
differences were found in their expression levels and regulation (van den Wijngaard et
al., 1992). The high levels of haloalkane dehalogenase activity found in Ancylobacter
AD20 (2 to 3-times) and in Ancylobacter AD25 (15-20 times) were due to over
expression of these enzymes in these strains. Regulation of DCE-degradation pathway
in strains AD20 and AD25 takes place at the level of the alcohol and aldehyde
dehydrogenases. In strain AD25 the amount of the toxic metabolite, 2-
chloroacetaldehyde in the medium is maintained at low levels by repression of the
alcohol dehydrogenase during early stages of growth on DCE (Table 1.2). Moreover,
the levels of chloroacetaidehyde dehydrogenase detected in strains AD20 and AD25
were at least 10-times higher than the one found in strain GJ10 (Table 1.2). This type

of regulation enables these microorganisms to demonstrate high rates of DCE

degradation, whilst avoiding the growth inhibitory effects of 2-chloroacetaldehyde (van

den Wijngaard et al., 1992).

The four genes of the enzymes involved in the metabolism of 1,2-dichloroethane were

isolated on four different DNA segments, indicating that these genes are not closely

inked (Janssen et al., 1989). The difficulty in isolating DCE degrading bacteria might
not only be due to its toxic effects, but also due to its dependence on the existence of

the genetic information necessary to encode the four different enzymes. Also, all of

them must be inducible by the halogenated substrates.
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Table 1.2: Activities of the enzymes involved in the conversion of DCE to glycolate, of the strains

AD20, AD25 and GJ10 grown on DCE (After van den Wijngaard et al., 1992).

Enzyme activity (mU/maq of protein
Enzyme and substrate | AD20 AD?25 GJ10

Haloalkane dehalogenase/DCE 232
Alcohol dehydrogenase/2-chloroethanol 480
Aldehyde dehydrogenase/chloroacetaldehyde 109
Chloroacetate dehalogenase/MCA 416

Dehalogenation of 2-chloroethanol by Pseudomonas sp CE1 (Stucki & Leisinger, 1983)

and Pseudomonas putida US2 (Strotman et al, 1990) proceeds through 2-
chloroacetaldehyde and 2-chloroacetic acid (Figure 1.8), as in the degradation of DCE,
although some differences were observed in the enzymes involved in this pathway.
Oxidation of 2-chloroethanol in strain US2 is carried out by a phenazine ethosulphate

(PES)-dependent dehydrogenase and the 2-haloacid halidohydrolase is induced by 2-
chloroethanol and chloroacetic acid to 50 times higher levels of activity than usually

found in other 2-haloacid utilizing-bacteria (Stucki & Leisinger, 1983 and Janssen et al.,
1985). Although the GJ10 and US2 2-haloacid halidohydrolases have a similar
molecular weight (28,000), the US2 enzyme is inhibited by thiol reagents while these

compounds had little effect on the GJ10 enzyme, suggesting that they are indeed

different enzymes.

1.3.2.3. Halogenated alkanes with more than two carbons

In general, hydrocarbons with 10 to 18 carbons are very easily degraded by bactena,

while a smaller number of microorganisms have been isolated which are able to
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degrade hydrocarbons with less than 9 carbons. Furthermore the presence of halogen
atoms on these molecules makes them even less susceptible to microbial degradation.
Co-metabolism of certain halogenated compounds such as dichlorononane and 6-
bromohexanoate has been demonstrated in bacteria that are able to grow on the non-
halogenated analogues, n-undecane and benzoate respectively (Omori & Alexander,
1978). In this case it is possible that the capacity to remove halogens from these

compounds is not a function of a specific dehalogenase but is the result of catalysis by

an enzyme with broad substrate specificity.

Microorganisms capable of utilizing halogenated alkanes with a chain length of C, to
C46 as single carbon and energy source have been isolated (Yokota et al., 1986;
Scholtz et al., 1987, Janssen et al., 1987, Sallis et al., 1990). These bacteria produced
Inducible dehalogenases capable of hydrolytic removal of the halogen from a number
of halogenated alkanes, such as mono- and di-halogenated n-alkanes, chloroalkanes

with a side chain, 2-chloroalkanes and some haloalcohols.

Although these bacteria have been isolated from geographically separate industnat

sites, the haloalkane halidohydrolases of Rhodococcus sp m15-3, Corynebactenum
m2C-32 (Yokota et al., 1986), Arthrobacter sp HA1 (Scholtz et al, 1987a) and
Rhodococcus erythropolis Y2 (Sallis et al., 1990) show a large number of similarities.
These enzymes are monomeric proteins with a molecular weight from 34,000 to 36,000
and their N-terminal amino acid sequences showed 100% homology. The
halidohydrolases had similar pH optima (pH 9.2 to 9.5), the K, values towards 1-
chlorobutane fell in the same range (0.06-0.26 mM) and, where determined, they have
been seen to have similar activation energies (40-42,9 KJ/mol) and isoelectric poihts
(4.5 to 4.7). Although the Arthrobacter GJ70 haloalkane halidohydrolase had a simiiar
substrate profile to that of the other enzymes described above, it showed a more acidic

oH optimum (pH 8.0-9.0), a higher activation energy (59 KJ/mol) and a significantly

lower rﬁolecular weight (28,000).
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Thiol modifying reagents have different effects on these four halidohydrolase, whereas
the GJ70 and Y2 enzymes are sensitive to these reagents, they have little effect on the
HA1 enzyme. Optimum temperature of dehalogenation of 1-chlorobutane ranged from
30-37°C for the GJ70, m15-3 and the Y2 halidohydrolases while for the HA1 enzyme

the optimum temperature was much higher, 50°C.

Janssen et al. (1988) proposed that the X. autotrophicus GJ70 halidohydrolase

catalyzed the removal either via nucleophilic attack involving a carboxyl residue or via

general base reaction (Figure 1.11).

R

\J\- % —c;:«S 4{ % me— O... o-{.,,m

oy /
\

R;

OH
H

x-
R,
H
W—B:\/Hou‘_. X enz — . . H* . HO .,
\‘\ ’f
2| H
R,

B

Figure 1.11: Possible mechanisms for the haloalkane dehalogenase; (A) nucieophilic involving a

carboxyl residue (B) general base catalysis (After Janssen et al.. 1988a). R, and R, aikyl groups. X,

halogen.

These types of dehalogenases are markedly different from the ones isolated from
microorganisms that degrade dichloroethanes. The substrate specificity of haloalkane

halidohydrolases is very broad. These enzymes are capable of dehalogenating C4 to

C1g mono and dihaloalkanes, and some halogenated ethers and alcohois, whereas the
haloethane halidohydrolases showed only activity towards short chain haloalkanes (Cq-

Cs). Although the molecular weight of both types of dehalogenases was similar (28-37
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kDa) it is possible to separate the two groups of enzymes according to the N-terminal

amino acid sequence (Figure 1.12).

Haloethane halidohydrolase
Met-lle-Asn-Ala-lle-X-Tyr-Pro-Asp-Glix-
Haloalkane halidohydrolase

Ser-Glu-lle-Gly-Thr-Gly-Phe-Pro-Phe-Asp-Pro-His-Tyr-Val-Glu-Val-Leu-Gly-Glu-Arg-

Figure 1.12: Amino acid sequences of the haloethane and haioalkane halidohydrolase. X, unknown

residue.

1.3.3. Biodegradation of halogenated alcohols

Until quite recently there was relative little information about microbial degradation of
halogenated alcohols, although several of them are important poilutants.
Dehalogenation of haloalcohols by crude extracts of bactena that possess a haloalkane

halidohydrolase has been widely found. However, often these bacteria are unable to

use these compounds as carbon and energy sources for growth (Scholtz et al., 1987a;

Yokota et al.. 1987: Janssen et al., 1988a; Sallis et al., 1990; van den Wijngaard et al.,

1992). This type of enzyme dehalogenated haloalcohols with chain length C,-Cg and

produced the corresponding diols.

Some halogenated alcohols, such as chloroethanol (Stucki & Leisinger, 1983; Strotman

et al. 1990) (section 1.2.2.2), 2-chloroallylalcohol (van der Waard et al., 1993) and 3-
bromopropanol (Castro & Bartnicki, 1965) (section 1.2.1.2) can serve as growth

substrates for bacterial mono-cultures, but dehalogenation takes place only after

oxidation of the haloalcohols to the corresponding acids.
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Degradation of 2,3-dibromo-1-propanol (2,3-DBP) via epibromohydrin, 3-bromo-1,2-
propanediol, glycidol and glycerol (Figure 1.1 3) was first found in Flavobacterium sp
(Castro & Bartnicki, 1968). Recently, bacteria that are capable of using 2,3-dichloro-1-
propanol (2,3-DCP) (Kasai et al., 1990; Kasai et al., 1992a), 1,3-dichloro-2-propanol
(1,3-DCP) (Nakamura et al., 1992), 3-chloro-1,2-propanodiol (CPD) (Suzuki & Kasai
1991, Suzuki et al., 1992) and epichlorohydrin (ECH) (van den Wijngaard et a/., 1989)
as a single carbon and energy source have been isolated. Conversion of halopropanols
to glycerol is catalyzed by two enzymes, an haloaicohol dehalogenase and an epoxide
hydrolase. The first enzyme catalyzes the removal of the halogen and the formation of
the epoxide ring, in a second step, the epoxide ring is opened by an epoxide hydrolase
and the corresponding alcohoi is formed (Figure 1.13). If a second halogen is present

the haloalcohol is further metabolized in the same way.

Y/\K\X

OH

, HX H,0 HX H,0
>>£ D/\x "é‘“_h"‘/ o{\(\x é Mo 'é—;'\—‘/ o{\(\on
O 2 3 4 OH
“ OH

X

Figure 1.13: Proposed route for the dehalogenation of vicinal haloalcohols. Steps 1(a), 1(b) and 3

are catalyzed by an haloalcohol dehalogenase; steps 2 and 4 are catalyzed by an epoxide hydrolase.

(Adapted from Kasai et al., 1990).

Van den Wijngaard et al. (1989) isolated three strains able to use epichlorohydrin as a

single carbon and energy source. Two of these strains, Pseudomonas AD1 and

coryneform bacteria AD3, degraded epichlorohydrin to 3-chloro-1,2-propanodiol (CPD)

very rapidly. In contrast, the Arthrobacter strain AD2 was a slow utilizer of

epichlorohydrin. A study of the epoxide hydrolase and dehalogenase activities in crude

extracts of strains AD1 and AD2 revealed that epichlorohydnn is converted by strain

AD1 via CPD and glycidol by the action of an epoxide hydrolase and a dehalogenase
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respectively. The same route of dehalogenation takes place in the strain AD2, which is

dependent on the chemical hydrolysis of epichlorohydrin and glycidol rather than via an

enzymatic conversion.

The dehalogenation step of 3-chioro-1,2-propanodiol to glycidol in Arthrobacter AD2
was catalyzed by a haloalcohol halogen-halide lyase (van den Wijngaard et al, 1991).
This enzyme converted C, and C5 haloalcohols, with the halogen in the vicinal position
to the hydroxy group, to the corresponding epoxides. The dehalogenase was also
active towards chloroacetone and 1, ,3-dichioroacetone. The AD2 haloaicohol

dehalogenase was a dimeric protein (65,000), consisting of two monomers of identical
moiecular weight, 29,000. The enzyme showed a broad substrate optimum around 8.5
and the optimum temperature for activity of 50°C. Thiol reagents partially inhibited the
enzyme activity, although no cysteines or cystine residues were found durning amino

acid analysis. Haloalkanoic acids, such as chloroacetic acid acted as competitive

inhibitors.

The AD2 haloalcohol dehalogenase antibody showed immunological cross-reactivity
with the AD3 crude extract but not with the AD1 enzymes. Furthermore, the AD2 and
AD1 dehalogenases had different substrate profiles indicating that they are completely
different enzymes. The enzymatic properties of the Arthrobacter AD2 haloalcohol
dehalogenase are similar to the ones found for the enzyme [, of Corynebactenum sp
N-1074 (Nagasawa et al., 1992) except that the latter enzyme is a tetramenc protein
with a molecular weight of 105,000. Nevertheless, the molecular weight of the subunits
of both enzymes (28 and 29 kDa) as well as the N-terminal amino acid sequence are
very similar (Nagasawa et al., 1992). The haloalcohol dehalogenase [, of
Corynebacterium N-1047 is a completely different enzyme, showing no immunological
cross-reactivity with the antibody against the [, enzyme. Furthermore, the enzyme [ Is
a 115 kDa protein composed of two different subunits, 35 and 32 kDa. The two

enzymes differ mostly in their substrate specificity towards 1,3-DCP, CPD, 1,3-DBP and
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bromoethanol. The specific activity of the dehalogenase I, for 1,3-DCP was about 30-
fold higher than that of the enzyme [, but it showed very little activity towards CPD: the
dehalogenation rates of the brominated compounds are more than 100 times higher
than the chlorinated analogues or of the same order if the reaction is catalyzed by the

enzyme I or I, respectively (Nakamura et al., 1992).

The haloalcohol dehalogenase of Flavobacterium sp in the presence of a nucleophile
was capable of opening the epoxide ring. The qualitative capacity of the enzyme to
transfer halide or water to epichlorohydrin or epibromohydrin lies in the following order:
CI>Br>0H" (Bartnicki & Castro, 1969). The addition of hydroxide was a very slow
process and hence did not account for the rapid degradation of 2,3-DBP by the
Flavobactenum sp strain. As observed with the haloalcohol dehalogenase of
Flavobactenum sp, the enzymes of Arthrobacter AD2 and Corynebactenum N-1074 in

the presence of 0.1 M of halide were also capable of transhalogenation but not of

hydrolysis of epoxides (van den Wijngaard et al., 1991; Nagasawa et al., 1992). Further

studies on the catalytic function of the Corynebactenum sp N-1074 haloalcohol
dehalogenase I, revealed that this enzyme was capable of transforming epoxides to
the corresponding B-hydroxynitriles In the presence of cyanide (Nakamura et al.,
1991a). Nitto-Chem claimed several patents for the preparation of 4-halo-3-

hydroxybutyronitrile, a useful intermediate in the synthesis of L-carmitine (vitamin B+),

by converting 1,3-dihalo-2-propanols or epihalohydrin in the presence of alkall cyanide,

using either a microorganism or a dehalogenating enzyme (Kasai & Sakaguchi, 1992;

Nitto-Chem., 1991a and 1991b).

Bartnicki and Castro (1969) studied the stereochemistry of epoxide formation of the two
forms of 3-bromo-2-butanol catalyzed by the Flavobactenum sp halohydrn epoxidase.
They suggested that the epoxide formation and probably transhalogenation was a

stereospecific trans elimination of HBr in which a positively (£) and a negatively (Q)

I

charged group is involved (Figure 1.14).
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Figure 1.14: Putative dehalogenation mechanism of the halohydrin epoxidase
of Flavobacterium sp showing a positive and a negative group on the enzyme

(After Bartnick & Castro, 1969).

With the aim of producing chiral glycerol derivatives, synthons in the chemical synthesis
of pharmacological compounds, several other microorganisms able to stereospecifically
transform prochiral and chiral halohydrins and epoxides have been isolated (Kasai et
al.. 1990: Nakamura et al., 1991b; Suzuki & Kasai, 1991; Kasai et al., 1992a; Suzuki et
ai., 1992). Although no detailed study exits on the enzymes that transform these
compounds, all the strains possessed epoxide hydroiase and haloaicohol
dehaiogenase activities, suggestihg that conversion of the haloalcohols proceeds In a
similar mode to that previously described. It is worth noting that the relative activity
values obtained from crude extracts of different bacterial strains indicated that fhe
haloalcohol dehalogenases and epoxide hydrolases of these organisms were not
identical (Table 1.3). As such we can distinguish three types of dehalogenases, the

ones that (i) show low activity towards CPD as the Flavobactenum sp (Castro &

Bartnicki. 1968) and the enzyme I, of Corynebacterium N-1074 (Nakamura et al.,
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1992); (i) dehalogenases that show no activity towards 1.3-DCP as in Alcaligenes DS-

S-7G (Suzuki et al., 1992); (iii) and the alcohol dehalogenases that show no or very low
activity towards 2,3-DCP found in Pseudomonas AD1. Arthrobacter AD2 (van den

Wijngaard et al., 1989), Corynebactenum N-1074 (Nagasawa et al., 1992: Nakamura et
al., 1992) and Flavobactenium sp (Castro & Bartnicki, 1968).

Only two different types of epoxide hydrolase can be distinguished:; ones that show no
activity towards epibromohydrin as found in Alcaligenes DS-S-7G (Suzuki et al., 1992)

and ones that show no activity towards non-substituted epoxides, in Alcaligenes strains

DS-K-S38 (Kasai et al., 1992a) and DS-S-7G (Suzuki et al., 1992).

Table 1.3: Relative activities of haloalcohol dehalogenases and epoxide hydrolases from
haloalcohol degrading bacteria. (1) Kasai et al.,, 1990; (2) Kasai et al., 1992a; (3) Suzuki et al., 1992; (4)
van den Wijngaard et al.,, 1989; (5) Nagasawa et al.,, 1992, (6) Nakamura et al., 1992; (/) Castro and

Haloalcohol dehalogenase Epoxide hydrolase

13- 13- 23- 23- CPD BPD|ECH EBH GDL PO BO
DCP DBP DCP DBP

Pseudomonas 1.00 010 0.19 0.33 15.6 217 7.70 780 6.0} 1
OS-K-29

Alcaligenes 1.00 0.47 0.56 1.06
DS-K-S-38

Alcaligenes 0.00 0.36 038 1.00 0.73 |1 0.30 0.00
DS-S-7G

Pseudomonas 1.00 17.5 0.00 0.07

Bartnick, 1968.

2.53 025 009 0.00

0.39 0.00 0.0

2.98 0.37 10.5

AD1
Arthrobacter 100 134 0.00 0.19

AD?2
Corynebacterium | 1.00 125  0.03 0.38 0.09

N-1074 I,
I, |1.00 1.7  0.001 0.01

Flavobacternum 1.0 0.06 0.00 0.09
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Other differences found in the relative activities of epoxide hydrolases and alcohol
dehalogenases (Table 1.3) may be due to the presence of isoenzymes in single
microorganisms. In Pseudomonas sp AD1 the hydrolysis of the epoxides is performed
by two enzymes, one active towards epichlorohydrin but not towards glycidol, and the

other active only towards glycidol (Jacobs et al., 1991). The Corynebactenium N-1074
possesses two haloalcohol dehalogenases and two epoxide hydrolases. The
haloalcohol dehalogenase [, showed high activity towards 1,3-DCP but very low activity
towards CPD. Although the enzyme activity of dehalogenase I, towards 1,3-DCP is 30
times lower, it showed higher specificity towards CPD than the enzyme I,, (Nakamura et
al., 1992). The existence of more than one enzyme with different affinities towards
substrate analogues can be advantageous to the microorganism, as it can enhance the

ability of the strains to utilize these compounds as growth substrates, under different

environmental conditions.

The epoxide hydrolase responsible for the degradation of epichlorohydrin to CPD in

Pseudomonas AD1 has been purified and characterized (Jacobs et al,, 1991). The
enzyme was produced constitutively, however, its production could be further induced
by the presence of epichlorohydrin. This hydrolase appears to be a monomernc protein
of 35 kDa which catalyzed the conversion of epoxides without requirement of cofactors.
The enzyme activity was inhibited by sulphydryl reagents (HgCl,, PMB and
iodoacetamide) and the maximum hydrolase activity was obtainea at pH 8.4-9.0 ana at
50°C. The enzymatic epoxide hydrolysis proceeded by nucleophilic displacement with
water at the primary carbon atom of the epoxide ring. Comparison of the amino acia
sequence of the N-terminus and some of the CNBr peptides, showed no significant
homology between this and other proteins. This enzyme showed no activity towards
glycidol and differences in substrate specificity compared to the ones found in AD1

crude extracts. suggested that another epoxide hydrolase Is responsible for glycidol

conversion in strain AD1 during growth on epichlorohydrin.
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1.4. Synthesis of optically pure epoxides and halohydrins

Most commercial drugs with a chiral centre in the molecule are sold as a racemic
mixture of enantiomers aithough the sterecisomers often differ in their pharmacological
activities. There is however, an increasing demand for the production of drugs in an
enantiomernicaly pure form. The preparation of a compound in such a form is often more
expensive than the synthesis of the corresponding racemate, since the chemical
synthesis route has to employ expensive natural optically active starting materials
(synthons) or extra steps are required to resolve a particular building block into the

optically active form. Great emphasis has been given to the development of chemical
and bitochemical methods for the generation of chiral synthons in order to offer the

chemical industries an easy and cheap method of producing such chiral compounds.

The use of biocatalysts for organic synthesis takes advantage not only of the mild

reaction conditions and the low frequency of side reactions but mostly of the
enantioselectivity of certain enzymes . The range of biocatalytic applications in organic
synthesis is immense and various (Santaniello et al.,, 1992). Molecular biological
techniques and the continuous discovery of new substrates and enzymes will open

doors for the synthesis of a even wider range of chiral molecules.

Epoxides are cyclic ethers, but due to the characteristics imposed by their structure (i.e.
the strain inherent to the three member ring, combined with the polanty arising from the
electronegativity of the oxygen) they demonstrate considerably higher reactivities than
that normally associated with ethers. This makes these compounds versa{ile
intermediates in organic synthesis as they react with a wide range of compounds,
including nucleophiles, electrophiles, acids, bases, reducing agents and some oxidizing
agents (Figure 1.15). Substituted epoxides that possess an extra reactive site, such as

epichlorohydrin and glycidol, have found wide use in the manufacture of polymers and
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INn organic synthesis of fine chemicals (Klunder et al., 1986; Koosterman et al., 1988;

' Avignon-Tropis et al., 1991; Cimitiere et al., 1991: Crosby, 1991; Hanson , 1991: Lai et
al., 1992; Kasai & Sakaguchi, 1992).

CH, *
R = H H ~H *
7._-<I‘H + ERRI | R(.:H,: ha Nl;-éHR
"o CH, o 7_<”H + R¥ZS ?
\

Yﬂim Nucleophilic attack
~H CH,

8 Elimination _ H

=R, e R “\\
OH : ; Electrophilic or nucleophilic

®) deoxygenation

Add catalyzed
rearrangement

Figure 1.15: Some synthetical useful reactions of epoxides (After Leak et al., 1992). The « indicates

major products; R, and R,, alkaly groups.

1.4.1. Chemical synthesis of optically pure epoxides

Racemic mixtures of epoxides are manufactured by direct oxidation of the
corresponding alkenes while chemical synthesis of pure enantiomers in general

involves numerous steps which are fairly specific for an identified compound isomer. In
spite of the availability and number of methods for the synthesis of non-racemic

epoxides, most of them are fairly complicated and only result in a low enantiomernc

excess (e.e.).

!
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The earliest approach to the synthesis of non-racemic glycidol and epichlorohydrin was

based on the cleavage of 'the diacetonide of D-mannitol (Figure 1.16 A, Baldwing et al.,
19/78) while S-glycidol was synthesized from L-serine (Lock et al., 1976) (Figure 1.16
B). Although these methods are reliable and produce enantiomers in high enantiomeric

excess (9/-99%) they rely upon the natural source of chiral compounds (D-mannitol

and L-serine).

The less expensive titanium-catalyzed asymmetric epoxidation of allylic alcohols
(Katsuki & Sharpless, 1988) has the disadvantage of a lower optical purity of the
resultant epoxides (e.e. >80%) than that observed for the above reactions. However,

upon the use of one or the other tartrate isomers it is possible to produce both epoxide
isomers (Figure 1.16 C). The commercially available enantiomers of glycidol are

produced from allyl alcohol by the Sharpless epoxidation method (Hanson & Sharpless,

1986; Gao et al., 1987).

1.4.2. Microbial production of chiral epoxides and halohydrins

Microbial production of epoxides becomes more attractive when it is possible to obtain
these compounds in an optically pure form. Two strategies have been employed for
such production, (i) stereoselective degradation of one of the isomers in a racemic

mixture or (ii) stereoselective formation of one isomer from a racemic mixture of the

substrate or from a prochiral molecule.

Epoxyalkanes are intermediates in the metabolism of alkenes and halohydrins.
Because epoxides are highly reactive molecules, organisms that form these

compounds often have an enzymatic system responsible for its degradation, as such

both approaches for chiral synthesis can be considered.
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Figure 1.16: Chemical synthesis of optically pure enantiomers of epichlorohydrin and glycidol.

From (A) (D)-mannitol; (B), (L)-serine and (C), from both tartrate isomers using the Sharpless epoxidation

method.

1.4.2.1. Epoxidation of alkenes

Although ammonia monooxygenase (Hyman & Wood, 1984), methane

monooxygenase (Hou et al., 1980; Weijelrs et al., 1988a), alkane monooxygenase
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(Hou et al., 1983; Weijeirs et al., 1988a) and alkene monooxygenase (Habets-Crutzen
et al., 1985; Habets-Crutzen & de Bont, 1987, Wei<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>