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Chapter 1 

Importance of chirality 
 

Epoxides are versatile building blocks in synthetic organic chemistry. As a result of 
the ring strain, their susceptibility towards nucleophiles, oxidizing and reducing agents makes 
them versatile intermediates for the preparation of various complex molecules. An epoxide 
ring can be opened by a nucleophile yielding the corresponding substituted alcohol. 
Generally, a base-catalysed ring opening will take place at the least hindered carbon atom 
whereas an acid-catalysed ring opening occurs at the more substituted carbon atom. Their 
high reactivity and directable regioselectivity makes epoxides valuable starting compounds 
for the preparation of biologically active compounds.  

Many biologically active compounds such as drugs are chiral, which means that they 
can exist in two forms called enantiomers, which are non-superimposable mirror images of 
each other. Since many drugs are chiral compounds and interact with a chiral receptor in the 
body, only one of the enantiomers has the optimal therapeutic action. To avoid side effects of 
the unwanted enantiomer, government regulations have, over the last 15 years, increasingly 
demanded the use of drugs containing only the biologically active enantiomer. One example 
of a chiral drug in which both enantiomers have a different therapeutic effect is Darvon and 
Novrad (Figure 1). Novrad is an anti-cough agent and Darvon a painkiller. 

 

Me2N

O
O

NMe2

O
O

 
Darvon                                             Novrad 

 

Figure 1 Enantiomers of a drug that have a different therapeutic effect. 
 
In Figure 2, some examples of biologically active compounds that can be prepared 

from epoxides are shown. Halohydrins can be used as direct precursors for epoxides. As the 
complexity of synthetic target molecules increases, more selective and mild methods for 
preparing and converting epoxides and halohydrins are needed. Various methods are known 
for obtaining a single enantiomer of a chemical compound. They can be divided in three 
general preparation strategies: asymmetric synthesis, use of the chiral pool, and separation of 
the enantiomers present in a racemic mixture. Asymmetric synthesis is the preparation of an 
enantiomerically pure compound, starting from a compound containing a prochiral reaction 
center. The chirality can be introduced by using a chiral auxiliary, by internal asymmetric 
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induction from a nearby chiral center in the molecule, or by external asymmetric induction 
using a chiral catalyst. The last method is the commercially most attractive since only a 
catalytic amount of a chemical or biochemical catalyst is needed to obtain the optically active 
compound. 
 

N
+

COOH
OH

H3N+ COOH
OH

O

O
OR

OHOH

O O

OH

OH

O
X

X
OH

Cl

 
 
Figure 2 Examples of biologically active compounds prepared from optically pure 

epoxides and halohydrins. 
 

The chiral pool consists of the optically active products present in nature, such as 
amino acids, organic acids, sugars, terpenes, and complex carbohydrates. An example of 
using the chiral pool is the anticancer drug Taxol, which can be obtained from the Pacific 
Yew tree Taxus brevifolia.1 A total synthesis of Taxol is impractical due to the complexity of 
the molecule. Semi-synthetic Taxol can be obtained by using the intermediate Baccatin III 
which is more abundant in nature, and converting it with the use of synthetic chemistry.  

The third strategy is the separation of a racemic mixture of enantiomers. One such a 
technique is preferential crystallisation, in which a supersaturated solution is seeded with a 
crystal of one enantiomer causing selective crystallisation of that enantiomer. A second 
technique involves the conversion of enantiomers into diastereomers, followed again by a 
crystallisation. A third technique is kinetic resolution, which is based on the differences in 
reaction rate of the enantiomers in a racemic mixture, which can be achieved by using a 
chiral catalyst. If one enantiomer has been entirely converted, the reaction is stopped and the 
remaining enantiomer is obtained in optically pure form. A drawback to this method is that 
the maximum yield is only 50% of the total amount of the starting compound. Kinetic 
resolutions have been described using chemo-catalysts and biocatalysts. 
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Enzymes 
 

Fermentation has been a process that is known for thousands of years and is used for 
brewing beer, baking of bread and the production of sauerkraut, yoghurt and wine. The 
chemical changes that occur during the fermentation are the result of the activity of enzymes. 
Over the past decades, enzymes have become increasingly recognized as attractive catalysts 
in numerous processes and their use is still increasing. The major markets for enzymes are 
technical enzymes (used in detergents and fuels), food enzymes (used in bread, beer and 
wine) and feed enzymes (used in animal feed).2 Only a few percent of the total enzyme 
market consists of enzymes for applications in the fine chemicals industry, such as the 
manufacturing of pharmaceuticals, agrochemicals, and flavors. The market for such enzymes 
is expected to grow 7 to 10% annually.3 The demand for single-enantiomer compounds, 
particularly in the strongly regulated pharmaceutical industry, has increased the demand for 
enzymes for fine chemical applications. Since these biocatalysts can make products with high 
enantioselectivity and regioselectivity, drug manufacturers integrate enzyme-catalysed 
reaction steps in the early stages of the development of synthetic routes for drugs. Some 
single enantiomer compounds made by enantioselective biocatalysis are shown in Table 1. 
 
Table 1 Examples of single enantiomer compounds produced on an industrial scale by 

enantioselective biocatalysts. 
 

Chemical structure Production details Enzyme 
 

N

O OMe
O

H NH2

COOH

 

aspartame, 
low-calorie sweetener  
> 99.9% e.e., > ton scale  

aminopeptidase 

O

COOMe

MeO  

intermediate in the 
synthesis of diltiazem 
99.9% e.e. 
 

lipase 

NH2

 

intermediate for 
pharmaceuticals 
> 99% e.e., >100 ton.yr-1 

lipase 

N
+

COOH
OH  

additive in nutrition 
99.9% e.e., 300 ton.yr-1  

carnitine 
dehydratase 
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The use of biocatalysts in organic synthesis can have some advantages and 
disadvantages. An accredited benefit is the high selectivity, such as chemoselectivity, 
enantioselectivity, and regioselectivity. These aspects make it possible to perform reactions 
that are synthetically unfeasible. The high regioselectivity avoids the use of complicated 
protection and deprotection steps used in chemical synthesis. Enzymes are easy to dispose of 
and can be used in water as a solvent making them environmentally friendly. A disadvantage 
of enzymes may be their poor operational stability that often requests narrower operation 
parameters than conventional chemical methods.  

To make biocatalysis economically competitive with existing technologies, molecular 
biology is often used to increase the production scale and improve the catalytic properties of 
the enzymes. Cloning and overexpressing the genes in suitable hosts has drastically increased 
the production scale of the enzymes. Genetic engineering can adapt enzymes to unnatural 
reaction conditions or modify them in such a way that they can perform other reactions than 
they were designed to catalyse. Important goals are expanded substrate range, higher 
(enantio-)selectivity and improved stability of the enzyme at elevated temperatures and 
extreme pH-values. 
 
 
Microorganisms involved in degradation pathways as a source for 
biocatalysts 
 

A variety of man-made synthetic compounds is released in the natural environment. 
Halogenated compounds such as 1,2-dichloroethane, chloroform, dichloromethane, and 
epichlorohydrin have a widespread use in the industry as solvents, intermediates in chemical 
synthesis, insecticides, or degreasing agents. Some halogenated compounds can also be 
generated by plants (for example chloromethane by seaweeds),4 fungi, or mammals.5 Since 
many of these compounds are relatively new to the environment, they are poorly 
biodegradable. Partial degradation leads to the formation of highly toxic intermediate 
products such as epoxides and halo-carbonyl compounds.6 Since epoxides are highly reactive, 
they can react with a large variety of biomolecules such as proteins and DNA.7 These 
characteristics make many halogenated compounds highly toxic to organisms and therefore a 
fast degradation by microorganisms in the environment and in biotreatment systems is 
required. 

Various organisms have been isolated that can use halogenated hydrocarbons as the 
sole source of carbon and energy. To understand the mechanism of dehalogenation and the 
evolution of the catabolic routes in several organisms, the involved enzymes have been 
studied extensively using microbial and genetic techniques.8,9 The organism Xanthobacter 
autotrophicus GJ10 is able to totally degrade 1,2-dichloroethane and Agrobacterium 
radiobacter AD1 can convert the toxic epichlorohydrin to glycerol (Figure 3.).10,11  
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Figure 3 Degradation routes for 1,2-dichloroethane in X. autotrophicus GJ10 (left) and 

epichlorohydrin in A. radiobacter AD1 (right). 
 

Three different types of dehalogenases are involved in these degradation routes: a 
haloalkane dehalogenase, a haloacid dehalogenase and a haloalcohol dehalogenase. All three 
enzymes have been studied extensively to determine their involvement in the degradation of 
halogenated compounds. Besides the use of these enzymes and organisms for bioremediation 
purposes, they can potentially also be used as biocatalysts for synthetic purposes.12 One of the 
dehalogenating enzymes that has been characterized extensively is the haloalcohol 
dehalogenase. As early as in the 1970s a process for the production of propylene oxide was 
developed using a haloalcohol dehalogenase as a part of a multi-enzyme process.13 During 
the last decade, haloalcohol dehalogenases have been considered for use in the biocatalytic 
synthesis of optically pure aliphatic epoxides and halohydrins.14  

Applications of organisms that contain haloalkane dehalogenase have been directed 
towards bioremediation and wastewater treatment. Recently, the stereospecificity of two 
different haloalkane dehalogenases was investigated.15 The results showed that a variety of 
chiral aliphatic halocarbons can be hydrolysed, but the enantioselectivity is low. These 
examples illustrate that microorganisms that degrade halogenated aliphatic compounds are a 
potential source of enzymes for (enantioselective) biocatalysis. 
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Optically active epoxides have been synthesized by a variety of biotransformation 
reactions (Figure 4).16,17 They can be prepared by direct epoxidation of alkenes using 
monooxygenases or peroxidases, by enantioselective hydrolysis using epoxide hydrolases, or 
by enantioselective nucleophilic ring opening using a haloalcohol dehalogenase or 
lipase.18,19,20,21,22 Optically active halohydrins, which are direct precursors of epoxides, have 
been prepared using haloalcohol dehalogenases, haloperoxidases, lipases or by microbial 
reduction of haloacetophenones. 23,24,25  

 

R

O

R

R

OH OH

R

OH Cl

R

Acyl-O Cl

R

OH CN

R
Cl

O

LipaseEpoxide
Hydrolase

Microbal
reduction

Mono-
oxygenase

Halo-
peroxidase

Halohydrin
dehalogenase

* *

* *

*

Halohydrin
dehalogenase

 
 

Figure 4 Biocatalytic preparation methods of optically active epoxides and chloro-
alcohols. 

 
 The organism A. radiobacter AD1, previously referred to as a Pseudomonas species, 
was isolated from freshwater sediment that was polluted with chlorinated hydrocarbons.11 A. 
radiobacter AD1 can utilize 1,3-dichloro-2-propanol or epichlorohydrin as sole source of 
carbon and energy. Investigation of conversion of epichlorohydrin to glycerol revealed that 
two enzymes are involved in the biodegradation route. A haloalcohol dehalogenase catalyses 
the ring closure of haloalcohols to yield epoxides. The second enzyme, an epoxide hydrolase, 
catalyses the hydrolysis of epoxides to vicinal diols. Both enzymes are active with various 
chiral substrates, and it was the goal of the work described in this thesis to investigate the 
potential of the use of these two enzymes as biocatalysts for the preparation of optically pure 
compounds. In the next paragraphs the structure, mechanism, function and biocatalytic 
properties of both types of enzymes will be discussed. 
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Occurrence of epoxide hydrolases 
 

Epoxide hydrolases catalyse the hydrolysis of an epoxide to yield a vicinal diol 
(Figure 5). The occurrence of these enzymes is widespread. Epoxide hydrolase activity has 
been found in bacteria,26 yeasts27, fungi,28 insects,29 plants30 and mammals.31 
 

O

R' R'' R' R''

OH OHH2O

 
 

Figure 5 Hydrolysis of an epoxide to a vicinal diol. 
 

Five different types of mammalian epoxide hydrolases have been identified: 
microsomal epoxide hydrolase (mEH), soluble epoxide hydrolase (sEH), cholesterol epoxide 
hydrolase, leukotriene A4 epoxide hydrolase, and hepoxilin hydrolase.32 The most extensively 
studied mammalian epoxide hydrolases are the membrane bound mEH and the soluble sEH. 
The latter is mainly found in the cytosol of liver and kidney cells.31,33 The primary function of 
mEH is the detoxification of xenobiotic epoxides, which are formed by cytochrome P-450-
catalysed oxidation of aliphatic and aromatic compounds. The soluble epoxide hydrolase 
(sEH) has a different substrate specificity and is involved in both the detoxification of 
epoxides and the biosynthesis of endogenous compounds.34 

Epoxide hydrolases in insects are involved in the hydrolysis of pheromones.29 In 
plants, these enzymes are hypothesized to aid in the biosynthesis of cutin, a polymer that 
plays an important role in the defense against pathogens.35 Until recently, epoxide hydrolases 
were mainly studied for their biological role and catalytic mechanism. Only in a few studies, 
the enantioselectivity of mEH and sEH towards the hydrolysis of aromatic36,37 and aliphatic 
epoxides was investigated.38,39 The discovery of (enantioselective) microbial epoxide 
hydrolases in Rhodococcus sp.40 and Aspergillus niger41 prompted an increased interest in 
biocatalytic applications.  
 
 
Routes to optically pure epoxides and diols by hydrolysis of epoxides 
 

Several types of chiral recognition by epoxide hydrolase can lead to an optically 
active epoxide or diol. In Figure 6 three reaction types are shown. A kinetic resolution, in 
which only one of the enantiomers is hydrolysed, yields the remaining enantiomer of the 
epoxide in an optically pure form (Figure 6A). If the ring opening of the preferred enantiomer 
is completely regioselective towards the α- or β-carbon atom of the epoxide, the produced 
diol is obtained in optically pure form. If one enantiomer is attacked solely at the α-carbon 
and the other enantiomer solely at the β-carbon atom, a complete conversion will lead to an 
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optically pure diol in 100% yield (Figure 6B). This type of reaction is called 
enantioconvergent. In most cases the enantioselectivity and regioselectivity will not be 
absolute, resulting in a combined effect of the two reaction types described above. The 
asymmetric hydrolysis of a meso compound like cyclopentene oxide can theoretically result 
in an optically pure trans-diol with a yield of 100% (Figure 6C). In this case, the optical 
purity of the product (e.e.) is defined by the ratio of the rates of formation of the enantiomers 
of the product (product enantioselectivity) and is constant throughout the conversion. 
 

O

R

O

RR

OH OHO

R

O
OH

OH

O

R R

OH OHO

R

enantioselective

50% yield50% yield

100% yield

racemic

meso

asymmetric

regioselective

100% yieldracemic

α βA

B

C

 
Figure 6  Routes to optically pure epoxides and diols by epoxide hydrolase catalysed 

conversions. (A), kinetic resolution, (B), enantioconvergent conversion and 
(C), asymmetric hydrolysis of a meso compound. Indicated yields are 
maximum values. 

 
 
Enantioselectivity of mammalian epoxide hydrolases 
 

The enantioselectivity of ring opening using mammalian epoxide hydrolases (mEH 
and sEH) has been investigated since 1970. Belluci et al. studied the enantioselective 
hydrolysis of a variety of cycloalkane oxides and epoxides of heterocycles. Both mEH and 
sEH catalysed the hydrolysis of the meso compounds cycloalkane oxides (C5 - C8) to 
optically active diols. The highest optical purity was achieved with the mEH-catalysed 
hydrolysis of cyclopentene oxide, which yielded the (1R,2R)-diol in 90% e.e. An opposite 
regioselectivity towards both enantiomers was observed in the hydrolysis of 3,4-
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epoxytetrahydrofuran.42 This enantioconvergent process yielded (-)-(3R,4R)-3,4-
dihydroxytetrahydrofuran in 96% e.e.  

The enantioselectivity of the hydrolysis of substituted styrene oxides by sEH and 
mEH is usually low to moderate.43,44 An exception is the mEH-catalysed hydrolysis of cis-β-
substituted styrene oxides. Rabbit liver mEH catalysed the hydrolysis of cis-β-methyl styrene 
oxide and cis-β-ethyl styrene oxide with very high enantioselectivity, yielding nearly 
optically pure (1S,2R)-epoxides and (1R,2R)-diols.45 With the exception of cis-β-
methylstyrene oxide, cis-β-substituted styrene oxides were enantioconvergently hydrolysed. 
The same trend can be observed with aliphatic epoxides as mostly cis-β-substituted aliphatic 
epoxides are hydrolysed by mEH with high enantioselectivity.46,47,48 A high enantioselectivity 
was observed for the hydrolysis of 2,2-dimethylmethylene cyclohexene oxide.49 

Although mammalian epoxide hydrolases show high enantioselectivity towards 
specific substrates, a large-scale application has not been described. The low availability of 
the enzymes prevents the production of optically active epoxides or diols on multigram scale. 
Epoxide hydrolases from microbial sources such as fungi and bacteria can easily be obtained 
in larger amounts and therefore have a much higher potential to be used for the production of 
optically pure compounds. 
 
 
Enantioselectivity of microbial epoxide hydrolases 
 

Although the presence of epoxide hydrolase activity has been described for many 
microorganisms, the enantioselectivity of the conversions has only been investigated recently. 
Faber et al. discovered that a crude enzyme preparation from a Rhodococcus sp. (NOVO SP 
409), which was previously used for the hydrolysis of nitriles, showed low to moderate 
enantioselectivity towards a variety of aliphatic epoxides.41 This initiated a comprehensive 
screening for enantioselective epoxide hydrolases in bacteria.50 The highest enantioselectivity 
was observed with aliphatic 2,2-disubstituted epoxides using a Rhodococcus sp. (NCIMB 
11216) and Nocardia sp.51,52 Kinetic resolutions of 2,2-disubstituted epoxides bearing various 
functional oxygen groups were studied using 11 bacterial strains.53 A correct choice of ether 
functionality and biocatalyst resulted in various substituted optically pure epoxides and diols. 
Functionalised epoxides were used in the total synthesis, including an epoxide hydrolase 
catalysed kinetic resolution, of (S)-frontalin and (R)-mevalonolactone.54,55 

The combination of a kinetic resolution using Nocardia EH1 cells and a sequential 
acid-catalysed hydrolysis step yielded one enantiomer of a diol as sole product (Figure 7A).56 
The enzyme-catalysed ring opening of the epoxide occurred at the terminal carbon atom and 
the subsequent chemical hydrolysis of the remaining epoxide at the non-terminal carbon 
atom, yielding the (S)-diols in >90% e.e. and >90% yield. A chemoenzymatic process was 
developed by Archer et al. (Figure 7C). Racemic 1-methyl-1,2-epoxycyclohexane was 
converted to the (1S,2S)-1-methylcyclohexane-1,2-diol in a one-pot combination of a 
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Corynebacterium epoxide hydrolase and acid-catalysed hydrolysis.57 A very extensive 
screening by researchers from Daicel Chemical Industries showed enantioselective epoxide 
hydrolase activity in more than 50 different microorganisms.58  
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Figure 7 Examples of enantioconvergent hydrolysis of racemic epoxides yielding 

optically pure diols. (A) and (C), chemoenzymatic sequential conversion and 
(B), simultaneous conversion with two organisms. 

 
Furstoss et al. studied the hydrolysis of aromatic epoxides by fungal epoxide 

hydrolases. Styrene oxide was hydrolysed by Aspergillus niger LCP 521 with an opposite 
enantiopreference ((R)-selective) and regioselectivity compared to conversion catalysed by 
Beauveria sulfurescens ATCC 7159 ((S)-selective).28 The combined use of both organisms 
yielded (R)-phenylethanediol in 92% yield and 83% e.e. (Figure 7B). The hydrolysis of a 
range of para-substituted styrene oxides suggested different mechanisms for both enzymes.59 
With the same range of epoxides a shift in regioselectivity was observed going from electron-
donating to electron-withdrawing substituents using a crude extract from Syncephalastrum 
racemosum.60 A kinetic study revealed that the mechanism could be described, in contrast to 
that of the A. niger enzyme, as a concerted process implying a general acid activation. Recent 
results with A. niger showed that this enzyme could be used to obtain optically pure (S)-2,3- 
and 4-pyridyloxiranes.61 

Enantioselective epoxide hydrolase activity has also been detected in various yeast 
strains.62,63 The yeast Rhodotorula glutinis showed a remarkably wide substrate range in the 
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enantioselective hydrolysis of aliphatic and aromatic epoxides.27 More recent screenings 
showed that enantioselective epoxide hydrolase activity is relatively common in various 
bacteria, fungi and yeasts.64, 65, 66 
 
 
Epoxide hydrolase from A. radiobacter AD1 
 

The organism A. radiobacter AD1 is able to grow on epichlorohydrin as sole carbon 
source.11 The first step of the degradation route is the hydrolysis of epichlorohydrin to 3-
chloro-1,2-propanediol catalysed by an epoxide hydrolase (Figure 3). The enzyme was 
purified and characterized by Jacobs et al.67 The epoxide hydrolase is a soluble, cofactor-
independent, monomeric protein with a molecular mass of 35 kDa. The highest activity of the 
enzyme was obtained at pH 8.4 – 9.0 at 50°C. An initial investigation in the substrate 
specificity showed that the enzyme can hydrolyse terminal aliphatic and aromatic epoxides 
such as epibromohydrin, epoxyoctane and styrene oxide but not cyclohexene oxide. The low 
activity towards glycidol suggests the presence of a second epoxide hydrolase in A. 
radiobacter AD1, since the formed glycidol is further converted to glycerol. 

Originally, it was concluded that the enzyme was not enantioselective.67 This 
conclusion was drawn from the fact that all tested epoxides were completely hydrolysed. The 
likelihood of a sequential conversion of both enantiomers was not considered and the 
decrease of both enantiomers was not monitored separately. The epoxide hydrolase gene was 
cloned and brought to overexpression in Escherichia coli by Rink et al.68 This was at that 
moment the first cloned bacterial epoxide hydrolase gene. The enzyme was overexpressed to 
up to 40% of the total cellular protein content and could easily be purified in a two-step 
purification procedure. Sequence similarity with haloalkane dehalogenases indicated that the 
enzyme belongs to the α/β-hydrolase fold family. This family includes, besides epoxide 
hydrolases and haloalkane dehalogenases, also lipases, proteases, and esterases. Based on the 
conserved features of the α/β-hydrolase fold, a catalytic triad was proposed. Site-directed 
mutations showed that the Asp107, His275, and Asp246 form the catalytic triad in the active 
site.  
 
 
Structure and catalytic mechanism of the epoxide hydrolase 
 

Recently, Nardini et al. determined the X-ray structure of the epoxide hydrolase from 
A. radiobacter AD1 at 2.1 Å resolution.69 The structure confirmed the proposed α/β-
hydrolase fold topology of the enzyme and the presence of a catalytic triad in the active site. 
The main domain consists of a central parallel β-sheet flanked by 6 α-helices. The second 
domain or cap domain lies on top of the main domain and consists of 5 α-helices. The active 
site is located between the main domain (which also contains the catalytic triad) and the cap 
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domain. Two tyrosine residues (Tyr152 and Tyr215) present in the cap domain are positioned 
close to Asp107 in such a way that they can be involved in catalysis by activating the 
substrate or by donating a proton to the leaving group. Sequence alignment studies showed 
that the two tyrosines are conserved in all known soluble epoxide hydrolases from 
microorganisms, mammals and plants.70 
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Figure 8 Reaction mechanism of the epoxide hydrolase from A. radiobacter AD1. 
(A) alkylation reaction and (B) hydrolysis of covalent intermediate. 
 

The catalytic mechanism shown in Figure 8 is based on information obtained from the 
structure and mutagenesis studies. The mechanism consists of two steps, an alkylation step 
resulting in the formation of a covalent intermediate (Figure 8A) and a subsequent hydrolysis 
reaction (Figure 8B). The oxygen atom in the epoxide is bound in the active site between 
Tyr152 and Tyr215. The epoxide is opened by a nucleophilic attack from Asp107, resulting 
in the formation of the covalent intermediate. In the second step, a water molecule, activated 
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by proton abstraction by His275, attacks the ester group of the covalent intermediate and the 
diol is released. Mutating the histidine residue, resulting in the trapping of the substrate-
enzyme, proved the existence of a covalent intermediate.68 
 
 
Occurrence of haloalcohol dehalogenases 
 

Haloalcohol dehalogenases catalyse the intramolecular nucleophilic displacement of a 
halogen to yield an epoxide, a proton and the inorganic halide, as well as the reverse reaction. 
Halohydrin dehalogenase, halohydrin epoxidase or hydrogen-halide lyase are alternative 
names for the haloalcohol dehalogenase. The occurrence of this class of enzymes is limited to 
microbial sources. 
 

R' R''

OH Cl O

R' R''
+ HCl

Halohydrin
dehalogenase

 
 
Figure 9 Enzyme-catalysed interconversion of a haloalcohol to an epoxide. 
 

Castro and Bartinicki reported the first enzyme-catalysed conversion of a haloalcohol 
to an epoxide.71 A Flavobacterium sp. was isolated from soil samples because of its ability to 
degrade 2,3-dibromo-1-propanol. The first step of the degradation route is the conversion of 
2,3-dibromo-1-propanol to epibromohydrin catalysed by a haloalcohol dehalogenase. Further 
degradation of epibromohydrin to glycerol occurred by the same degradation route as 
described above for A. radiobacter AD1. The substrate range of the haloalcohol dehalogenase 
was investigated with partially purified enzyme. The reverse reaction, the ring opening of 
epoxides by a halide, was also observed. The ring opening of epibromohydrin by a chloride 
ion and the subsequent ring closure of 1-bromo-3-chloro-2-propanol yielded epichlorohydrin. 
This process, in which both steps are catalysed by the haloalcohol dehalogenase, is known as 
transhalogenation.  

Besides the above described organisms, haloalcohol dehalogenase activity has been 
found in Arthrobacter sp.,11,72 Pseudomonas sp.,11,73 Alcaligenes sp.,74,75 Corynebacterium 
sp.76 and very recently also in Rhizobium sp.77 In Corynebacterium sp. strain N-1074 two 
distinctly different haloalcohol dehalogenases (HheA and HheB) were identified and the 
corresponding genes were cloned. A haloalcohol dehalogenase from the 3-chloro-1,2-
propanediol utilizing bacterium Arthrobacter strain AD2 was purified and characterized.78 
Recently, the genes encoding haloalcohol dehalogenases from A. radiobacter AD1, 
Arthrobacter strain AD2 and Mycobacterium sp. strain GP1 have been cloned and expressed 
in E. coli.79  
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Together with HheA and HheB from Corynebacterium sp., a total of five sequences 
encoding haloalcohol dehalogenases are presently known (Table 2). The enzyme from 
Arthrobacter strain AD2 is highly similar to HheA (97.1% sequence identity) while that of 
Mycobacterium sp. strain GP1 is highly similar to HheB (98.4% sequence identity). The 
relationships of the associated enzyme pairs were confirmed by their similar substrate 
range.79 The low sequence identities show that the enzyme from A. radiobacter AD1 is 
different from the other four enzymes. Sequence homology and structure predictions indicate 
that haloalcohol dehalogenases are structurally similar to proteins belonging to the family of 
short-chain dehydrogenases and reductases (SDR). Although their sequence identity (15% to 
25%) is rather low, β-strands and α-helices were predicted at the same position as those in 
the SDR proteins.79 
 
Table 2 Sequence identities (%) between haloalcohol dehalogenases. 
 

 HheA AD2 HheB GP1 AD1 

HheA 100 97.1 24.1 24.0 32.0 
AD2  100 24.5 24.2 32.4 
HheB   100 98.4 25.4 
GP1    100 25.8 
AD1     100 

 
 
Routes to optically pure compounds using haloalcohol dehalogenase 
 

Enantioselective conversions of haloalcohols and epoxides catalysed by haloalcohol 
dehalogenase can be used to obtain optically pure epoxides and alcohols. If a chiral racemic 
haloalcohol is transformed with high enantioselectivity to the epoxide, the reaction will stop 
at 50% conversion and produced epoxide and non-reacted haloalcohol substrate can be 
obtained in high optical purity and 50% yield (Figure 10A). By alkaline treatment an isolated 
optically pure haloalcohol can be converted in an optically pure epoxide. This gives the 
possibility to obtain both enantiomers of an epoxide optically pure with the use of one 
enzymatic and one chemical reaction step. The disadvantage of the 50% yield maximum can 
be overcome by using prochiral substrates, such as 1,3-dihalo-2-propanol (Figure 10B). 

 Since the enzyme also catalyses the reverse reaction, addition of a nucleophile to an 
epoxide can be used to produce alcohols. A highly enantioselective ring opening by an 
anionic nucleophile, can yield the remaining epoxide and the formed alcohol in optically pure 
form (Figure 10C).  
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Figure 10 Routes to optically pure compounds using haloalcohol dehalogenase. The 

percentages represent a maximum yield. 
 
 
Enantioselectivity of haloalcohol dehalogenases 
 

A Pseudomonas sp. and an Alcaligenes sp. enantioselectively degraded 2,3-dichloro-
1-propanol.73,74 In both cases, the product of the ring closure could not be isolated. This was 
due to the presence of an epoxide hydrolase, which hydrolysed the formed epichlorohydrin to 
3-chloro-1,2-propanediol. The ring closure reaction was slower than the hydrolysis of the 
epoxides resulting in a lack of accumulation of the epoxide. The enantiopreference of both 
organisms is opposite to each other. This allowed, by the appropriate choice of organism, 
both enantiomers of 2,3-dichloro-1-propanol to be obtained optically pure (e.e.> 99%). 

 The prochiral compound 1,3-dichloro-2-propanol can be converted to (R)-3-chloro-
1,2-propanediol by Corynebacterium sp. strain N-1074. The diol was obtained in 97.3% yield 
with a moderate e.e. of 83.8%.80 Since two haloalcohol dehalogenases (HheA and HheB) are 
present in this organism, the enantioselective properties of the recombinant enzymes were 
investigated separately. Although both HheA and HheB catalysed the ring closure of 1,3-
dichloro-2-propanol, only HheB yielded an optically active epoxide. The optical purity of the 
formed epichlorohydrin continuously decreased during the reaction. This effect could be 
explained by the enzyme-catalysed racemisation of epichlorohydrin via the reverse reaction.81  

Hardman et al. observed the same racemisation with a haloalcohol dehalogenase 
obtained from Arthrobacter erithii H10a.82 The prochiral 1,3-dichloro-2-propanol was 
initially converted to (R)-epichlorohydrin (89% e.e., 61% yield), but the e.e. decreased upon 
prolonged incubation. When the conversion was performed in the presence of an excess of 
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KBr, (R)-epichlorohydrin was obtained with a high enantiomeric excess (>95% e.e.) but in an 
unsatisfactory yield of 14.5%. The higher optical purity was caused by the reverse reaction, 
the ring opening of epichlorohydrin by Br-. In this reaction, the less formed (S)-enantiomer 
was the preferred substrate, resulting in a sequential kinetic resolution and therefore an 
increase in the e.e. of (R)-epichlorohydrin. Two different types of haloalcohol converting 
enzymes were detected in Alcaligenes sp. DS-S-7G and Enterobacter sp.83 The cofactor 
dependent dehalogenating enzymes obtained from Alcaligenes sp. DS-S-7G converted the 
haloalcohol to hydroxyacetone, acetic acid and formic acid. Bacterial cells from the 
Enterobacter species dechlorinated 4-chloro-3-hydroxybutyrate to give 3-hydroxy-γ-
butyrolactone. Since these enzymes do not catalyse the conversion of haloalcohols to 
epoxides, the enantioselectivity of the reactions will not be discussed here. 
 
 
Haloalcohol dehalogenase from A. radiobacter AD1 
 

The gene encoding the haloalcohol dehalogenase from A. radiobacter AD1 was 
brought to overexpression in E. coli making the enzyme available in sufficient quantities for 
biocatalytic applications.79 The enzyme has a predicted molecular mass of 28 kD and is a 
tetrameric protein consisting of four identical subunits. The protein could be obtained in pure 
form by a simple purification procedure. The highest activity of the enzyme was obtained 
between pH 8.0 – 9.0. A variety of chlorohydrins, bromohydrins, but not fluorohydrins were 
converted to the corresponding epoxides.11 Generally, bromohydrins were converted at a 
higher rate than chlorohydrins. The haloalcohol dehalogenase also catalysed the conversion 
of chloroacetone to hydroxyacetone. The mechanism of this conversion is still unclear. 

A catalytic mechanism was proposed based on the high sequence similarity to SDR 
proteins (as discussed above) and site-directed mutagenesis studies. In the first step Tyr145 
abstracts a proton from the haloalcohol (Figure 11). This process is facilitated by Arg149, 
lowering the pKa of the tyrosine. The subsequent attack of the substrate oxygen on the 
neighboring halogen-substituted carbon atom causes the release of the halide and the 
formation of the epoxide. 
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Figure 11 Proposed catalytic mechanism of the haloalcohol dehalogenase.  
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IOP catalysis 
 

The research described in this thesis is the result of an IOP-catalysis (IKA 94007a) 
project titled “Biocatalytic synthesis of chiral epoxides and diols” from the Dutch Ministry of 
Economic Affairs. The IOP promotes research in a number of promising fields in catalysis in 
order to improve the competitive position of industry in the Netherlands.84 By providing 
universities with funding for research projects, which are aimed specifically at meeting the 
needs of the industry, novel catalytic routes for the production of fine chemicals can be 
developed. Since epoxides and alcohols are building blocks for a variety of fine chemicals, 
several Dutch industries were participating in this project.85 The project also aimed to work in 
close cooperation with an IOP-catalysis project (IKA 94007b) carried out at the Division of 
Industrial Microbiology at the University of Wageningen. 
 
 
Scope and outline of the thesis 
 

As summarized in the previous paragraphs, epoxide hydrolases and haloalcohol 
dehalogenases can be valuable tools for obtaining optically pure epoxides and alcohols. 
During the last years, several of these enzymes have been brought to overexpression, making 
them available in quantities that make practical applications in (organic) chemistry possible. 
In this thesis the biocatalytic potential of epoxide hydrolase and haloalcohol dehalogenase 
from A. radiobacter AD1 are explored. At the start of the research, only the epoxide 
hydrolase gene was brought to overexpression. Initial investigations in the enantioselectivity 
of this enzyme suggested that the enzyme is not enantioselective. The goal of the research 
therefore was to investigate the enantioselectivity of the epoxide hydrolase from A. 
radiobacter AD1 along with a range of epoxide hydrolases from other organisms.86 The 
haloalcohol dehalogenase from the same organism had not been investigated for its properties 
as an enantioselective biocatalyst, and the description of the substrate range of other 
haloalcohol dehalogenases was limited to the conversion of small aliphatic epoxides. During 
this study the enantioselective properties of the epoxide hydrolase and haloalcohol 
dehalogenase were studied with the goal to obtain new tools for the production of optically 
pure precursors of biologically active compounds. 

In Chapter 2 the recombinant epoxide hydrolase from Agrobacterium radiobacter 
AD1 was used to obtain enantiomerically pure epoxides by means of kinetic resolution. 
Epoxides such as styrene oxide and various derivatives thereof and phenyl glycidyl ether 
were obtained in high optical purity and in reasonable yield. The enantioselectivity (E-value) 
of the resolution was calculated from progress curves for styrene oxide (E = 16) and para-
chlorostyrene oxide (E = 32).87 

In Chapter 3 the enantioselectivity of the conversions using substituted styrene 
oxides is described in more detail. Based on the X-ray structure, it was hypothesized that two 
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tyrosine residues in the active site are involved in substrate binding.88,89 The 
enantioselectivity and regioselectivity of the wild type enzyme and a tyrosine mutant towards 
a range of styrene oxides containing electron donating and electron-withdrawing substituents 
were investigated. Mutation of either one of the tyrosine mutants resulted in an enzyme with 
an increased enantioselectivity towards aromatic substrates. Besides the increase in 
enantioselectivity, the relatively small decrease in the conversion rate of the preferred 
enantiomer and the strong decrease in activity of the remaining enantiomer makes the mutant 
enzyme a very suitable biocatalyst for the preparation of optically pure epoxides and diols.90 

In Chapter 4 the recombinant haloalcohol dehalogenase from A. radiobacter AD1 
was used to obtain a variety of optically pure haloalcohols by means of a kinetic resolution. 
Because of the reversibility of the enzyme action, an excess epoxide hydrolase was added to 
draw the kinetic resolutions to completion, creating a tandem enzyme reaction. The combined 
use of the recombinant haloalcohol dehalogenase and of epoxide hydrolase resulted in a 
novel biocatalytic method to produce optically active aromatic haloalcohols, epoxides and 
diols.91  

In Chapter 5 a spectrophotometric assay for haloalcohol dehalogenases based on the 
difference between the absorbance of para-nitro-2-bromo-1-phenylethanol and para-
nitrostyrene oxide is described. The enantioselectivity of ring-closure reactions catalysed by 
three distinctly different haloalcohol dehalogenases could be predicted from the shape of the 
progress curves. Evaluation of ring-opening reactions catalysed by the haloalcohol 
dehalogenase from A. radiobacter AD1 established that, in addition to Cl- and Br- also N3

-, 
CN- and NO2

- are accepted as nucleophiles in the ring opening of para-nitrostyrene oxide.92 
In Chapter 6 the ring opening of substituted styrene oxides by N3

- is described. The 
reactions occurred in a highly enantioselective manner. The high regioselectivity (>95% β-
selective) of the enzyme-catalysed reaction is opposite to the observed selectivity in the non-
catalysed ring opening by N3

-. A controlled feeding of azide and the addition of the epoxide 
as a second phase could suppress the formation of side products due to chemical side 
reactions. The reaction was scaled up to 0.5 gram without loss of enantioselectivity or 
regioselectivity.93 

In Chapter 7 the ring opening of epichlorohydrin and epibromohydrin by N3
- using 

the haloalcohol dehalogenase from A. radiobacter AD1 was investigated. The enzyme 
catalysed, besides the ring opening by azide, also the racemisation of the remaining 
enantiomer and the enantioselective ring closure of the product. Optimisation of the reaction 
conditions resulted in 1-azido-3-bromo-2-propanol in 84% yield and 94% e.e. Due to an in 
situ sequential kinetic resolution by ring closure of the azido-alcohol, which is catalysed by 
the same enzyme, the product can be obtained optically pure (e.e. > 99%) with an acceptable 
7% loss in yield. 

In conclusion, an overview of the research, concluding remarks and opportunities for 
future research are presented in Chapter 8. 
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Introduction 
 
 Enantiomerically pure epoxides are important building blocks for the production of a 
wide range of pharmaceutical products. Especially during the past decade much effort has 
been devoted to the development of biocatalytic methods for the production of these 
compounds.1 Epoxide hydrolases are cofactor-independent enzymes that hydrolyze epoxides 
to diols. If these enzymes display enantioselectivity, they can be used as chiral catalysts for 
the production of enantiomerically pure epoxides or diols.2 The enzymes from mammalian 
sources have been studied extensively because of their involvement in the metabolism of 
toxic xenobiotics.3 Styrene oxide, for example, is hydrolyzed to the less toxic product 
phenylethanediol. The potential of mammalian epoxide hydrolases as chiral catalysts on a 
preparative scale is limited due to the low availability of these enzymes.  

Several epoxide hydrolases from microbial sources have been discovered recently.4 
High enantioselectivity was obtained with the hydrolysis of (substituted) styrene oxides using 
fungal cells,5 and with a broad variety of aryl and aliphatic epoxides with the yeast 
Rhodotorula glutinis.6 During the last few years enantioselective bacterial epoxide hydrolases 
have been detected in Rhodococcus sp.,7 Nocardia sp.,8 Corynebacterium sp.9 and some other 
genera.10 The availability of the bacterial enzymes is considerably higher compared to that of 
microsomal epoxide hydrolase. However, unlike for the mammalian enzyme, very little 
biochemical information is available for the above mentioned epoxide hydrolases from 
microbial sources. The genes have not been cloned and their structure and mechanism is 
unknown.  
 Recently we have characterized a bacterial epoxide hydrolase from Agrobacterium 
radiobacter AD1.11 The bacterium was initially isolated for environmental reasons because of 
its ability to degrade epichlorohydrin. Such xenobiotic-degrading enzymes must have high 
turnover numbers, since they are involved in the assimilation of a primary substrate for 
growth. The epoxide hydrolase gene was cloned and brought to expression in E. coli and the 
mechanism was characterized.12 The epoxide ring is opened by a nucleophilic attack of an 
aspartic acid residue yielding a covalent ester intermediate. Subsequently this intermediate is 
hydrolyzed and the diol is released. This mechanism is similar to what has been proposed for 
mammalian epoxide hydrolase.13 In a recombinant E. coli strain containing the epoxide 
hydrolase gene, up to 40% of the total cellular protein content consisted of the epoxide 
hydrolase, allowing the isolation of up to 200 mg of pure enzyme from a one liter culture. 
 In this paper we describe the biocatalytic resolution of a number of chiral epoxides by 
the epoxide hydrolase from A. radiobacter AD1. Since this recombinant epoxide hydrolase 
showed good enantioselectivity towards several substrates and can be produced on multi-
gram scale, it has the potential to be used as an industrial biocatalyst for the production of 
enantiomerically pure epoxides. 
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Results and discussion 
 
 The epoxide hydrolase gene from A. radiobacter AD1 was cloned and brought to 
overexpression in E. coli as described previously.12 The recombinant enzyme was produced 
by fermentation and lyophilized partially purified enzyme was prepared. The epoxides 1 - 7 
were subjected to enzymatic hydrolysis by the epoxide hydrolase. The results are shown in 
Table 1. With all the kinetic resolutions an enantiomeric excess (e.e.) of the remaining 
epoxide of higher then 99% e.e. was reached. The yields of the remaining optically pure 
epoxides varied between 27% and 36%. A factor contributing to the lower yield was some 
instability of the epoxides in the reaction medium, which is caused by chemical hydrolysis 
yielding the racemic diol. 
 The remaining enantiomerically pure epoxides 1 - 6 were all of the (S)-configuration, 
indicating that the substituents do not influence the positioning of the substrate in the active 
site of the enzyme. In the case of epoxide 3 the absolute configuration was determined by 
comparison to a previously reported optical rotation, although a contradictory optical rotation 
was also reported in literature.14 The assignment coincided with the fact that with the kinetic 
resolutions of all the styrene oxide derivatives the remaining enantiomer was of (S)-
configuration. The absolute configuration of epoxide 4 was determined by the product of the 
kinetic resolution, para-chloro-1-phenyl-1,2-ethanediol. Direct determination of the epoxide 
was not possible because no literature value was found. For the optical rotation the para-
chloro-1-phenyl-1,2-ethanediol was reduced to 1-phenyl-1,2-ethanediol which was analysed 
by chiral HPLC using a chiraldex OB column. The phenyl glycidyl ether 7 yielded the (R)-
enantiomer which has the same relative configuration at the chiral carbon atom as the styrene 
oxide derivatives. The opposite stereochemical designation is due to a change in priority. 
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Figure 1 Epoxides used as substrates by the epoxide hydrolase from A. radiobacter 

AD1. 
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Figure 2 Kinetic resolution of (A); styrene oxide ( ( ), (R)-enantiomer; ( ), (S)-
enantiomer) and (B); para-chlorostyrene oxide ( ( ), (R)-enantiomer, ( ), 
(S)-enantiomer). 

 
 The enantioselective hydrolysis of racemic styrene oxide was followed in time 
(Figure 2). After the start of the reaction, the (R)-enantiomer of styrene oxide was hydrolyzed 
to (R)-phenylethanediol, indicating that the attack was preferentially at the terminal carbon 
atom. During the first 40% of the total conversion, the e.e. of the (R)-1-phenyl-1,2-ethanediol 
was 73%. When the (R)-enantiomer was completely hydrolysed (e.e.> 99%) the e.e. of the 
diol had decreased to 49%. Similar results were obtained with the hydrolysis of epoxide 7. 
Because of the moderate enantioselectivity, the e.e. of the remaining (R)-diol was 38% at the 
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timepoint at which the e.e. of the (S)-enantiomer of epoxide 7 was higher than 99%. These 
low enantiomeric purities make the application of this epoxide hydrolase less interesting for 
preparing enantiomerically pure diols. 
  After conversion of the (R)-enantiomer, the (S)-enantiomer of the styrene oxide 
started to be hydrolyzed too, and at a much faster rate than the (R)-enantiomer. A possible 
explanation for this kinetic behavior is that the (R)-enantiomer has a higher affinity for the 
active site, thereby inhibiting the binding of the (S)-enantiomer. Once 90% of the (R)-
enantiomer has been hydrolyzed, the (S)-enantiomer reacts with a higher rate due to faster 
chemical reaction steps at the enzyme active site. A similar kinetic behavior has been 
observed previously with styrene oxide,15 para-nitrostyrene oxide16 and tert-butyloxirane17 
by microsomal epoxide hydrolases. To further investigate these results, the conversion of 
both enantiomers was studied separately. The specific activity of the (R)-enantiomer of 
styrene oxide was 1.82 µmol.min-1.mg -1 and for the (S)-enantiomer 5.14 µmol.min-1.mg -1. 
Both activities were measured for 25% pure enzyme. Initial experiments to determine the Km 
value failed because the value was below the detection limit of 50 µM for both enantiomers. 
 Epoxides 2 - 7 showed a more classical kinetic resolution. As an example, the 
enantioselective hydrolysis of epoxide 6 is shown in Figure 2b. During the hydrolysis of the 
faster reacting (R)-enantiomer, the hydrolysis of the (S)-enantiomer was inhibited. After more 
than 90% of the (R)-enantiomer was hydrolyzed, the (S)-enantiomer was hydrolyzed at a 
lower rate. This is contrary to the hydrolysis rate of the (S)-enantiomer of epoxide 1. The 
same kinetic resolution pattern was observed for the epoxides 2 - 5 and 7.  
 
Table 1 Hydrolysis of epoxides 1 - 7 by the cloned epoxide hydrolase from   
  A. radiobacter AD1. 
 

epoxide % e.e. yield (%) abs. conf.  

                1 99 33 (S)a 
                2e >99 36 (S)b 
                3 >99 27 (S)b 
                4 e >99 35 (S)d 
                5 e >99 27 (S)a 
                6 e >99 34 (S)c 
                7 >99 28 (R)a 

a) determined by an additional injection of optically pure epoxide. b) determined by optical rotation.18 c) deduced 
from a previously described elution order on chiral GLC.19 d) determined by reduction of the corresponding diol 
to 1-phenyl-1,2-ethanediol.23 e)  in buffer containing 10% DMSO. 
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 The enantioselectivity of the reaction can be described by using the enantiomeric 
ratio20 which is defined by equation (1), where Vmax and Km represent the Michaelis-Menten 
parameters. 
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The conversion of both enantiomers in time can be described by competitive Michaelis-
Menten kinetics,21,22 using equations (2) and (3) which also account for chemical hydrolysis. 
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In these equations R represents the concentration of the (R)-enantiomer, S the 

concentration of the (S)-enantiomer and kc the first order chemical hydrolysis rate constant. 
The constant kc was determined under the same conditions as the enzymatic conversion, but 
in the absence of the enzyme. The kc for epoxide 1 was found to be 8.63*10-6 sec-1 and for 
epoxide 6 6.2*10-6 sec-1. To estimate the kinetic parameters, the equations (2) and (3) were 
fitted by numerical integration to the data shown in Figure 2, and a good fit was obtained. 
With the obtained kinetic parameters, the E-value was calculated using equation (1). For 
epoxide 1 a value of 16.2 and for epoxide 6 a value of 32.2 was obtained. 
 This method could not be used to obtain unique solutions for all of the kinetic 
parameters of epoxides 1 and 6. For epoxide 6 a unique solution could only be obtained for 
the Vmax of the (R)-enantiomer. In the case of styrene oxide unique solutions were obtained 
for the values of Vmax and for the ratio between the Km of the (S)-enantiomer and that of the 
(R)-enantiomer (57.9). The resulting E-value was independent of the absolute Km value for 
each enantiomer. The estimated Km of the (S)-enantiomer is lower than 50 µM and of the (R)-
enantiomer lower than 1 µM, but to obtain the exact data a more sensitive analysis method is 
needed. These results show that the progress of the kinetic resolution of styrene oxide, with a 
fast conversion of the remaining (S)-enantiomer after the depletion of the (R)-enantiomer, can 
be explained by the higher Km and Vmax of the (S)-enantiomer compared to that of the (R)-
enantiomer. 
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 According to the method described by Chen et al. (equation 4), the enantiomeric ratio 
is derived from the degree of conversion (c) and the enantiomeric excess of the remaining 
enantiomer of the substrate (ees). Because this method is time-independent it does not take 
into account the influence of the chemical hydrolysis. 
 

E c ee
c ee

s

s

=
− −
− +

ln[( )( )]
ln[( )( )]

1 1
1 1

 (4) 

 
Using the datapoints from each curve (Figure 2), the enantiomeric ratios determined with 
equation (4) were 13.8 for epoxide 1 and 28.2 for epoxide 6, which is significantly lower than 
when a correction was made for chemical hydrolysis. 
 The above results demonstrate that the cloned epoxide hydrolase from A. radiobacter 
AD1, which can be produced in large amounts, is enantioselective for a number of epoxides. 
This makes the production of enantiomerically pure epoxides on an industrial scale 
applicable. Since the mechanism of this epoxide hydrolase has been elucidated and the active 
site is known, it becomes possible to construct mutants of the enzyme with altered substrate 
specificity and enantioselectivity. Activities towards the creation of such (improved) enzymes 
are currently underway in our laboratory. 
 
 
Experimental 
 
General 
 The enantiomeric excess (%ee) and the yield of the epoxides was determined with a 
Hewlett-Packard 5890 gas chromatograph equipped with a FID-detector, using a Chiraldex 
G-TA capillary column (col I) or a CP-cyclodextrin-b-2,3,6-M-19 capillary column (col II), 
both of 50 m length and 0.25 mm inside diameter. The absolute configuration of the 
phenylethanediol was determined by HPLC using a Chiralcel OB column. Optical rotations 
were determined on a Perkin-Elmer 241 MC polarimeter at 589 nm. NMR-spectra were 
recorded in CDCl3 using TMS as an internal standard. Purification of the remaining epoxides 
was performed by flash chromatography using silica 60 H. 
 
Enzyme preparation 
 For the described enzymatic resolutions a partially purified enzyme was used. Initially 
the epoxide hydrolase gene was cloned by means of polymerase chain reaction and brought to 
expression in E. coli as described previously.12 Briefly, plasmid DNA was transformed by 
electroporation to competent E. coli BL21 (DE3) cells, which were then plated out on LB 
plates containing ampicillin and incubated overnight at 30 °C. A preculture was started by 
inoculating 100 ml of LB containing ampicillin with the transformants from a plate to a 
starting OD600 of 0.1. The culture was incubated at 30 °C until an OD600 of 1-2 was reached, 
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and then diluted in 1 liter of LB medium containing ampicillin, and the culture was incubated 
overnight at 20 °C. The cells were subsequently centrifuged, washed and resuspended. A 
crude extract was prepared by ultrasonic disruption and centrifugation of the cells. This was 
followed by a purification step with a DEAE-cellulose anion exchange column. Finally, the 
partially purified enzyme was dialyzed against a Tris-SO4 buffer, lyophilized and stored at 
4°C. Prior to use the lyophilized enzyme preparation was suspended in Tris-SO4 buffer (pH 
9.0, 50 mM). From a 1 liter culture, 300 to 400 mg lyophilized partially purified enzyme 
could be prepared with a purity of 25 to 40%. 
 
Kinetic resolution with epoxide hydrolase 
 A reaction vessel containing 20 to 100 ml Tris buffer (50 mM, pH 9) was incubated in 
a shaking waterbath at 30 °C. In case of the epoxides 2, 4, 5 and 6 the buffer contained 10 % 
DMSO. The epoxide was added to a final concentration of 5 mM. The reaction was started by 
the addition of the enzyme solution to a final concentration of 25 to 125 µg/ml. The reaction 
was monitored by periodically taking samples from the reaction mixture. The samples were 
extracted with diethylether containing mesitylene as an internal standard. Prior to analysis by 
chiral GLC, the samples were dried on a short column containing MgSO4. 
 For the determination of the optical rotation of the remaining enantiomers, the 
reaction was terminated at the point where an e.e. >99% was reached. The water phase was 
extracted twice with hexane. The combined organic phases were dried (MgSO4) and 
evaporated. The residue was further purified by flash chromatography using hexane/ether as 
eluent. In the case of epoxide 4, the water phase was extracted with hexane, saturated with 
NaCl and extracted twice with ethylacetate. The combined organic phases were dried 
(MgSO4) and evaporated.  

The obtained para-chloro-1-phenyl-1,2-ethanediol was converted to 1-phenyl-1,2-
ethanediol, by reduction with sodium metal in ethanol.23 For this, the para-chloro-1-phenyl-
1,2-ethanediol (50 mg) was dissolved in absolute ethanol (3 ml) and refluxed under argon for 
30 min. Sodium (150 mg) was added in 25 mg portions to the stirring solution. After 2.5 
hours the suspension was evaporated to near dryness and aqueous HCl was added. The 
aqueous phase was extracted with ethylacetate, dried (MgSO4) and the 1-phenyl-1,2-
ethanediol was found to be the (R)-enantiomer as determined by HPLC using a Chiralcel OB 
column. According to the enzyme mechanism, by which the (R)-enantiomer of the epoxide is 
hydrolysed with retention of configuration, it was concluded that with the kinetic resolution 
the remaining epoxide was of the (S)-configuration. 
 The data from the chiral GLC and the obtained optical rotations are as follows: 
1, col I: tr (S) = 12.4 min and tr (R) = 14.8 min at 110 °C; 2, (S):[α]25

D +19.5(c 1.97, CHCl3)18, 
col II: tr (R) = 52.8 min and tr (S) = 54.4 min at 90 °C; 3, [α]25

D -7.8 (c 3.84, CHCl3)18, col I: tr 

(S) = 27.9 min and tr (R) = 30.3 min at 90 °C; 4, [α]25
D + 32.2 (c 1.19, CHCl3) col I tr (R) = 

15.6 min and tr (S) = 20.6 min at 120 °C; 5, col I tr (S) = 20.2 min and tr (R) = 31.1 min at 120 
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°C; 6, col I tr (S) = 40.7 min and tr (R) = 43.0 min at 100 °C; 7, col I tr (S) = 83.3 min and tr (R) 
= 84.5 min at 95 °C. 
 The absolute configuration of the enantiomers of phenylethanediol was determined by 
HPLC by co-injection of both enantiomers on a Chiralcell OB column using hexane/2-
propanol as the eluent (ratio 9:1, 0.5 ml/min, retention times 14.7 min and 17.9 min). The 
formation of 3-phenoxy-1,2-propanediol during the hydrolysis of epoxide 7 was monitored 
by HPLC on a Chiralcel OD column using hexane/2-propanol as the eluent (ratio 9:1, 1.0 
ml/min, tr (R) = 17.2 min and tr (S) = 35.9 min). 
 
Synthesis of epoxides 
 The epoxides 1 and 7 were bought from Aldrich and epoxide 5 was a gift from DSM. 
The epoxides 2, 3, 4 and 6 were synthesized from their corresponding aldehydes and ketones 
with trimethylsulfonium methylsulfate.24 The synthesis of para-chlorostyrene oxide is a 
typical procedure for the epoxidation of aldehydes and ketones. To a solution of para-
chlorobenzaldehyde (2.8 gram, 19.9 mmol) in CH2Cl2 (20 ml) trimethylsulfonium 
methylsulphate was added (4.4 gram, 23.3 mmol). Aqueous NaOH (50 %, 10 ml) was added 
and the reaction mixture was stirred overnight. Water was added and the organic phase was 
separated. The water phase was extracted twice with CH2Cl2. The combined organic phase 
was washed twice with 20 ml portions of water, subsequently shaken for 20 minutes with a 
saturated solution of sodium metabisulphite and finally washed twice with 20 ml portions of 
water. The organic phase was dried and the CH2Cl2 was removed on a rotary evaporator. The 
para-chlorostyrene oxide was obtained by bulb-to-bulb distillation or by flash 
chromatography on silica 60 H. In the case of epoxide 3 the reaction was performed at the 
same conditions with the exception that the reaction mixture was heated to reflux. 
2: 1H NMR, 2.46 (s, 3H), 2.90 (dd, 1H), 3.25 (dd, 1H), 7.3 (m, 4H), 13C-NMR δ: 20.9 (CH3), 
50.9 (C-2), 52.2 (C-1), 125.4, 128.9, 134.4, 137.8 (C-Ar) 
3: 1H NMR, δ: 1.62 (s,3H), 2.65 (d, 1H), 2.85 (d, 1H), 7.2 (m, 5H), 13C-NMR δ: 21.6 (CH3), 
56.5 (C-1), 56.8 (C-2), 125.2, 127.4, 128.2, 141.1 (C-Ar) 
4: 1H NMR, δ: 2.63 (dd, 1H), 3.19 (dd, 1H), 4,21 (dd, 1H), 7.20-7.38 (m, 4H), 13C-NMR δ: 
49.8 (C-2), 50.5 (C-1), 125.5, 126.9, 128.8, 135.4 (C-Ar) 
6: 1H NMR, δ: 2.88 (dd, 1H), 3.27 (dd, 1H), 3.96 (dd, 1H), 7.32-7.46 (m, 4H), 13C-NMR δ: 
51.0 (C-2), 51.5 (C-1), 126.7, 128.6, 133.8, 136.1 (C-Ar) 
The reference compounds (S)-1 and (R)-5 were bought from Aldrich and (R)-7 was 
synthesized from (S)-glycidol and phenol, according to a literature procedure.25  
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Introduction 
 

Epoxide hydrolases catalyse the hydrolysis of an epoxide to yield the corresponding 
vicinal diol. In the past decade this class of enzymes has been explored for the preparation of 
optically active epoxides and diols.1,2,3 The most common application of epoxide hydrolases 
is the preparation of optically pure epoxides by enantioselective hydrolysis of a racemic 
epoxide. Recently, the usefulness of these enzymes in organic synthesis has been 
demonstrated by various preparative-scale conversions.4,5 A variety of biologically active 
products were synthesised by implementing such enzymatic or chemo-enzymatic reaction 
steps.2 
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Figure 1 Reaction mechanism of the epoxide hydrolase from A. radiobacter AD1. (A) 
alkylation half reaction and (B) hydrolysis half reaction. Which tyrosine 
residue donates a proton is not known. 
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Previously, the epoxide hydrolase from Agrobacterium radiobacter AD1, an organism 
able to grow on epichlorohydrin, was investigated.6 The enzyme was purified and 
overexpressed in E. coli, which made it available in large amounts.7,8 X-ray crystallography 
and site-directed mutagenesis studies showed that the residues Asp107, His275 and Asp246 
function as a catalytic triad. The two-step catalytic mechanism involved nucleophilic attack 
on the primary carbon of the epoxide ring by Asp107, resulting in the formation of a covalent 
intermediate, and the hydrolysis of this ester by an activated water molecule, yielding the diol 
(Figure 1). An initial determination of the enantioselectivity of kinetic resolutions showed 
that this enzyme is moderately enantioselective towards styrene oxide derivatives.9 Para-
chlorostyrene oxide was hydrolysed with the highest enantioselectivity, followed by ortho-
chloro and meta-chloro substituted styrene oxides. With styrene oxide derivatives, the 
remaining epoxide was generally of (S)-configuration, except for α-methylstyrene oxide 
where, surprisingly, the result was opposite.10 

The X-ray structure shows that the enzyme consists of two domains, an α/β- hydrolase 
fold main domain and a cap domain. 11 The active site with the catalytic triad is located in a 
hydrophobic cavity between the two domains. Two tyrosine residues (Tyr215 and Tyr152) 
are positioned in the cap domain in such a manner that their phenolic hydroxyl groups point 
towards the expected binding position of the oxygen atom of the epoxide ring. These residues 
were proposed to stabilize the transition state towards the formation of the intermediate by 
protonation of the leaving oxygen group. On basis of the structure, mutants were constructed 
in which either tyrosine residue was replaced by a phenylalanine (Y215F and Y152F). The 
influence of these mutations on the kinetic parameters of hydrolysis was investigated for both 
enantiomers of styrene oxide and para-nitrostyrene oxide.12 Another study showed that the 
enantioselectivity with substituted styrene oxides was higher for the Y215F mutant.13 These 
results prompted us to investigate the enantioselectivity towards a wider variety of aromatic 
and aliphatic substrates in order to obtain insight in the potential use the mutant enzyme for 
the preparation of optically pure epoxides. 
 
 
Results and discussion 
 
Enantioselectivity of wild-type and Y215F epoxide hydrolase 
 

The wild-type and Y215F epoxide hydrolase were brought to overexpression in E. 
coli and purified to homogeneity. To investigate the enzymatic conversions, 3 mM solutions 
of racemic epoxides were subjected to the wild-type and the Y215F epoxide hydrolase. The 
concentration of both enantiomers was followed in time by withdrawing samples from the 
reaction mixture and analysing them using chiral GC and chiral HPLC. The enantioselectivity 
(E-value) of the conversions was determined by progress curve analysis as described before.9  
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Figure 2  Kinetic resolution of styrene oxide (A) and para-methylstyrene oxide (B) by 
wild-type (○,●) and Y215F (∆,▲) epoxide hydrolase. Closed symbols: (R)-
enantiomer; open symbols (S)-enantiomer. 

 
Kinetic resolutions with the racemic epoxides, styrene oxide, phenyl glycidyl ether, 

epichlorohydrin and 1,2-epoxyhexane which represent different classes of epoxides, were 
chosen to investigate the enantioselectivity of the hydrolysis catalysed by the wild-type and 
Y215F epoxide hydrolase. The hydrolysis of the aliphatic epoxides epichlorohydrin and 1,2-
epoxyhexane catalysed by the wild-type and mutant enzyme occurred with no difference in 
enantioselectivity (E < 2). A significant increase in enantioselectivity was observed with 
phenyl glycidyl ether. The E-value increased from 11 using the wild-type to 16 with mutant 
enzyme. The hydrolysis of styrene oxide showed the most significant increase in 
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enantioselectivity, the E-value increased from 16 with the wild-type to 32 with the mutant 
enzyme. 

 
Table 1 Enantioselectivity of kinetic resolutions of para-substituted styrene oxides with 

the epoxide hydrolase from A. radiobacter AD1 and the Y215F mutant. a 
 

epoxide E-value wild-type E-value Y215F 

para-methylstyrene oxide 26 (S) 63 (S) 

styrene oxide 16 (S) 32 (S) 

para-chlorostyrene oxide 35 (S) 130 (S) 

para-cyanostyrene oxide 90 (S) 130 (S) 

para-nitrostyrene oxide 65 (S) > 200 (S) 

a) Between parentheses is the absolute configuration of the remaining enantiomer. 
 
To further explore this class of substrates, a range of racemic styrene oxides, 

substituted with electron donating and withdrawing groups, were subjected to the wild-type 
and Y215F epoxide hydrolase (Table 1). The mutant enzyme showed an increased 
enantioselectivity towards all substituted styrene oxides. Kinetic resolutions with both 
enzymes resulted in optically pure epoxides with a (S)-configuration. The kinetic resolution 
of styrene oxide using wild-type enzyme showed a remarkable progress curve. After 
conversion of the (R)-enantiomer, the (S)-enantiomer was converted at a much higher rate 
(Figure 2A). A previous study of the kinetics showed that Km and kcat had an opposite effect 
on the enantioselectivity.14 The 46-fold lower Km for (R)-styrene oxide caused a preferred 
conversion of this enantiomer. However, an almost 3-fold higher kcat for the (S)-enantiomer 
caused its higher hydrolysis rate. 

Styrene oxide was hydrolysed by mutant enzyme with a 2-fold higher 
enantioselectivity. The kinetic resolutions catalysed by the Y215F mutant showed more 
standard progress curves than those with wild-type enzyme. After conversion of (R)-styrene 
oxide, conversion of the (S)-styrene oxide also occurred, but at a lower rate (Figure 2A). The 
progress curve of the hydrolysis of para-methylstyrene oxide using wild-type epoxide 
hydrolase showed that both enantiomers were hydrolysed at an almost equal rate (Figure 2B). 
With the mutant enzyme, the hydrolysis rate of the remaining (S)-enantiomer was 
substantially lower than that of the (R)-enantiomer. 
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Kinetics of wild-type and mutant enzyme with substituted styrene oxide 
enantiomers 
 

To determine initial rates, optically pure enantiomers were subjected to wild-type and 
Y215F enzyme. With the wild-type enzyme, the initial rates at high substrate concentrations 
were equal to Vmax. However, with the exception of styrene oxide, no saturation of the 
reaction velocity was observed with Y215F epoxide hydrolase. The low solubility of the 
epoxides limits the measurement of initial activities to concentrations lower than 2.5 mM.  
 
Table 2 Activities of wild-type and Y215F epoxide hydrolase towards optically pure 

para-substituted styrene oxides at 2.5 mM substrate concentration. 
 

substituent  configuration activity (µmol.min-1.mg-1) 
wild-typea                Y215F 

% relative 
activityb 

methyl R 9.2 2.9 32% 
 S 5.4 0.1 2% 

H R 6.7 4.6c 69% 
 S 18.9 0.6 3% 

chloro R 11.9 8.3 70% 
 S 17.4 0.1 < 1% 

cyano R 27.2 21.7 80% 
 S 22.7 0.2 < 1% 

nitro  R 21.0 14.6 70% 
 S 21.8 0.3 1% 

a) Activity is equal to Vmax, with the exception of (S)-para-methylstyrene oxide. b) Relative activity of Y215F 
enzyme compared to the wild-type enzyme (100%). c) Activity is equal to Vmax. 
 

Previous work elucidated the kinetic mechanism of hydrolysis of both enantiomers of 
styrene oxide by the wild-type enzyme using steady state and pre-steady state techniques. The 
first kinetic step involves an attack on the β-carbon atom of the epoxide, resulting in the 
covalent ester intermediate (alkylation half reaction). In the second catalytic step the covalent 
intermediate is hydrolysed by a water molecule that attacks the carbonyl carbon of Asp107 
yielding the diol (hydrolysis half reaction). With both enantiomers of styrene oxide the rate-
limiting step is the hydrolysis of the covalent intermediate, which has a rate constant 
approximately equal to the overall kcat. An electron-donating or withdrawing-substituent on 
the aromatic ring can have a large influence on the alkylation rate, but since this step is more 
than 100-fold faster than the rate-limiting hydrolysis step, an effect on the overall rate (kcat) 
can not be observed. The influence of a substituent on the aromatic ring on the rate of 
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hydrolysis of the covalent intermediate will be less significant. Thus, the reaction rate is 
expected to be only slightly dependent on the nature of the substituent. This hypothesis 
coincides with Vmax values obtained from the initial rate measurements using the substituted 
optically pure (S)-enantiomers (Table 2). Increasing the electron-withdrawing nature of the 
substituent resulted in only a minor increase in initial rate. These results are visualized in 
Figure 3, in which the logarithm of the relative Vmax for each substituent (Vmax

X/Vmax
H) is 

plotted against the Hammett constant σp. For the hydrolysis of the (S)-enantiomers, the same 
plot showed a slightly positive slope ρVmax (+ 0.12), confirming that either a nucleophilic 
mechanism is unlikely to occur in the rate-determining step, or that the nature of the 
substituent does not have an effect on this step. Surprisingly, Vmax values with the (R)-
enantiomers were significantly influenced by the nature of the substiuent. The rates increased 
when the ring substituent was more electron-withdrawing. The high value of ρVmax (+ 0.55) 
suggests that a nucleophilic step is rate determining during the conversion of the (R)-
enantiomer. 
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Figure 3  Hammett plot representing log (Vmax

X/Vmax
H) of the hydrolysis of (R)-para-

substituted styrene oxides (Ο) and (S)-para-substituted styrene oxides (∆) 
versus σp, catalysed by wild-type enzyme. 

 
What could be the explanation for the difference between the two enantiomers? Rink 

et al. described the conversion of the (S)-styrene oxide by a three-step and the (R)-styrene 
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oxide by a four-step mechanism to explain the observed transient kinetics.14 The extra step 
involved a unimolecular isomerization of the covalent enzyme-substrate complex. Three 
possible mechanistic steps were considered: -a) a (re)protonation step of a tyrosine residue or 
the substrate oxygen, -b) a slow conformational change needed to set up the covalent 
intermediate for hydrolysis or -c) an intramolecular rearrangement of the covalent 
intermediate due to an acyl transfer. The occurrence of such an intramolecular migration was 
considered previously with rat microsomal epoxide hydrolase.15 Besides this, acyl migrations 
have been reported during reactions catalysed by lipases, baker's yeast and antibodies.16,17,18 
In such a type of rearrangement, the covalently bound Asp107 migrates from the β-position 
of the substrate to the α-position. Assuming that this migration step would be rapid (thus 
having no effect on the overall rate of the process), the subsequent hydrolysis of this 
intermediate is expected to give a major and positive Hammett effect.  

The chemical base-catalysed hydrolysis of para-substituted benzyl acetate derivatives, 
which can be regarded as structural analogues of to the covalent intermediate, showed a ρ 
value of +0.743.19 This kind of acyl migration will not cause an inversion at the chiral center 
and does not influence the configuration of the diol. The products with or without the 
occurrence of the acyl transfer are identical, making the proof for such a mechanism difficult. 
Although the kinetically observed unimolecular isomerization step can also correlate with a 
conformational change or a protonation of a residue, a significant influence of the nature of 
the ring-substituents on the subsequent ester-cleavage step would then not be expected, 
because of the substantial distance to the aromatic group. It can also not be excluded that the 
larger substituent effect on the rate of conversion of (R)-enantiomers is caused by a different 
positioning of the covalent intermediates in the active site, or by a differential effect of the 
protonation state of the active site cavity. 

In other studies, the kinetic mechanisms of epoxide hydrolases from fungi were 
investigated using the same range of substrates.20,21 With the epoxide hydrolase from 
Aspergillus niger, the small magnitude of ρ (+ 0.3) suggested that the rate-limiting step was 
the ring opening of the epoxide. Similar experiments with a crude enzymatic extract prepared 
from Syncephalastrum racemosum suggested that the enzymatic mechanism was a concerted 
process implying a general acid activation of the oxirane ring, together with a nucleophilic 
attack. 

The initial activities of the Y215F mutant towards (R)-styrene oxide derivatives (2.5 
mM) were lower than those measured with the wild-type enzyme. With the exception of 
para-methylstyrene oxide, the remaining activity was around 70 to 80% of that of wild-type 
activity. The mutant enzyme showed a drastic decrease in activity towards the (S)-
enantiomers. The effect was most pronounced with styrene oxides bearing an electron-
withdrawing group, resulting in a residual activity of less than 1%. The low initial rates 
towards the remaining (S)-enantiomer improve the applicability of this enzyme for kinetic 
resolutions. 
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Conclusion 
 

The wild-type epoxide hydrolase from A. radiobacter AD1 is a moderately 
enantioselective biocatalyst for the preparation of optically pure epoxides. The 
enantioselectivity towards aliphatic epoxides is low. Aromatic epoxides were hydrolysed 
with moderate enantioselectivity. Mutation of tyrosine 215 to a phenylalanine resulted in an 
increased enantioselectivity and in this study we showed that this improved performance 
holds for a range of substituted styrene oxides. The increased enantioselectivity and strong 
decrease in activity towards the remaining (S)-enantiomer make therefore the Y215F enzyme 
very useful for biocatalytic applications. Indeed, it allows circumventing the non-classical 
two phase kinetic behavior of the wild-type enzyme that seriously hampers its applicability. 
With the Y215F this problem no longer exists, which in combination with the increased 
enantioselectivity, makes the mutant a much better biocatalyst for the preparation of optically 
pure styrene oxide derivatives. 
 
 
Experimental 
 
General 

Purified wild-type and the Y215F mutant enzyme were prepared as described before.9 

The enantiomeric excess (e.e.) and the yields of the epoxides were determined using a gas 
chromatograph with a FID-detector or a HPLC both equipped with chiral columns. NMR-
spectra were recorded in CDCl3. Racemic epoxides styrene oxide, phenyl glycidyl ether, 
epichlorohydrin and 1,2-epoxyhexane are commercially available (Aldrich). Racemic para-
methylstyrene oxide, para-chlorostyrene oxide, para-cyanostyrene oxide and para-
nitrostyrene oxide were prepared as described previously.9,22 Optically pure enantiomers 
(e.e.> 98%) of para-methylstyrene oxide, para-chlorostyrene oxide, para-nitrostyrene oxide 
and para-cyanostyrene oxide were prepared as described before.21 
 
Kinetic resolution experiments 

A closed reaction vessel containing 20 ml Tris buffer (50 mM, pH 9.0) was incubated 
in a water bath at 30 °C. The epoxide was added to a final concentration of 3 mM. Para-
substituted styrene oxides were added from stock solution in DMSO to a final concentration 
of 0.5% DMSO. The enzyme was added to such a concentration that allowed the first 
reacting enantiomer to be converted within 50 min. The reaction was monitored by 
periodically taking samples from the reaction mixture. The samples were extracted with 
diethyl ether containing mesitylene as an internal standard and analysed by chiral GC or 
chiral HPLC. 
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Initial rate experiments 
A closed reaction vessel containing 20 ml Tris buffer (50 mM, pH 9.0) was incubated 

in a water bath at 30 °C. The epoxide was added from a stock solution in DMSO to a final 
concentration of 1.5 mM to 2.5 mM and the enzyme was added immediately afterwards. The 
reaction was monitored by periodically taking samples from the reaction mixture, followed 
by GC or HPLC analysis. 
 
Chiral analysis of epoxides 

The enantiomeric excess of the epoxides was determined using the following 
columns: Chiraldex G-TA (Astec): styrene oxide, epichlorohydrin and 1,2-epoxyhexane; 
Chiralsil Dex CB (Chrompack): para-cyanostyrene oxide, para-chlorostyrene oxide and 
para-nitrostyrene oxide; Chiralcel OD (Daicel): phenyl glycidyl ether. 
 
Calculation of E-values 

The E-values of the kinetic resolutions were calculated from the Michaelis-Menten 
parameters for both enantiomers.9 To estimate the kinetic parameters, the equations 
describing competitive Michaelis-Menten kinetics were fitted by numerical integration to the 
data obtained from the kinetic resolution experiments. With the epoxides styrene oxide, para-
methylstyrene oxide and para-chlorostyrene oxide the first order chemical hydrolysis rate 
constants of respectively 8.6*10-6 s-1, 1.2*10-5 s-1 and 6.2*10-6 s-1 were taken into account. 
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Introduction 
 

Microorganisms provide us with a variety of enzymes that have evolved to help the 
organism deal with the presence of synthetic compounds in their environment. In a single 
organism multiple enzymes can be involved in the degradation of xenobiotics. Examples can 
be found in bacteria that metabolize epoxides or haloaliphatics.1 If such enzymes are 
enantioselective, they can be useful for the preparation of optically active intermediates. In 
the fine chemicals industry, optically pure epoxides are used as building blocks for various 
pharmaceutical products. Several biocatalytic methods to produce optically active epoxides 
using enzymes involved in epoxide degradation or formation have been reported.2 Examples 
are direct epoxidation of alkenes by mono-oxygenases or kinetic resolution of racemic 
epoxides. Kinetic resolutions have been carried out by means of lipases, using another nearby 
functionality such as an ester, or by using epoxide hydrolases for the direct resolution at the 
epoxide ring.3 Outstanding examples of the synthesis of optically pure epoxides by kinetic 
resolution with metal containing salen complexes have recently been published by Jacobsen 
et al. 4,5 

Halohydrins can be considered as direct precursors of epoxides. Ring closure of an 
optically pure halohydrin generally yields an optically pure epoxide. Aromatic halohydrins 
such as 2-chloro-1-phenylethanol can be obtained optically pure by microbial reduction of α-
haloacetophenones or by kinetic resolution using lipases.6, 7 

Optically pure halohydrins can also be produced using halohydrin dehalogenases.8 
These enzymes catalyze the ring closure of a vicinal halohydrin to an epoxide and the reverse 
reaction. Several organisms capable of dehalogenating halohydrins have recently been 
isolated. From Corynebacterium sp. two halohydrin dehalogenases were characterized and 
the genes were cloned and sequenced.9 Recently, a halohydrin dehalogenase from 
Arthrobacter erithii H10a has been characterized.10 This enzyme could be used to synthesize 
optically active epihalohydrins from 1,3-dichloro-2-propanol by enantioselective 
dehalogenation and halogenation.11  
 

Cl
O

Cl
OH

OH OH
O

OH
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Figure 1 Degradation route of epichlorohydrin to glycerol by Agrobacterium 

radiobacter AD1. Epoxide hydrolase (step a and c) and halohydrin 
dehalogenase (step b). 

 
We have isolated several organisms that can degrade chlorinated aliphatic 

compounds, including bacteria that could grow on halohydrins and epichlorohydrin. A 
halohydrin dehalogenase was purified and characterized from the 3-chloro-1,2 propanediol-
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utilizing bacterium Arthrobacter strain AD2.12 Another organism, Agrobacterium 
radiobacter AD1, degraded the toxic epichlorohydrin to glycerol by an epoxide hydrolase 
and a halohydrin dehalogenase (Figure 1).13 

 Recently, we have cloned and overexpressed a gene that encodes the epoxide 
hydrolase of A. radiobacter AD1.14 With this enzyme optically pure aromatic epoxides could 
be obtained by kinetic resolution although the E-values were only moderate.15 Styrene oxide, 
for example, was hydrolysed with an E-value of 16. Non-aromatic epoxides such as 
epichlorohydrin were hydrolysed with low enantioselectivity (E<2). We have also cloned and 
overexpressed the second enzyme involved in the degradation pathway, the halohydrin 
dehalogenase.16 Research with halohydrin dehalogenases has so far mainly been focussed on 
C3 epoxides and halohydrins, such as 2,3-dichloro-1-propanol and 1,3-dichloro-1-propanol.8 

One paper has been published describing the conversion of aromatic halohydrins by resting 
cells of Flavobacterium rigense but the enantioselectivity was very low.17  

The goal of our research was to establish the enantioselectivity of the halohydrin 
dehalogenase from A. radiobacter AD1 towards a variety of substrates, including halohydrins 
with an aromatic moiety. Since the application of epoxides and halohydrins as precursors for 
drugs requires them to be available in optically pure form it was the objective to obtain the 
investigated halohydrins with an enantiomeric excess (e.e.) of higher than 99%. 
 
 
 
Results and discussion 
 

The halohydrin dehalogenase from A. radiobacter enantioselectively dehalogenated 
2,3-dichloro-1-propanol 1 and 2,3-dibromo-1-propanol 2. The conversion of 1 proceeded 
with a very high enantioselectivity (E>100) for the (R)-enantiomer, leaving the (S)-
enantiomer unreacted. Initially the (R)-enantiomer was converted with a specific activity of 
0.9 µmol.min-1.mg-1, but the reaction gradually slowed down and after 20 h an e.e. of 96% 
was reached. The yield of the remaining (S)-enantiomer was higher than 49.5% (maximum 
theoretical yield is 50.0%). Instead of enantiomerically pure epichlorohydrin, racemic 
epichlorohydrin and prochiral 1,3-dichloro-2-propanol were formed. This can be explained 
by the fact that the enzyme also catalysed the reverse reaction, the cleavage of the epoxide 
ring by an halide (Figure 2). 

The favoured attack of the chloride in the halogenation reaction was at the β-position 
of epichlorohydrin to yield 1,3-dichloro-2-propanol (step 4a) instead of α-attack to yield 1 
(step 1). This prochiral 1,3-dichloro-2-propanol was then converted to both enantiomers of 
epichlorohydrin (steps 4a and 4b). The specific activity for 1,3-dichloro-2-propanol was 3.9 
µmol.min-1.mg-1, which is more than 4-fold higher than the activity for 1. Because of these 
side reactions the conversion of 1 was inhibited during the course of the reaction.  
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Figure 2 Conversion of 2,3-dichloro-1-propanol 1 by halohydrin dehalogenase and 

epoxide hydrolase. Epoxide hydrolase (steps 2 and 3) and halohydrin 
dehalogenase (steps 1, 3, 4a and 4b). 
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Figure 3 Kinetic resolution of 1 with halohydrin dehalogenase ( , ), with addition of 

excess epoxide hydrolase ( , ).(R)-1: ( , ) and (S)-1: ( , ). 
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To overcome the unwanted side reactions (steps 4a and 4b), an excess of recombinant 
epoxide hydrolase from A. radiobacter AD1 was added. In this way the formed (S)-
epichlorohydrin was converted immediately to (S)-3-chloro-1,2-propanediol (step 2). This 
was then further converted via glycidol to glycerol (step 3). In this case, formation of 1,3-
dichloro-2-propanol and epichlorohydrin were not observed. The enantiomeric excess of (S)-
3-chloro-1,2-propanediol was dependent on the amount of the epoxide hydrolase that was 
added due to competition with chemical hydrolysis and the reverse reaction. The maximum 
measured e.e. was 91%. In the presence of epoxide hydrolase, the conversion of (R)-1 was 
accelerated and a maximum e.e. of higher than 99% for (S)-1 was reached in less than 5 h 
(Figure 3). The analytical yield of 1 was higher than 49.5%. 

Another method to circumvent the reversibility of a halohydrin dehalogenase was 
recently described by Assis et al.11 They studied the conversion of 1,3-dichloro-2-propanol to 
(R)-epichlorohydrin, which could be obtained with an e.e. of 89.5%. By adding an excess of 
bromide, only the contaminating (S)-epichlorohydrin was halogenated and the (R)-
epichlorohydrin was obtained with an e.e. of higher than 95%, but only in a 10.7% yield. 
 

Cl OH
Cl

Br OH
Br OHCl ClOH ClOH

Cl
1 2 3 4 5  

 
Figure 4 Halohydrins used as substrates by the halohydrin dehalogenase from A. 

radiobacter AD1. 
 

Surprisingly, halohydrins containing an aromatic group such as halohydrin 3 and 5 
were also converted, with E-values of 73 and 23 respectively (Table 1). This high activity and 
enantioselectivity of a halohydrin dehalogenase towards aromatic halohydrins has not been 
described before. In the case of the kinetic resolution of halohydrin 3, (R)-styrene oxide was 
formed with an e.e. of 90%. Because of the reversibility of the reaction the conversion was 
incomplete and the e.e. of (S)-3 reached a maximum of only 92%. Formation of halohydrin 4 
was not observed during the reaction. With addition of an excess of epoxide hydrolase, 
resulting in removal of the inhibiting epoxide, the conversion was completed and an e.e. of 
the (S)-enantiomer of higher than 99% was reached.  

The diols produced by hydrolysis of the aromatic epoxides had a lower e.e. than the 
corresponding epoxides. This was mainly due to the regioselectivity (β-attack versus α-
attack) of the epoxide hydrolase. When, in a separate experiment, optically pure (R)-styrene 
oxide or (R)-m-chlorostyrene oxide were hydrolysed by epoxide hydrolase, the (R)-diols were 
formed with an e.e. of respectively 85% and 90%.  
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Table 1 The kinetic resolution of halohydrins with recombinant halohydrin 
dehalogenase and epoxide hydrolase. 

 
halohydrin specific 

activitya 
e.e. halo-

hydrin (%) 
 analytical 
yield (%) 

abs.config.b E-value 

1 0.9 >99 >49.5 d (S) >100
2 26.6 >99 >49.5 d nd >100 
3 14.1 >99 47.0 (S) 73 
4 8.7 >99 26.5 (R) >50c 
5 4.5 >99 39.5 (S) 23 

a) In Tris-SO4 buffer, pH = 7.5, 30 °C, substrate concentrations 5 mM, activity in µmol.min-1.mg-1. b)Absolute 
configuration of the remaining enantiomer. c) The exact E-ratio could not be determined due to the high chemical 
instability of the halohydrin. d) The maximum analytical yield is 50%. 

 
The kinetic resolution of halohydrin 4 was strongly influenced by the high chemical 

conversion of the substrate in the buffer solution (42% degradation per h in buffer pH=7.5, 
T= 30°C) leading besides the epoxide to major side products. This was probably due to 
dimerisation of the halohydrin.18 When the kinetic resolution of 4 was performed without the 
addition of epoxide hydrolase, (R)-styrene oxide was formed with an e.e. of 89%, indicating 
an E-value of at least 50. The chemical instability limits a practical application of the kinetic 
resolution of this halohydrin. No significant chemical conversion was observed with 
halohydrins 1, 2, 3 and 5. 
 
Table 2 The kinetic resolution of halohydrins with recombinant halohydrin 

dehalogenase, with and without epoxide hydrolase. 
 

 without addition of epoxide hydrolase with addition of epoxide hydrolase 
halohydrin e.e. halo- 

hydrin (%) 
e.e.  

epoxide (%)
abs. conf. 
epoxide 

e.e. halo- 
hydrin (%) 

e.e. 
diol (%) 

abs. conf.
diol 

1 96 <5 - >99 91 (S) 
3 92 90 (R) >99 77 (R) 
5 95 72 (R) >99 65 (R) 

 
The importance of the addition of epoxide hydrolase was substrate dependent as 

shown in Table 2. In case of the conversion of halohydrin 1, without epoxide hydrolase the 
kinetic resolution was strongly inhibited due to the side reactions shown in Figure 2. The 
formed optically active epichlorohydrin rapidly racemised. In the case of the aromatic 
halohydrins 3 and 5 no side-reactions of the epoxide to other products occurred. The 
importance of epoxide hydrolase was dependent on the ratio of the concentrations of epoxide 
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and halohydrin at equilibrium. Without the addition of epoxide hydrolase, (S)-3 was obtained 
with a lower e.e. than (S)-5 because with the latter the equilibrium was positioned further 
towards the epoxide. It is important to state that the excess epoxide hydrolase was only added 
to draw the kinetic resolution of the halohydrins to completion by removing the inhibiting 
epoxide. The epoxide hydrolase itself has no influence on the enantioselectivity of the 
conversion. 
 These results are an example of a tandem enzyme reaction. The combined use of these 
enzymes was developed by evolution in Nature for the degradation of xenobiotic compounds. 
We used this combination of biocatalysts to produce optically active halohydrins, epoxides 
and diols. Since the genes for both enzymes were cloned and the enzyme was brought to 
overexpression, application on an industrially interesting scale may become feasible. 
 
 
Experimental 
 
General 
 The enantiomeric excess (e.e.) and the yields of the halohydrins, epoxides and 
derivatised diols were determined with a Hewlett-Packard 5890 gas chromatograph equipped 
with a FID-detector, using a Chiraldex G-TA capillary column (col I, 50 meters, Astec), 
Chiraldex B-TA capillary column (col II, 30 meters, Astec) or β-dex 120 (col III, 30 meters, 
Supelco) all of 0.25 mm inside diameter. NMR-spectra were recorded in CDCl3. Halohydrin 
1 was purchased from Merck, halohydrin 2 from Fluka, halohydrin 3 from Lancaster, m-
chlorostyrene oxide was a gift from DSM. All other chemicals were purchased from Aldrich.  
 
Synthesis of halohydrins 

Halohydrins 4 and 5 were synthesised by treating the corresponding epoxides with 
36% aqueous HCl according to described methods.19 To a solution of styrene oxide (1.0 g, 
8.3 mmol) in CHCl3 (80 ml), 36% aqueous HCl was added (25 ml) and stirred for 1 h. After 
separating, the organic phase was washed with saturated aqueous NaHCO3 and water, dried 
with MgSO4, and removed by a rotary evaporator giving halohydrin 4 in 90% yield as a 
colourless oil. 1H NMR, δ: 2.2-2.4 (s,1H), 3.89 (dd, 2H), 4.98 (t, 1H), 7.3 (m, 5H); 13C NMR 
δ: 62.25, 65.34, 125.01, 126.30, 126.37, 135.48.  

To a solution of m-chlorostyrene oxide (0.75 g, 4.8 mmol) in acetonitrile (5 ml) were 
added LiClO4 (0.80 g, 7.5 mmol) and NH4Cl (0.40 g, 7.5 mmol) and the resulting mixture 
was stirred for 4 h at 80°C. The reaction mixture was diluted with water and extracted with 
ether. The ether was washed with water, dried with MgSO4, and removed by a rotary 
evaporator yielding a colourless oil. Flash chromatography on silica 60 H using petroleum 
ether/ether (ratio 7:3) as eluent yielded pure halohydrin 5 in 25 % yield. 1H NMR, δ: 2.6 (s, 
1H), 3.55 (dd, 1H), 3.65 (dd, 1H), 4.85 (dd, 1H), 7.2-7.3 (m, 3H), 7.36 (s, 1H); 13C NMR δ: 
48.12, 70.86, 121.71, 123.79, 126.08, 127.42, 132.13, 139.38. 
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before.15 With the obtained kinetic parameters or in cases where no unique solutions were 
obtained, with the lumped parameter Vmax/Km, the E-value was calculated using equation (1).  
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The exact enantioselectivity of the conversions of halohydrins 1 and 2 could not be 

determined because no significant decrease of the remaining enantiomer could be measured, 
indicating an E-value of at least higher than 100. With halohydrin 4, the conversion rate of 
slow reacting enantiomer was approximately equal to the chemical conversion rate, indicating 
an E-value of at least 50. The activities as presented in Table 1 were calculated from the 
substrate depletion at a concentration of 5 mM. In the case of halohydrin 4 the initial activity 
was corrected for chemical conversion.  
 
Analysis of chiral compounds 

The data from chiral GLC were as follows. Halohydrin 1 on col II: temp. prog. 60°C 
for 2 min, increase with 3°C per min to 90°C, 20 min on 90°C, tr = 20.2 min and 20.8 min, 
halohydrin 2 on col I: temp. 105°C, tr = 53.4 min and 55.0 min, halohydrin 3 on col III: temp. 
140°C, tr = 26.8 min and 28.2 min, halohydrin 4 on col III: temp. 140°C, tr = 25.4 min and 
26.0 min, halohydrin 5 on col III: temp. 170°C, tr = 21.8 min and 22.4 min. Styrene oxide on 
col I: temp. 110°C, tr = 15.3 min and 18.0 min, m-chlorostyrene oxide on col I: temp. 110°C, 
tr = 20.2 min and 31.1 min, epichlorohydrin on col II: temp. prog. 60°C for 2 min, increase 
with 3°C per min to 90°C, 20 min on 90°C, tr = 7.8 min and 8.2 min, derivatised 3-chloro-
1,2-propanediol on col I: temp. 70°C. tr = 42.1 min and 43.4 min, derivatised 
phenylethanediol on col III: temp. 130°C, tr = 15.1 min and 16.3 min, derivatised m-
chlorophenylethane diol op col III: temp. 150°C, tr = 18.4 min and 19.7 min. 

The absolute configurations of the halohydrins were determined by basic ring closure 
of the remaining enantiomers to the corresponding epoxides. The absolute configuration of 
epichlorohydrin, styrene oxide and m-chlorostyrene oxide was determined by co-injection of 
the commercially available optically pure epoxides. The absolute configurations of 3-chloro-
1,2-propanediol and phenylethanediol were determined by co-injection of the derivatised 
commercially available optically pure diols. The absolute configuration of m-
chlorophenylethanediol was determined by enzymatic hydrolysis of (R)-m-chlorostyrene 
oxide and analysis of the formed and derivatised diol. 
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Production of halohydrin dehalogenase and epoxide hydrolase 
A gene library of A. radiobacter AD1 was constructed in the cosmid vector 

pLAFR3.16 After in vitro packaging, the library was transduced to E. coli HB101. 
Transconjugants were screened for dehalogenase activity with 1,3-dichloro-2-propanol. The 
halohydrin dehalogenase gene, designated hheC, was sequenced and subsequently amplified 
by PCR and cloned behind the T7 promotor of the expression vector pGEF+,20 yielding 
pGEFhheC. The halohydrin dehalogenase gene was overexpressed up to 30% of soluble 
protein by introduction of pGEFhheC in E. coli BL21(DE3).  

For the described kinetic resolutions purified enzyme was used. Plasmid DNA was 
transformed by electroporation to competent E. coli BL21 (DE3) cells, which were then 
plated out on LB medium containing tetracycline and incubated overnight at 30 °C. A 
preculture was started by inoculating 100 ml of LB medium containing tetracycline with the 
transformants from a plate to an initial OD600 of 0.1. The culture was incubated at 30 °C until 
an OD600 of 1-2 was reached, diluted in 1 l of LB medium containing tetracycline and 
incubated overnight at 20 °C. The cells were subsequently centrifuged, washed and 
resuspended. A crude extract was prepared by ultrasonic disruption and centrifugation of the 
cells. This was followed by a purification step with a Resource Q column. The purified 
recombinant epoxide hydrolase from A. radiobacter AD1 was prepared as described before.15 
 
Kinetic resolution with halohydrin dehalogenase and epoxide hydrolase 
 A screw-capped bottle containing 30 ml Tris buffer (100 mM, pH 7.5) was incubated 
in a shaking waterbath at 30 °C. The halohydrin was added to a final concentration of 5 mM. 
The reaction was started by the addition of the appropriate amount of purified halohydrin 
dehalogenase. In experiments where epoxide hydrolase was used, this enzyme was added 
immediately afterwards. The reaction was monitored by periodically taking samples from the 
reaction mixture. The samples were extracted with diethylether containing mesitylene or 1-
chlorohexane as an internal standard. Prior to analysis by chiral GLC, the samples were dried 
over a short column containing MgSO4. The diols were analysed after derivatisation to their 
acetonides. The diethylether was vaporized under a stream of nitrogen and the sample was 
redissolved in 0.5 ml 2,2-dimethoxypropane. The solution was then shaken for 1 h with 200 
mg amberlite IR-120 (H+). After addition of 50 mg NaHCO3 the organic phase was analysed 
by chiral GLC.  
 
Calculation of enantioselectivity (E) and activity 

The enantioselectivity of the kinetic resolutions with the halohydrin dehalogenase was 
determined in the presence of an excess of epoxide hydrolase. The enantioselectivity of the 
kinetic resolutions of halohydrins 3 and 5 was calculated using the enantiomeric ratio21 which 
is defined by equation (1), where Vmax and Km represent the Michaelis-Menten parameters of 
both enantiomers. To estimate the kinetic parameters, the equations that describe competitive 
Michaelis-Menten kinetics were fitted by numerical integration to the data, as described 
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Introduction 
 

Chiral non-racemic epoxides are important building blocks in the synthesis of various 
pharmaceutical products. Halohydrins can be considered as direct precursors of epoxides, 
since base-catalysed ring closure of an optically pure halohydrin generally yields an optically 
pure epoxide. Halohydrin dehalogenases catalyse the ring closure of a vicinal halohydrin and 
the reverse reaction, the ring opening of an epoxide by a halide (Scheme 1).  

 

X
R

OH O
R

Halohydrin
dehalogenase

+ HX
X = Br or Cl  

 
Scheme 1 
 

This class of enzymes can be used to prepare various optically active epoxides and 
halohydrins. 1,2,3 Several genes encoding halohydrin dehalogenases have been cloned and 
overexpressed making these enzymes available in abundant quantities.4,5 Sequence simi-
larities and substrate specificities suggest that the halohydrin dehalogenases obtained from 
Agrobacterium radiobacter AD1, Arthrobacter sp. AD2 and Mycobacterium sp. GP1 belong 
to three different groups.4 A general mechanism for enzymatic dehalogenation of halohydrins 
was proposed based on significant sequence similarity to short chain dehydrogenases and 
reductases, and confirmed by site-directed mutagenesis of the conserved catalytic residues. 
The mechanism is fundamentally different from that of hydrolytic dehalogenases since it does 
not include a covalent enzyme-substrate intermediate.6 

An enzyme-catalysed (enantioselective) ring-closure or ring-opening reaction can be 
monitored by extracting the substrate or product from the water phase using an organic 
solvent and analysing the yield and optical purity by (chiral) GC or HPLC. This method is 
tedious and laborious and cannot be applied easily for an examination of numerous reactions 
or reaction conditions. Colorimetric assays for measuring dehalogenase activity are based on 
the detection of chloride ions or the use of pH indicators.7,8 The method based on measuring 
chloride concentrations requires sampling from the reaction mixture. A pH indicator such as 
phenol red in a weakly buffered medium allows continuous monitoring of the dechlorination 
reaction, but the sensitivity is low.9 Furthermore, a weak buffer does not allow the addition of 
compounds that influence the pH of the medium such as strong nucleophiles. A 
spectrophotometric assay would be very valuable, but no chromogenic substrates for 
measuring halohydrin dehalogenase activity have been described in the literature. The goal of 
the work described here is the development of such an assay for continuous monitoring of 
reactions catalysed by halohydrin dehalogenases. The substrates should be suitable for 
studying ring-closure and ring-opening reactions. An evaluation of the shape of the progress 
curve of a reaction with a racemic substrate can give information about the enantioselectivity 
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of the conversion since a sequential conversion of the two enantiomers will result in a 
biphasic curve. The assay must also be applicable for studying the reverse reaction, the ring 
opening of an epoxide by a nucleophile. A halohydrin dehalogenase from Corynebacterium 
sp. N-1074 catalyses the ring opening of epoxides by cyanide, resulting in the formation of β-
hydroxynitriles.10 More recently, we have shown that azide is accepted as a nucleophile by 
the halohydrin dehalogenase from A. radiobacter AD1.11 Apart from these examples, ring-
opening reactions with alternative nucleophiles catalysed by a halohydrin dehalogenase have 
not been described. 

In this paper, we describe a convenient on-line spectrophotometric assay for studying 
ring-closure and ring-opening reactions catalysed by halohydrin dehalogenases. The assay is 
based on the difference in the absorbance spectrum of the epoxide and the corresponding 
product of ring opening.  
 
 
Development and validation of the assay 
 

Racemic para-nitro-2-bromo-1-phenylethanol 1 was considered as a suitable 
chromogenic substrate based on previous work that demonstrated that the halohydrin 
dehalogenase from A. radiobacter AD1 catalysed the enantioselective ring closure of 
aromatic halohydrins such as 2-chloro-1-phenylethanol (E = 73).3 A spectrophotometric 
continuous assay for measuring epoxide hydrolase activity has been described. 12 This assay 
is based on the difference in extinction coefficients of para-nitrostyrene oxide (ε310 4289 M-1 

.cm-1) and para-nitrophenylethanediol (ε310 3304 M-1.cm-1), the product of epoxide 
hydrolysis. The substrate is broadly applicable since it can be used to investigate various 
aspects of epoxide hydrolase-catalysed conversions such as kinetic properties,13 enzyme 
stability in various media,14 and enantioselectivity.15  
 

O2N

OH Br

O2N

O

+ H

(1) (2)

Br

 
 
Scheme 2 
 

Racemic para-nitro-2-bromo-1-phenylethanol 1 was synthetised by reduction of ω-
bromo-para-nitro-acetophenone. Racemic para-nitrostyrene oxide 2 was prepared by ring 
closure of the halohydrin 1 The extinction coefficient of the halohydrin 1 was found to be 
3050 M-1.cm-1 at 310 nm. The rate of ring-closure without the presence of enzyme was 
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2.3*10-5 s-1 at 22°C (Tris buffer pH = 7.5). Under similar conditions, no degradation of para-
nitrostyrene oxide 2 was observed.  
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Figure 1 Absorption spectrum changes during the conversion of (R)-para-nitro-2-

bromo-1-phenylethanol 1 to (R)-para-nitrostyrene oxide 2 catalysed by the 
halohydrin dehalogenase from A. radiobacter AD1. Concentration (R)-1, 285 
µM. 

 
The halohydrin dehalogenases from A. radiobacter AD1, Arthrobacter sp. AD2 and 

Mycobacterium sp. GP1 catalysed the ring closure of racemic para-nitro-2-bromo-1-
phenylethanol 1, resulting in the formation of para-nitrostyrene oxide 2 (Scheme 2). The 
difference in extinction coefficient of the halohydrin and epoxide enabled the on-line 
monitoring of the reaction by following the increase in absorbance at 310 nm (Figure 1).  
 
 
Enantioselectivity of the ring-closure reaction 
 
 The progress curve of the ring-closure reaction of racemic para-nitro-2-bromo-1-
phenylethanol (at 250 µM concentration) catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1 showed a biphasic shape (Figure 2). An explanation for this can be a 
different rate of conversion of the two enantiomers. The biphasic shape was not observed in 
reactions catalysed by the halohydrin dehalogenases obtained from Arthrobacter sp. AD2 and 
Mycobacterium sp. GP1.  
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To determine the enantioselectivity of the ring-closure reactions, kinetic resolution 
experiments were performed with racemic halohydrin 1 at an initial substrate concentration of 
3 mM. The conversion was monitored by taking samples from the reaction mixture at 
different times and determining the enantiomeric excess of both the halohydrin 1 and the 
formed epoxide 2 by chiral HPLC. The enantioselectivity (E-value) was estimated from the 
enantiomeric excess values of the substrate and product.16 An E-value of 92 (± 4) was 
obtained for the kinetic resolution catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1 (Figure 3). 
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Figure 2 Progress curves of the conversion of racemic para-nitro-2-bromo-1-

phenylethanol 1, catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1 (a), Arthrobacter sp. AD2 (b) and Mycobacterium sp. GP1 
(c). Concentration 1, 255 µM. 

 
The observed E-value is lower than the intrinsic E-value, since the non-enzyme-

catalysed ring-closure reaction (kc = 2.3*10-5 s-1) affected the enantiomeric excess of the 
formed product. Correction of the enantiomeric excess of the product epoxide for the 
chemical side reaction yielded an E-value of 124 (± 10). The (R)-enantiomer was converted 
preferably, followed by a much slower conversion of the (S)-enantiomer, causing the biphasic 
shape of the progress curve observed when the increase in absorbance was monitored at 310 
nm. The halohydrin dehalogenases from Arthrobacter sp. AD2 and Mycobacterium sp. GP1 
converted the halohydrin 1 with a low enantioselectivity (E < 3). The enantiopreference of 
these two enzymes is opposite to that of A. radiobacter AD1 as the (S)-enantiomer was 
converted at a slightly higher rate than the (R)-enantiomer. 
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Figure 3 Kinetic resolution of racemic para-nitro-2-bromo-1-phenylethanol 1, 

catalysed by the halohydrin dehalogenase from A. radiobacter AD1. 
Concentration 1, 3 mM. Symbols: ( ), (S)-enantiomer, ( ), (R)-enantiomer, 
(▲), non-enzyme-catalysed reaction. 

 
The exact E-value of a conversion could not be determined from the 

spectrophotometric progress curve, but the bend in the curve gives an approximate indication 
of the enantioselectivity of the conversion (Figure 2). The monophasic progress curves of the 
conversion of racemic 1 with the enzymes obtained from Arthrobacter sp. AD2 and 
Mycobacterium sp. GP1 indicated a low enantioselectivity, which was confirmed by 
monitoring the enantiomeric excess values of the substrate and product. The structurally 
similar 2-chloro-1-phenylethanol was converted by both enzymes with a comparably low 
enantioselectivity (E <10).4 Because our main interest is to use halohydrin dehalogenases to 
synthesize optically pure building blocks, further experiments were focused on the enzyme 
from A. radiobacter AD1. 

The kinetic basis of the high enantioselectivity can be established by studying the 
steady-state kinetic parameters of the separate enantiomers of para-nitro-2-bromo-1-
phenylethanol 1. The E-value is defined by equation (1), where kcat and Km represent the 
Michaelis-Menten parameters for both enantiomers. The enantiomers of the halohydrin 1 and 
epoxide 2 were obtained in an optically pure form (e.e. >99%) by separating them using a 
HPLC equipped with a chiral column (Chiralpak AS, Daicel). Optically pure (R)- and (S)-
para-nitro-2-bromo-1-phenylethanol 1 (250 µM) were converted by the halohydrin 
dehalogenase from A. radiobacter AD1 with an initial activity of 35 µmol.min-1.mg-1 and 2.6 
µmol.min-1.mg-1, respectively. The Km

 for the (R)-enantiomer was too low to be determined 
by initial rate measurements (Km < 50 µM) allowing only the calculation of a kcat of 16.3 s-1. 
For the (S)-enantiomer, on the other hand, no saturation kinetics was observed (Km > 250 
µM), allowing only the determination of a kcat/ Km value of 4740 s-1.M-1. The above described 
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kinetic parameters and the E-value of 124 allowed a calculation of a Km value of 28 µM for 
the (R)-enantiomer using equation (1). 
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Evaluation of nucleophiles for the ring-opening reaction 
 

The enzyme-catalysed ring opening of para-nitrostyrene oxide was investigated by 
allowing different nucleophilic compounds to react with para-nitrostyrene oxide. In Figure 4, 
the progress curves are shown of the reaction between (R)-para-nitrostyrene oxide 2 and Br- 
at various concentrations. An equilibrium constant of 480 mM was calculated from the ring 
opening of (R)-2 at a Br- concentration of 100 mM.  
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Figure 4  Progress curves of the ring opening of (R)-para-nitrostyrene oxide 2 by Br-, 

catalysed by the halohydrin dehalogenase from A. radiobacter AD1. 
Incubations contained: 0.25 mM Br- (a), 25 mM Br- (b), 50 mM Br- (c), 100 
mM Br- (d); 225 µM (R)-2. 

 
Other compounds that were tested are the halide ions I-, Cl-, Br- and F-, the ions OCN-, 

SCN-, N3
-, CN-, CH3COO- and NO3

-, and the non-ionic nucleophiles isopropylamine and 
ethanol. The conversion rates are expressed in ∆A.min-1.mg-1 since, apart from the reaction 
with Br-, nucleophilic ring opening leads to products with unknown extinction coefficients. 
The enantiopreference of the ring opening with a certain nucleophile was determined by 
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allowing the (R)- and (S)-enantiomer of the epoxide to react separately. The effect of the non 
enzyme-catalysed ring opening was minimized by measuring the initial rate within the first 2 
min. During this period, no substantial decrease or increase of absorbance was observed in a 
control reaction in which the enzyme was omitted. An exception is I-, which gave an apparent 
chemical reaction that caused an increase in absorbance. 

 
Table 1 Initial rates of ring opening of (R)- and (S)-para-nitrostyrene oxide 2 by 

various nucleophiles, catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1. 

 
Nucleophile Concentration of 

nucleophile 
(mM) 

(R)-2 
(∆A.min-1.mg-1) 

(S)-2 
(∆A.min-1.mg-1) 

Br- 25 2.33 0.02 
Cl- 25 2.83 0.01 
N3

- 2.5 0.17 < 0.01 
NO2

- 2.5 0.25 < 0.01 
CN- 2.5 0.45 0.01 

 
The enzyme-catalysed nucleophilic ring opening of para-nitrostyrene oxide resulted 

in products with lower extinction coefficients (310 nm), which allowed the monitoring of the 
conversion by following the decrease in absorption. The initial rate of enzymatic ring opening 
of epoxide (R)-2 with Br- and Cl- was more than 100-fold higher than that of (S)-2 (Table 1). 
A decrease in absorption was also observed when the (R)-enantiomer was subjected to the 
anions N3

-, CN- and NO2
-, whereas no absorbance change was observed with the (S)-

enantiomer. No decrease in absorbance with either enantiomer was observed with F-, OCN-, 
SCN-, NO3

-, CH3COO-, ethanol and isopropylamine. To validate the absence of a reaction 
between the epoxide and these latter compounds, the concentration of remaining epoxide was 
monitored in time using (chiral) HPLC. In all cases where no change in absorbance (∆A< 
0.01 min-1.mg-1) occurred, no decrease in epoxide concentration due to an enzymatic 
conversion was observed.  

In order to investigate if nucleophiles that do not react with the epoxide can bind in 
the active site, the inhibiting effect of these compounds on the initial rate of the conversion of 
250 µM halohydrin (R)-2 was determined (Table 2). Nucleophiles that reacted with the 
epoxide were in general good inhibitors of the ring-closure reaction. Inhibition by the halide 
ions decreased in the order of I > Br > Cl > F, which is also the order of decreasing 
nucleophilicity. The non-ionic nucleophiles ethanol and isopropylamine did not inhibit the 
ring-closure reaction. OCN- was a good inhibitor and therefore binds in the active site, 
although no enzyme-catalysed reaction with the epoxide took place. On the other hand, CN-, 
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which reacted selectively with one enantiomer of the epoxide, did not inhibit the ring-closure 
reaction when added to a concentration of 10 mM. 

On basis of the screening, we conclude that Br-, Cl-, N3
-, NO2

- and CN- are accepted 
and F-, OCN-, SCN-, NO3

-, CH3COO-, ethanol and isopropylamine are not accepted as 
nucleophiles in the ring opening of epoxide 2 catalysed by the halohydrin dehalogenase from 
A. radiobacter AD1. The substantial differences in initial activities towards both enantiomers 
indicate that kinetic resolutions will likely occur with high enantioselectivity. 

 
Table 2 Inhibition of the ring closure of (R)-para-nitro-2-bromo-1-phenylethanol 1 by 

various nucleophiles, catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1. 

 
Nucleophile Inhibition constant 

I50 (mM)a 
Nucleophile Inhibition constant 

I50 (mM)a 

I- 2.3 OCN- 4.5 
Br- 4.3 SCN- 30 
Cl- 13 NO3

- 44 
F- 29 CH3COO- 33 
N3

- 2.7 CH3CH2OH >50 
NO2

- 20 (CH3)2CHNH2 >50 
CN- >50   

a) I50 represents the nucleophile concentration at which the initial rate of ring closure of 250 µM (R)-1 is 50% of 
the initial rate in the absence of the nucleophile. 
 
 
Kinetic resolution of para-nitrostyrene oxide by ring opening with selected 
nucleophiles 
 

Kinetic resolutions of 3 mM racemic epoxide 2 catalysed by the halohydrin 
dehalogenase from A. radiobacter AD1 were performed in the presence of the nucleophiles 
Cl-, N3

-, NO2
- or CN- (Table 3). The nucleophile Br- was not included since the high 

equilibrium constant makes the preparation of halohydrin 1 starting from epoxide 2 and Br- 
unpractical since very high concentrations of NaBr (> 10 M) are needed to achieve a 
complete conversion (>99%) of 3 mM epoxide 2. All kinetic resolutions occurred with high 
enantioselectivity towards the (R)-enantiomer leaving the (S)-enantiomer of the epoxide 
behind. With 100 mM Cl- the e.e. of the epoxide reached a maximum of 36% (Figure 5). The 
low conversion with this nucleophile, due to an unfavorable equilibrium position, did not 
allow an exact determination of the E-value (E >40). The ring opening by NO2

- occurred with 
high enantioselectivity (E = 105) resulting in an almost optically pure remaining (S)-para-
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nitrostyrene oxide. To our knowledge, the enzyme-catalysed nucleophilic ring opening of an 
epoxide by NO2

- has not been described before.  
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Figure 5 Enantioselective ring opening of racemic para-nitrostyrene oxide by NO2

- (A) 
and Cl- (B), catalysed by the halohydrin dehalogenase from A. radiobacter 
AD1. Incubations contained: (A), 10 mM NO2

-, 3 mM 2 and 5.3 µM enzyme; 
(B), 100 mM Cl-, 3 mM 2 and 0.74 µM enzyme. Symbols: ( ), (S)-enantiomer; 
( ), (R)-enantiomer. 

 
The ring opening by CN- occurred with a low conversion rate (0.09 µmol.min-1.mg-1) 

and moderate enantioselectivity (E = 45), resulting in (S)-para-nitrostyrene oxide with an e.e. 
of 92% after 24 h incubation. Since CN- is a very poor leaving group, it is highly unlikely that 
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ring closure of the formed β-hydroxynitrile occurs, making the reaction irreversible. The low 
optical purity of the remaining (S)-enantiomer of the epoxide is more likely to be due to the 
low reaction rate or inactivation. A complete conversion of the (R)-enantiomer of the epoxide 
could be achieved with a small excess of N3

-. Racemic epoxide 2 was converted with high 
enantioselectivity towards the (R)-enantiomer (E>200) and the remaining (S)-para-
nitrostyrene oxide 2 was obtained with an e.e. of more than 99%. 
 
Table 3 Enantioselective ring opening of racemic para-nitrostyrene oxide 2a with 

various nucleophiles, catalysed by the halohydrin dehalogenase from A. 
radiobacter AD1. 

 
Nucleophile Nucleophile 

conc. (mM) 
Init. activity b 

µmol.min-1.mg-1 
E-value Conversion 

% 
e.e. epoxidec 

% d 

Cl- 100 1.57 >40 26 36 (S) 
CN- 10 0.09 45 51 92 (S) 
NO2

- 10 0.55 105 52 97 (S) 
N3

- 1.3 0.18 >200 51 >99 (S) 
a) Concentration racemic 2, 3 mM, except with N3

-, 2 mM. b) Initial activity towards (R)-para-nitrostyrene oxide 
2 in a kinetic resolution experiment. c) Highest observed e.e. d) Value between parentheses is the absolute 
configuration of the remaining enantiomer. 
 
 
Conclusion and discussion 
 

This paper describes chromogenic substrates to investigate diverse halohydrin 
dehalogenase-catalysed reactions. The ring closure of para-nitro-2-bromo-1-phenylethanol 1 
and the ring opening of para-nitrostyrene oxide 2 by Br- can be monitored on-line since these 
reactions result in an increase and decrease in absorbance, respectively. The bend in the 
progress curve gives an indication of the enantioselectivity of the conversion of the 
halohydrin. An obvious limitation of the assay is that its predictive value with regard to the 
activity and enantioselectivity of other substrates will be limited to compounds that are 
structurally related to the chromogenic substrates. On the other hand, this method seems to be 
suitable since three distinctly different types of halohydrin dehalogenases converted 
halohydrin 1.  

A range of nucleophiles was tested for their ability to react with epoxide 2 in the 
presence of the halohydrin dehalogenase from A. radiobacter AD1. Ring opening of racemic 
epoxide 2 with Cl-, N3

-, NO2
- and CN- resulted in enantioselective kinetic resolutions, in 

which the (R)-enantiomer was in all cases the preferred enantiomer. A complex product 
mixture was obtained during the ring opening by NO2

- and CN-, as judged by chiral HPLC.  
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The enzyme-catalysed ring opening of an epoxide by NO2
- is the most remarkable 

since, to our knowledge, enzymes that accept NO2
- as a nucleophile have not been described 

in the literature before. The ambidental nature of NO2
- (attack by the oxygen or the nitrogen 

atom) and the regioselectivity of ring opening of the epoxide (α- or β-attack) make the 
formation of several products possible. If a nitro-ester (R-O-N=O) is formed, various side 
products, such as a diol, can be expected since this class of compounds is unstable in aqueous 
media.17 A further study into the regioselectivity and enantioselectivity of these ring-opening 
reactions, which will require the synthesis of all possible products, is in progress.  

The enantioselective ring opening of epoxides by N3
- catalysed by the halohydrin 

dehalogenase from A. radiobacter AD1 was studied in more detail recently.11 Various 
(substituted) styrene oxides were converted to the corresponding azido-alcohols with high 
enantioselectivity and regioselectivity. The regioselectivity towards the β-carbon is opposite 
to the selectivity of the non-enzyme-catalysed reaction. The highly enantioselective ring 
opening of the epoxide by N3

- gives access to optically active azido alcohols, which are direct 
precursors to highly valuable and biologically active amino-alcohols.18,19 

Enantioselective enzymatic conversions of epoxides can occur in different ways. 
Hydrolysis of epoxides is catalysed by epoxide hydrolases from various sources.20 
Enantioselective ring opening by amines has been carried out in the presence of liver 
microsomes and lipases.21,22 The ring opening of an aliphatic epoxide by N3

- was catalysed by 
an immobilized enzyme preparation from a Rhodococcus sp.23 A halohydrin dehalogenase 
from Corynebacterium sp. N-1074 catalysed the ring opening of epichlorohydrin by cyanide, 
yielding (R)-γ-chloro-β-hydroxybutyronitrile in low optical purity.24 The decrease in optical 
purity of the product, caused by a non-enzyme catalysed conversion, could be overcome by 
an in-situ generation of the epoxide from 1,3-dichloro-2-propanol catalysed by the same 
enzyme. The combined ring closure and ring opening reaction gave (R)-γ-chloro-β-
hydroxybutyronitrile in 95 % e.e. and 65% yield.24  

This paper described the use of chromogenic substrates for halohydrin dehalogenases 
which can be used to study various aspects of halohydrin-catalysed conversions, such as 
steady state kinetics, enantioselectivity of the ring opening and ring-closure reaction and 
nucleophile selectivity. The assay can be adopted to a 96-wells format which provides an 
easy method for screening large numbers of mutant colonies, such as produced in directed 
evolution experiments. 
 
 
Experimental 
 
General 

The enantiomeric excess (e.e.) and yields of various compounds were determined by 
chiral HPLC (Chiralpak AS, Daicel). Spectrophotometric assays were conducted in a Perkin 
Elmer Lambda BIO 40 spectrophotometer. NMR-spectra were recorded in CDCl3. 
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Halohydrin dehalogenases from A. radiobacter AD1, Arthrobacter sp. AD2 and 
Mycobacterium sp. GP1 were overexpressed in E. coli and purified as described before.4  
 
Synthesis of substrates 

Racemic para-nitro-2-bromo-1-phenylethanol 1. To a cooled solution of ω-bromo-
para-nitro-acetophenone (5.0 g, 20 mmol) in methanol (50 ml), sodium borohydride was 
added (1.0 g, 26 mmol) and stirred for 3 h. Water (50 ml) was added and the mixture was 
extracted with diethyl ether. After separation, the organic phase was washed with brine, dried 
with MgSO4 and removed by a rotary evaporator yielding 4.1 gram of an orange solid that 
consisted of a 7:3 mixture of 1 and para-nitrostyrene oxide 2. Pure 1 was obtained by flash 
chromatography on silica 60 H using petroleum ether/diethyl ether (ratio 7:3). 1H NMR δ: 
2.69 (d, 1H, OH, J = 3.7 Hz); 3.52 (m, 2H); 5.00 (m, 1H); 7.54 (d, 2Har, J = 8.8 Hz); 8.20 (d, 
2Har, J = 8.8 Hz). 13C NMR δ: 36.8 (C-1); 70.1 (C-2); 121.3; 124.4; 144.8; 145.3 (Car).  

Racemic para-nitrostyrene oxide 2 was prepared by treating 1.0 gram of a 7:3 mixture 
of 1 and 2 dissolved in diethyl ether with an aqueous solution of KOH (15 ml, 1 M). The 
mixture was refluxed for 15 min, cooled down, diluted with sulfuric acid (20 ml, 1 M) and 
extracted with diethyl ether. After separating, the organic layer was dried with MgSO4 and 
removed by a rotary evaporator yielding 0.76 gram of pure 2, which was used without further 
purification. 1H NMR, δ: 2.72 (dd, 1H, J = 2.6 Hz and 5.5 Hz); 3.17 (dd, 1H, J = 4.0 Hz and 
5.5 Hz); 3.91 (dd, 1H, J = 2.6 Hz and 4.0 Hz); 7.40 (d, 2Har, J = 8.8 Hz); 8.16 (d, 2Har, J = 
8.8 Hz) 13C NMR δ: 48.9 (C-1); 49.2 (C-2); 121.3; 123.7; 142.7; 145.3 (Car).  

Optically pure para-nitro-2-bromo-1-phenylethanol 1 and para-nitrostyrene oxide 2. 
were obtained by preparative HPLC using an analytical Chiralpak AS column with 
hexane/isopropanol (95:5) as eluent. Retention times of individual enantiomers (e.e.> 99%): 
(R)-1, 45.4 min; (S)-1, 52.8 min; (R)-2, 17.2 min; (S)-2, 25.3 min. 
 
Enzyme assays with chromogenic substrates 

In a typical experiment, 2 µl of a stock solution of 1 or 2 in DMSO was added to a 
cell containing 1.00 ml of buffer (22°C) to a final concentration of approximately 250 µM. In 
ring-opening and inhibition experiments the pH of the medium was 7.2 (300 mM Tris-SO4) 
and in ring-closure reactions 7.5 (100 mM Tris-SO4). In ring-opening and inhibition 
experiments, a nucleophilic compound was added as a sodium salt (except with ethanol and 
isopropylamine) from a concentrated aqueous stock solution. The conversion was started by 
addition of enzyme and the change in absorbance at 310 nm was monitored. The extinction 
coefficients of 1, 3050 M-1.cm-1 and 2, 4289 M-1.cm-1 at 310 nm were used to calculate 
concentrations of 1 and 2. 
 
Kinetic resolution experiments 

Substrate 1 or 2 was added to a screw-capped bottle containing 20 ml Tris buffer 
(22°C) to a final concentration of 3 mM. In ring-opening experiments the pH of the medium 
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was 7.2 (300 mM Tris-SO4) and in ring-closure reactions 7.5 (100 mM Tris-SO4). In ring-
opening experiments, the nucleophile was added to a concentration indicated in Table 3. The 
reaction was started by addition of the enzyme. The reaction was monitored by periodically 
taking samples from the reaction mixture and extracting them with diethyl ether containing 
an internal standard such as mesitylene or acetophenone. The e.e. and conversion of 1 and 2 
were determined by chiral HPLC analysis as described above. In ring-closure experiments the 
E-value of a kinetic resolution was calculated from the enantiomeric excess of the halohydrin 
1 and the epoxide 2 and in ring-opening experiments the E-value was calculated from the 
conversion and the enantiomeric excess of epoxide 2.16 
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Introduction 
 

Chiral non-racemic 1,2-azidoalcohols are precursors for a wide variety of 1,2-
aminoalcohols as well as useful intermediates in carbohydrate chemistry.1 A common method 
for the synthesis of an 1,2-azidoalcohol is ring-opening of the corresponding epoxide 
whereby, if the epoxide is unsymmetrical, azidolysis occurs via a bimolecular reaction at the 
least substituted carbon atom.2 Aryl epoxides such as styrene oxide form an exception, 
because the phenyl group stabilizes the formation of a positive charge at the benzylic carbon 
atom (Cα) in the transition state, favoring bimolecular attack at this position.3 Variation of the 
metal counter-ion of azide or addition of a catalytic amount of an organometallic reagent 
increases the rate of azidolysis, but noteworthy change of regioselectivity towards the less 
substituted β-carbon atom is not observed.2,4 A substantial increase in the β-selectivity of the 
azidolysis of styrene oxide can be obtained with LiN3/ HMPA (94% β-attack)5 and with LiN3 
in the presence of β-cyclodextrin.6 In the latter case a partial kinetic resolution leads to 1-
phenyl-2-azido-ethanol, enantiomerically enriched to a low extent. Enantioselective 
azidolysis of meso-epoxides and various terminal epoxides using chiral salen complexes has 
been described by the group of Jacobsen, but the regioselectivity of ring-opening of styrene 
oxide is obscured by decomposition of the products.7,8  
 
 
Results and discussion 
 

Recently we described the use of the halohydrin dehalogenase from Agrobacterium 
radiobacter AD1 to obtain optically active epoxides and halohydrins such as (S)-2,3-
dichloro-1-propanol (E>100) and (S)-2-chloro-1-phenylethanol (E=73) by means of kinetic 
resolution of halohydrins.9 Here we show that azide can be used as a nucleophile in the 
reverse reaction. Furthermore, this enzyme catalysed azidolysis is both highly 
enantioselective and β-regioselective towards (substituted) styrene oxides. 
 
Table 1 Equilibrium constants of the reaction of various sodium salts with (R)-1a by 

the halohydrin dehalogenase from Agrobacterium radiobacter AD1. 
 

sodium salt Keq (mM)a 

NaBr 480 
NaCl 40 
NaF no reaction 
NaN3 <0.03 

a) The exact equilibrium constant was too low to be determined using the chromogenic substrate. 
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   [NaX] * [(R)-(1a)] 

[(R)-alcohol]
K 

eq =

 
 

Using the chromogenic substrate para-nitrostyrene oxide (R)-1a we determined the 
equilibrium constant (Keq) of the reversible reaction catalysed by the halohydrin 
dehalogenase with a variety of halides and nucleophiles. The nucleophilic ring opening of 
para-nitrostyrene oxide leads to a decrease in the extinction coefficient at 310 nm, which 
made it possible to monitor the enzymatic ring opening online by the decrease of absorbance. 
Using chiral HPLC, it was established that the enzymatic ring opening is highly 
regioselective towards the β-carbon atom. With chloride and bromide the equilibrium is 
predominantly on the side of the epoxide (Table 1). This limits a practical application of this 
reaction since a large excess of halide would be necessary to favor the formation of the 
halohydrin over the epoxide. With azide as nucleophile, the equilibrium lies on the side of the 
product of ring-opening, although the exact equilibrium constant was too small to be 
determined accurately using the chromogenic substrate. This implies that a total enzymatic 
conversion of the epoxide to the azido alcohol is possible with only a small excess of sodium 
azide.  

The recombinant halohydrin dehalogenase from Agrobacterium radiobacter AD1 
catalysed the highly enantioselective and regioselective azidolysis of substituted styrene 
oxides (Table 2). The enzyme converted para-nitrostyrene oxide 1a to the corresponding 
azido alcohol 1b with high regioselectivity and enantioselectivity. The remaining (S)-1a was 
obtained with an e.e.>99% and the azido alcohol (R)-1b was formed with an e.e. of 96%. The 
corresponding E-value was calculated to be higher than 200 either from the e.e.'s of the 
epoxide and the azido alcohol or by using conversion and e.e. of the epoxide.10 The initial 
activity with (R)-1a at a substrate concentration of 1 mM was 180 mU.mg-1. Even at initial 
substrate concentrations higher than 1 mM the curve showed first order kinetics, indicating a 
considerably higher Km-value of the substrate. The initial activity of (S)-1a was too low to be 
measured (<1 mU.mg-1). The epoxides 2a and 3a were also converted with high enantio-
selectivity leading to optically pure epoxides (e.e.>99%) and the almost optically pure (98% 
e.e.) azido alcohols 2b and 3b. A complication is chemical azidolysis leading mainly to the 
azido alcohols 2c and 3c. The intrinsic E-value (Table 2, ees/eep) of the enzymatic resolutions 
based on the e.e.'s of a and b was higher than 200, but the apparent E-value (conv./ees), 
which takes the unwanted chemical conversion into account, was considerably lower.  

The high β-regioselectivity of the enzyme catalysed reaction is striking and is, as 
mentioned, opposite to the observed selectivity in the non-catalysed azide ion ring opening. 
For the kinetic resolution of 2a, β-attack took place to the extent of 89% at 55% conversion 
compared to chemical azidolysis, which involves only 3% reaction at the β-position. During 
the enzymatic reaction the apparent selectivity percentage is continuously lowered due to the 
chemical side-reaction. When the reaction is performed with an excess of enzyme, the initial 
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β-regioselectivity for all substrates was higher than 98% indicating an almost absolute 
opposite regioselectivity compared to the chemical reaction. 

Would the chemical azidolysis leading to product c derail a practical application of 
this halohydrin dehalogenase as a biocatalyst for large scale conversions? To determine the 
optimal conditions for a large scale synthesis, the influence of increasing azide concentrations 
on the conversion of 1a to 1b was investigated by monitoring the initial activities 
(concentration 1a, 250 µM) online at 310 nm. The apparent Km-value for azide was 
determined to be 0.2 mM, from which we may expect that above a concentration of 
approximately 0.5 mM the enzymatic activity will become independent of the azide 
concentration. If in a kinetic resolution, azide is present in a higher concentration, only an 
increase in the disadvantageous chemical azidolysis will be observed. To circumvent the 
problem of excessive volumes owing to the low solubility (3 mM) of 1a we added the 
substrate (0.47 gr) as a second solid phase to 60 ml buffer (MOPS, pH = 7.0) containing 29 
mg of purified enzyme. The amount of substrate was 7.8 gr/l, which is 17-fold the solubility. 
Sodium azide (0.6 molar equivalent) was slowly added over 24 h keeping the azide 
concentration around 0.5 to 1 mM. 
 
Table 2 Kinetic resolution of epoxides 1a, 2a and 3a by the recombinant halohydrin 

dehalogenase from Agrobacterium radiobacter AD1. 
 

O

R
R

OH N3

R

OHN3

+

a b c
1: R = NO2;   2: R = Cl;   3: R = H

Halohydrin 
dehalogenase

NaN3

 
 

epoxide conv.aa e.e. a e.e. b E-value β-attackb init.act. c kaz
d 

 % % % ees,eep conv.,ees % mU.mg-1 M-1.s-1 

1a 51 >99 (S) 96 (R) >200 >200 98 (37) 180 4.3 ×10-4 

2a 55 >99 (S) 98 (R) >200 51 89 (3) 640 2.2 ×10-3 

3a 64 >99 (S) 98 (R) >200 15 79 (2) 190 2.9 ×10-3 

a) Substrate concentration 2 mM in Tris-SO4 (50 mM, pH = 7.3, 3 mM mercapthoethanol, 22°C); NaN3 
concentration 1.3 mM. b) Value between parentheses is the % β-attack of the chemical conversion. c) Initial 
activity of (R)-enantiomer in kinetic resolution, 1 mU equals 1 nmol.min-1. d) Bimolecular reaction constant of 
chemical azidolysis of the epoxide. 
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After work-up, the yields and e.e.'s of the compounds present in the mixture were 
determined using chiral HPLC. The mixture consisted of (S)-1a in 46% yield (98% e.e.) and 
(R)-1b in 47% yield (97% e.e.). Compound 1c, the result of the non-enzymatic reaction, 
formed a total of 4% of the reaction mixture and the product of chemical hydrolysis of the 
epoxide, para-nitrophenylethanediol is present in 3% yield.  

In conclusion, we describe here for the first time a highly enantioselective (E>200) 
and β-regioselective azidolysis of (substituted) styrene oxides using the halohydrin 
dehalogenase from Agrobacterium radiobacter AD1. This selectivity appears to be limited to 
the enzyme from the above mentioned organism. We have also examined two distinct 
halohydrin dehalogenases from other organisms in this investigation.11 The recombinant 
halohydrin dehalogenases from Mycobacterium sp. GP1 and Arthrobacter sp. AD2 also 
catalysed the azidolysis of 1a but the E-value with both enzymes was lower than 5. 

This method provides at low azide concentration a suitable synthesis of an optically 
pure aromatic β-azido alcohol under the very mild conditions of room temperature, aqueous 
medium and neutral pH. Although a and b could be obtained in a very high e.e., an intrinsic 
limitation of a kinetic resolution is the maximum yield of 50% for both remaining substrate 
and formed product. It gives direct access to optically active 2-amino-1-arylethanols, which 
are building blocks for a wide range of pharmaceutical products, via the inexpensive and 
easily accessible racemic epoxides. Recently, the gene encoding the halohydrin dehalogenase 
from Agrobacterium radiobacter AD1 has been cloned and the enzyme has been brought to 
overexpression.11 This makes the enzyme available in multi-gram quantities and thus an 
application on an industrially interesting scale may become feasible. 
 
 
Experimental 
 
General 
 The enantiomeric excesses (e.e.) and/or the yields of 1a, 1b and 1c and para-
nitrophenylethanediol were determined by HPLC using a Chiralpak AS column from Daicel. 
The enantiomeric excesses (e.e.) and/or yields of 2a, 2b, 2c, 3a, 3b, and 3c were determined 
by chiral GC using a Chiralsil Dex CB column from Chrompack. Substrate depletion curves 
of epoxide 1a were recorded on a Perkin Elmer Lambda BIO 40 spectrophotometer provided 
with a temperature-controlled cell holder. NMR-spectra were recorded in CDCl3.  
 
Production of halohydrin dehalogenase 

A gene library of A. radiobacter AD1 was constructed in the cosmid vector pLAFR3. 
After in vitro packaging, the library was transduced to E. coli HB101. Transconjugants were 
screened for dehalogenase activity with 1,3-dichloro-2-propanol. The halohydrin 
dehalogenase gene, designated HheC, was sequenced and subsequently amplified by PCR 
and cloned behind the T7 promotor of the expression vector pGEF+,12 yielding pGEFhheC. 
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The halohydrin dehalogenase gene was overexpressed up to 30% of soluble protein by 
introduction of pGEFhheC in E. coli BL21(DE3). For the described kinetic resolutions 
purified enzyme was used. Plasmid DNA was transformed by electroporation to competent E. 
coli BL21 (DE3) cells, which were then plated out on LB medium containing tetracycline and 
incubated overnight at 30 °C. A preculture was started by inoculating 100 ml of LB medium 
containing tetracycline with the transformants from a plate to an initial OD600 of 0.1. The 
culture was incubated at 30 °C until an OD600 of 1-2 was reached, diluted in 1 l of LB 
medium containing tetracycline and incubated overnight at 20 °C. The cells were 
subsequently centrifuged, washed and resuspended. A crude extract was prepared by 
ultrasonic disruption and centrifugation of the cells. This was followed by a purification step 
with a Resource Q column. The overexpression and production of the halohydrin 
dehalogenases from Mycobacterium sp. GP1 and Arthrobacter sp. AD2 will be published. 
 
Synthesis of substrates and reference compounds 

Racemic para-nitrostyrene oxide 1a. To a cooled solution of ω-bromo-para-nitro-
acetophenone (5.0 g, 20 mmol) in MeOH (50 ml), sodium borohydride was added (1.0 g, 26 
mmol) and stirred for 3 h. Water (50 ml) was added and the mixture was extracted with 
diethyl ether. After separating, the organic phase was washed with brine, dried with MgSO4 
and the solvent was removed by a rotary evaporator yielding 4.1 gram of an orange solid. To 
1.0 gram of the solid dissolved in diethyl ether 15 ml of an aqueous solution (1 M) of KOH 
was added. The mixture was refluxed for 15 min, cooled, diluted with sulfuric acid (20 ml, 1 
M) and extracted with diethyl ether. After separation, the organic layer was dried with 
MgSO4, and removed by a rotary evaporator. Recrystallisation in ethanol yielded 0.76 gram 
of 1a. 1H NMR, δ: 2.72 (dd, 1H, J = 2.6 Hz and 5.5 Hz); 3.17 (dd, 1H, J = 4.0 Hz and 5.5 
Hz); 3.91 (dd, 1H, J = 2.6 Hz and 4.0 Hz); 7.40 (d, 2Har, J = 8.8 Hz); 8.16 (d, 2Har, J = 8.8 
Hz) 13C NMR δ: 48.9 (C-1); 49.2 (C-2); 121.3; 123.7; 142.7; 145.3 (Car). 

Racemic para-chlorostyrene oxide 2a. To a solution of para-chlorobenzaldehyde (2.8 
gram, 19.9 mmol) in CH2Cl2 (20 ml) trimethylsulfonium methylsulphate was added (4.4 
gram, 23.3 mmol). Aqueous NaOH (50 %, 10 ml) was added and the reaction mixture was 
stirred overnight. Water was added and the organic phase was separated. The water phase 
was extracted twice with CH2Cl2. The combined organic phase was washed twice with 20 ml 
portions of water, subsequently shaken for 20 minutes with a saturated solution of sodium 
metabisulphite and finally washed twice with 20 ml portions of water. The organic phase was 
dried and the CH2Cl2 was removed on a rotary evaporator. The para-chlorostyrene oxide was 
obtained by flash chromatography on silica 60 H. 1H NMR, δ: 2.88 (dd, 1H), 3.27 (dd, 1H), 
3.96 (dd, 1H), 7.32-7.46 (m, 4H), 13C-NMR δ: 51.0 (C-2), 51.5 (C-1), 126.7, 128.6, 133.8, 
136.1 (Car). 

Racemic azido alcohols 1b and 1c. To a 400 mM solution of sodium azide in water 
(300 ml), 200 mg of racemic 1a was added and the mixture was stirred for 15 h at room 
temperature. The water phase was extracted four times with diethyl ether. After separating, 
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the organic phase was dried with MgSO4 and removed by a rotary evaporator yielding an 
orange oil that consisted of 1b and 1c in a 37:63 ratio. Flash chromatography on silica 60 H 
using heptane/ethyl acetate (ratio 7:3) yielded pure 1b and 1c.  
2-azido-1-(para-nitro-phenyl)-ethanol 1b: 1H NMR, δ: 2.49 (d, 1H, OH, J = 3.7 Hz); 3.45 (m, 
2H); 4.95 (m, 1H); 7.51 (d, 2Har, J = 8.8 Hz); 8.17 (d, 2Har, J = 8.8 Hz). 13C NMR δ: 55.3 (C-
1); 70.0 (C-2); 121.3; 124.3; 145.1; 145.3 (Car). 
2-azido-2-(para-nitro-phenyl)-ethanol 1c: 1H NMR, δ: 1.99 (t, 1H, OH, J = 5.5 Hz); 3.75 (m, 
2H); 4.74 (dd, 1H, J = 4.4 Hz and 7.3 Hz); 7.49 (d, 2Har, J = 8.8 Hz); 8.21 (d, 2Har, J = 8.8 
Hz).13C NMR δ: 63.9 (C-1); 64.2 (C-2); 121.5; 125.6; 141.2; 145.3(Car). 
The same procedure was used for the azidolysis of epoxides 2 and 3. The product mixture 
was identified by NMR and GC. The product ratio of the two regio-isomers b and c were 
close to identical to previous reports.13 

Optically pure (R) and (S) para-nitrostyrene oxide 1a were obtained from racemic 1a 
by preparative HPLC using an analytical Chiralpak AS column with hexane/isopropanol 
(95:5) as eluent (1 ml/min). Yields and retention times of the individual enantiomers: (R)-1a, 
yield 39.2 mg, retention time 17.2 min, e.e.>99%; (S)-1a, yield 37.0 mg, retention time 25.3 
min. 
 
Enzymatic conversions 

Typical kinetic resolution experiment: to 20 ml of Tris-SO4 buffer (50 mM, pH = 7.3, 
30 °C) containing 2 mM of the epoxide and 1.3 mM of NaN3, purified enzyme was added to a 
concentration of 8 µM. The reaction was monitored by periodically taking 1 ml samples and 
extracting them with 1.5 ml of diethyl ether containing an internal standard. The organic 
phase was analysed by chiral HPLC and GC. The bimolecular reaction constants (kaz) of 
chemical azidolysis of the epoxides were determined from the slope of a kobserved vs [NaN3] 
plot. 

Large scale conversion: To 60 ml of MOPS buffer (50mM, pH = 7.0), 0.47 gram (3.2 
mmol) of racemic 1a was added and the suspension was stirred for 60 min. After addition of 
29 mg of the enzyme, a prepared stock solution of 0.6 molar equivalents sodium azide in 5 ml 
MOPS buffer was slowly added over a period of 24 hours. The reaction was stopped and the 
suspension was extracted three times with diethyl ether. After separation, the organic phase 
was dried with MgSO4, and removed by a rotary evaporator yielding an orange oil. This 
mixture was redissolved in diethyl ether and the composition and e.e. of the products were 
determined by chiral HPLC. The yields given in the text are calculated yields. Flash 
chromatography on silica 60 H using heptane/ethylacetate (ratio 7:3) yielded pure epoxide 
and azido alcohols. The NMR data were identical with the synthesized racemic compounds. 
 
Absolute configurations and enantioselectivity 

The absolute configurations of the azido alcohols were established by chemical 
azidolysis of the optically pure epoxide to the corresponding azido alcohols. The products 

 77



Chapter 6 

 78

and side product were analysed by chiral HPLC. Retention times eluent hexane/isopropanol 
(92:8): (R)-1a, 10.8 min; (S)-1a, 15.9 min; (R)-1b, 41.1 min; (S)-1b, 26.2 min; (R)-1c, 18.7 
min; (S)-1c, 22.6 min; para-nitrophenylethanediol 30.9 and 35.6 min. The enantiomeric 
excess (e.e.) and yields of 2a, 2b, 3a, and 3b were determined by chiral GC using a Chiralsil 
Dex CB column from Chrompack. The enantioselectivity of the kinetic resolutions was 
calculated using Formula (1) (ees is the e.e. of the substrate a and eep that of azido alcohol b 
and in Formula (2), c equals the conversion of substrate a).10,14 

 

E ee ee ee
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S S

S S

=
− P

P

+
+ +
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The outcome of the above formulas will be the same if no non-enzymatic side 

reaction occurs. In the case of the kinetic resolutions described in this article, a chemical side 
reaction to product c occurs. This will result in an overestimated enzymatic conversion and 
thus an erroneous E-value (apparent E-value) when formula (2) is used. The use of formula 
(1) is insensitive to the chemical conversion and results in the intrinsic E-value of the enzyme 
catalysed kinetic resolution. The regioselectivity of formation of 1b versus 1c was calculated 
using Formula 3. 
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Introduction 
 

Kinetic resolution of racemic mixtures of chiral compounds is a useful method to 
obtain optically pure compounds, but suffers from the drawbacks that the maximum yield is 
only 50% of the starting material and that laborious separation of optically active substrate 
and product is required. This limitation can be overcome via a dynamic kinetic resolution 
process, in which the slower reacting enantiomer racemises during the conversion.1 This 
process can theoretically result in a single product enantiomer in 100% yield. Several 
processes have been described in which the kinetic resolution and/or in situ racemisation is 
catalysed by an enzyme.2 

Recently, the biocatalytic potential of the epoxide hydrolase and haloalcohol 
dehalogenase produced by the microorganism Agrobacterium radiobacter AD1 has been 
investigated. The epoxide hydrolase (EchA) was used to obtain a variety of optically pure 
epoxides by kinetic resolution.3 The haloalcohol dehalogenase (HheC) catalyses the 
reversible enantioselective ring closure of aliphatic and aromatic vicinal haloalcohols, 
yielding optically active haloalcohols and epoxides.4 Haloalcohols are direct precursors of 
epoxides since ring closure of a haloalcohol yields an epoxide with retention of configuration. 
Recently it was shown that HheC catalyses the highly enantioselective ring opening of para-
nitrostyrene oxide by N3

-, CN- and NO2
-.5  

Epihalohydrins are widely used as intermediates in the preparation of various 
products such as resins, polymers, adhesives and pharmaceuticals. 6 The carbon atom bearing 
the halide and especially the carbon atoms adjacent to the oxirane oxygen are highly reactive. 
Generally, the nucleophilic ring opening of an epihalohydrin is directed towards the terminal 
position of the epoxide, yielding the corresponding substituted 1-halo-2-alcohol. Ring closure 
of this haloalcohol yields hydrogen halide and an epoxide that can undergo another 
nucleophilic attack. Optically pure epichlorohydrin was used as a building block for 
biologically active compounds such as (S)-atenolol and (R)-carnitine.6 In the preparation of 
these compounds, the epoxide ring of optically pure epichlorohydrin is opened by a 
nucleophile. Optically pure azidoalcohols can be used as precursors for aminoalcohols and 
aziridines. Several chiral aminoalcohols such as 2-amino-1-phenylethanols are biologically 
active and have been used as building blocks for pharmaceutical products or product 
candidates. Optically active azidoalcohols have been prepared using various biocatalytic 
methods such as lipase-catalysed esterification7,8 and microbial reduction of azidoketones.9 
The combination of a lipase-catalysed enzymatic resolution of azidoalcohols with ruthenium-
catalysed racemisation resulted in a dynamic kinetic resolution process in which the 
corresponding azido acetates were obtained in high yield and high enantiomeric excess.10 

A requirement for a dynamic kinetic resolution is a rapid in situ racemisation of the 
substrate. Previous work described the enzymatic racemisation of epichlorohydrin, which was 
produced during the enantioselective conversion of 2,3-dichloro-1-propanol.4 The β-
regioselective cleavage of epichlorohydrin by a chloride yielded 1,3-dichloro-2-propanol. 
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Ring closure of this prochiral compound produced racemic epichlorohydrin, causing 
racemisation to occur (Scheme 1). 
 

OH
ClCl Cl

O
Cl

O

Cl-

Cl-

 
Scheme 1  HheC-catalysed racemisation of (R) or (S) epichlorohydrin. 
 

An obvious requirement for a dynamic kinetic resolution process is an irreversible 
enantioselective ring opening of the epoxide. Previous research showed that the HheC-
catalysed azidolysis of substituted styrene oxides is highly enantioselective and β-
regioselective yielding the corresponding (R)-azidoalcohols.11 The combination of 
racemisation of epihalohydrin and enantioselective irreversible ring opening by N3

-, yielding 
one enantiomer of the 1-azido-3-halo-2-propanol, is the principle of the dynamic kinetic 
resolution that is presented in this paper. This 1-azido-3-halo-2-propanol and glycidyl azide, 
the ring-closed product thereof, have been used as synthetic building blocks.12, 13 

Four epoxides can be suitable substrates for the above proposed principle: 
epifluorohydrin, epichlorohydrin, epibromohydrin and epiiodohydrin. Alkyl iodides have a 
high chemical reactivity, making the occurrence of various unwanted side-reactions likely. 
HheC shows no activity towards vicinal fluoroalcohols. As a consequence, the epoxides 
epifluorohydrin and epiiodohydrin were considered to be unfavorable substrates for 
investigating the dynamic kinetic resolution. HheC catalyses the conversion of a wide variety 
of chloroalcohols and bromoalcohols. These haloalcohols are generally reasonably stable in a 
neutral aqueous environment. Epichlorohydrin and epibromohydrin are the most suitable 
substrates to investigate the above-proposed dynamic kinetic resolution. The goal was to 
achieve a complete conversion of an epihalohydrin in order to obtain the corresponding        
1-azido-3-halo-2-propanol in high enantiomeric purity and yield. 
 
 
Results  
 
Dynamic kinetic resolution with epichlorohydrin and N3

- 
 

Epichlorohydrin was chosen as substrate to investigate the dynamic kinetic resolution 
process. The separate enantiomers of this epoxide are commercially available, making it 
feasible to determine several aspects of the reaction, such as the rate of racemisation and ring 
opening. The ring opening of epichlorohydrin by N3

-, catalysed by HheC, was selective 
towards (S)-epichlorohydrin, yielding (S)-1-azido-3-chloro-2-propanol as the main product. 
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The reactions that can occur starting from an epihalohydrin and N3
- are depicted in Scheme 2. 

In theory, all these reactions can be catalysed by a haloalcohol dehalogenase. The ring 
opening of epihalohydrin 1 by N3

- yields 1-azido-3-halo-2-propanol 2, which can again be a 
substrate for the enzyme since a vicinal haloalcohol moiety is present. Ring closure of 2 
results in the formation of glycidyl azide 4 and a halide (X-). Ring opening of the epoxide 4 
by N3

- will result in the formation of the diazido product 5.  
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Scheme 2  Summary of possible haloalcohol dehalogenase catalysed reactions starting 
from epihalohydrin and N3

-. a: X = Cl, b: X = Br. 
 
The reaction steps shown in Scheme 2 can be influenced by several factors such as 

temperature, pH and the concentrations of organic substrate, nucleophile and products. The 
pH of the reaction medium influences the rate of enzyme-catalysed ring-closure and ring 
opening reaction and the position of the equilibrium between these reactions. The rate of 
chemical ring opening of epoxides by a nucleophilic compound is also pH-dependent.14,15 
The chemical hydrolysis of epichlorohydrin 1a to yield 3-chloro-1,2-propanediol could 
trigger the unwanted enzyme-catalysed formation of glycidol and, in the presence of N3

-, also 
3-azido-1,2-propanediol. To determine suitable reaction conditions, the influence of the pH 
on all aspects of the dynamic kinetic resolution process was investigated. 

No noteworthy chemical hydrolysis of epichlorohydrin 1a was observed between pH 
4.5 and pH 7.5 (< 3% h-1). At pH 8.5 (6% h-1) and especially pH 9.5 (45% h-1) the chemical 
hydrolysis was significant. The rate of HheC-catalysed ring opening of epichlorohydrin (S)-
1a by N3

- displayed an optimum around pH 6. The rate of HheC-mediated ring closure of 1,3-
dichloro-2-propanol 3a was highest around pH 8 (Figure 1). The high rate of the ring-opening 
reaction is remarkable. The maximum activity (470 µmol.min-1.mg-1) at pH 5.5 is more than 
20-fold higher than the observed rate of ring-closure of 1,3-dichloro-2-propanol (at pH 7.5). 
The latter compound was considered to be an optimal substrate for the HheC.16 The ring 
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opening of epichlorohydrin was more than a factor of 2000 higher than the earlier described 
ring opening of styrene oxide.5 
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Figure 1 Effect of pH on the initial rate of ring opening by N3

- (A) and ring closure (B) 
reactions catalysed by HheC. Incubations contained: (A), 20 mM (S)-
epichlorohydrin 1a and 30 mM NaN3; (B), 5 mM 1,3-dichloro-2-propanol 3a. 

 
The rate of racemisation is determined both by the conversion of epihalohydrin 1 to 

1,3-dihalo-2-propanol 3 and the reverse reaction. For an efficient dynamic kinetic resolution 
to take place, racemisation of the substrate 1 must occur faster than the ring opening by N3

-. 
If this is the case, the enantiomeric purity of remaining epihalohydrin will remain low and 
that of the formed 1-azido-3-halo-2-propanol 2 (e.e.p) will be constant throughout the course 
of the reaction. In such an ideal dynamic kinetic resolution, the enantiomeric purity of the 
desired product is determined by the E-value of the kinetic resolution (Equation (1)) 

 

%100*
)1(
)1(e.e.p +

−
=

E
E       (1) 

 
 The enzyme-catalysed racemisation of 10 mM (R)-1a was measured in the presence 

of a catalytic amount (0.1 molar equivalent) of Cl- (Figure 2). At pH 4.5 no racemisation 
occurred, since the rate of ring-closure at this pH was very low. Between pH 6.5 and 8.5 fast 
racemisation of (R)-1a occurred, resulting in almost racemic epichlorohydrin (e.e.< 10%) 
within 30 min.  

The HheC-catalysed dynamic kinetic resolution, based on the combination of the 
above-described ring opening and racemisation of 1a, was investigated at various pH-values. 
The progress of the reaction between racemic epichlorohydrin 1a and N3

- was monitored by 
periodically taking samples from the reaction mixture and determining the enantiomeric 
excess of the substrate 1a and product 2a using chiral gas chromatography. 
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Figure 2 Effect of pH on the chloride-mediated racemisation of (R)-epichlorohydrin 1a 

catalysed by HheC. Incubations contained 10 mM (R)-epichlorohydrin 1a, 1 
mM NaCl, and 0.7 µM enzyme. Symbols: (□), pH 4.5; (■ ), pH 5.5; (∇), pH 
6.5; (▼), pH 7.5; ( ), pH 8.5; (● ), pH 9.5. 

 
At pH 4.5 a (non-dynamic) kinetic resolution occurred, resulting in an increase of the 

enantiomeric purity of the remaining (R)-1a to higher than 99% e.e. (Figure 3). The 
enantiomeric purity of the product 2a gradually decreased during the conversion. An E-value 
of 21 was calculated using conversion and enantiomeric excess of the remaining substrate 
1a.17 At pH 5.5 and higher, the enantiomeric excess of (R)-1a initially increased to a 
maximum at around 50% substrate conversion (Figure 3a). The maximum enantiomeric 
excess of (R)-1a decreased from around 90% at pH 5.5 to less than 20% at pH 8.5 indicating 
that the kinetic resolution became more dynamic at higher pH-values. After the initial 
increase, the enantiomeric excess of (R)-1a decreased again, indicating that the relative rate 
of racemisation increased.  

The above results indicated that at a pH lower than 8.5 the rate of epoxide 
racemisation was lower than the rate of ring opening, resulting in a mixed kinetic and 
dynamic kinetic resolution. At pH 8.5 the enantiomeric purity of the epoxide 1a remained 
below 20% indicating predominantly a dynamic kinetic resolution. However, at this pH the 
yield of the desired product (S)-2a was less than 20% at complete conversion of 
epichlorohydrin 1a. This was mainly caused by the ring closure of 1-azido-3-chloro-2-
propanol 2a to glycidyl azide 4, which proceeds faster at increasing pH values.  
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Figure 3 Effect of pH on enantiomeric purity of substrate (A) and product (B) during 
the HheC catalysed ring opening of epichlorohydrin 1a by N3

-. Incubations 
contained: 20 mM racemic epichlorohydrin 1a and 30 mM NaN3. Symbols: 
(● ), pH 4.5; ( ), pH 5.5; (▼) pH 6.5; (∇), pH 7.5; (■ ), pH 8.5. 

 
 
Dynamic kinetic resolution with epibromohydrin and N3

- 
 
The dynamic kinetic resolution with epibromohydrin 1b was investigated between pH 

4.5 and pH 8.5. A described above for epichlorohydrin, the dynamic character of the 
resolution improved with increasing pH value (Figure 4). Below pH 6.5 the reaction showed 
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predominantly the character of a kinetic resolution resulting in an increase of the 
enantiomeric purity of (S)-1b and a decrease in the enantiomeric purity of (S)-2b during the 
course of the reaction. At pH 6.5 and higher, the enantiomeric excess of (S)-1b remained 
below 15%, showing that an optimal dynamic kinetic resolution was obtained. The initial 
enantiomeric excess of the product 2b was around 90% at all pH values, indicating that the 
kinetic resolution occurred with an E-value of approximately 20. 

 

 % conversion racemic (1b)
0 20 40 60 80 100

%
 e

e 
(R

)-(
1b

)

0

20

40

60

80

100
A

 

 % conversion racemic (1b)
0 20 40 60 80 100

%
 e

e 
(S

)-(
2b

)

0

20

40

60

80

100
B

 

Figure 4 Effect of pH on enantiomeric purity of substrate (A) and product (B) during 
the HheC catalysed ring opening of epibromohydrin 1b by N3

-. Incubations 
contained: 20 mM racemic epibromohydrin 1b and 30 mM NaN3. Symbols: 
(● ), pH 4.5; ( ), pH 5.5; (▼) pH 6.5; (∇), pH 7.5; (■ ), pH 8.5. 
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At pH 6.5 and higher the enantiomeric purity of 2b remained constant and increased 
slightly after 50% substrate conversion. These results indicated that epibromohydrin 1b is a 
better substrate than epichlorohydrin 1a for the dynamic kinetic resolution since at pH 6.5 or 
higher the rate of racemisation was higher than the rate of ring opening. The reaction with 
epibromohydrin can be carried out at lower pH-values, which also has the advantage of a 
lower chemical conversion rate. 
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Figure 5 Progress curves of the dynamic kinetic resolution of epibromohydrin 1b and 
the formation of products catalysed by HheC. The incubation contained 20 
mM epibromohydrin 1b, 30 mM NaN3 and 1.8 µM enzyme at pH 6.5. Symbols: 
(● ), epibromohydrin 1b; (∇), 1-azido-3-bromo-2-propanol 2b; (▼), 1,3-
dibromo-2-propanol 3b; ( ), glycidyl azide 4; (■ ), 1,3-diazido-2-propanol 5. 

 
According to Scheme 1, the broad substrate range of the enzyme makes the formation 

of various side products possible. During the resolution of epibromohydrin 1b at pH 6.5, 1-
azido-3-bromo-2-propanol 2b, glycidyl azide 4 and 1,3-dibromo-2-propanol 3b were initially 
formed with an almost equal rate (Figure 5). The concentration of the intermediate product 
3b, causing racemisation of epibromohydrin, decreased as the reaction proceeded and only a 
trace was left at total substrate conversion. The rate of formation of 5, which is the product of 
the reaction of N3

- with glycidyl azide 4, accelerated towards the end of the conversion. This 
indicated that HheC also catalysed this ring-opening reaction.  
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Table 1 Effect of pH on formation of products during dynamic kinetic resolution of 
epibromohydrin 1b.a 

 
pH % yield 2b % e.e. (S)-2b  % yield 4 % yield 3b % yield 5 

4.5 67 65 8 18 7 
5.5 81 87 6 8 6 
6.5 72 94 20 2 6 
7.5 65 95 19 0 16 
8.5 14 97 72 0 12 

a Incubations contained 20 mM epibromohydrin 1b and 30 mM NaN3.  Reaction mixtures were analysed at the 
first datapoint at which >98% conversion of epibromohydrin 1b was observed. 

 
In Table 1 the yields of the various products at several pH-values are shown at the 

first time point at which the conversion of 1b was higher than 98%. Between pH 4.5 and 7.5, 
the azidoalcohol 2b was formed as the major product. Generally, with increasing pH, the 
yield of 4 increased and that of the haloalcohols 2b and 3b decreased. This can be explained 
by the high pH optimum of the ring-closure reaction (around pH 8.0). At pH 8.5 the 
formation of 2b is slower than the sequential ring closure to glycidyl azide 4 resulting in the 
formation of the latter as the major product. 
 
 
Optimisation of the reactant concentrations  
 

The results described above showed that the dynamic kinetic resolution of 
epibromohydrin with N3

- as a nucleophile is feasible. At pH 6.5 the azidoalcohol (S)-2b was 
obtained in 72% yield and at a moderate enantiomeric excess of 94%. The experiments were 
performed with 20 mM epibromohydrin 1b and 30 mM N3

-. No Br- was added since the 
catalytic amount of Br-, which is formed by the conversion of 2b to 4 was sufficient to cause 
racemisation. To test if variation of the initial concentrations of Br- and N3

- would have an 
effect on enantiomeric excess and yield of the desired product (S)-2b, the concentrations of 
these anions were varied. These experiments were performed at pH 6.5 since a pH lower than 
6.5 resulted in a less dynamic character of the kinetic resolution and a pH higher than 6.5 
resulted in an increase in the side products 4 and 5. Increasing the concentration of Br- had no 
influence on the initial rate of product 2b formation, but resulted in increased product yields 
(Figure 6a). The addition of Br- caused an increase in the yield of (S)-2b (Table 2, exp. nr. 1, 
5, 6 and 7). This increase in product yield was accompanied by a decrease in the formation of 
the side product 4. Apparently, the higher yield of 2b at increasing Br- concentrations was 
caused by the inhibition of the conversion of 2b to 4.  
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Figure 6 Effect of NaBr (A) and NaN3 (B) concentration on the formation of product 
(S)-2b at pH 6.5. The incubations contained: (A), 20 mM epibromohydrin 1b, 
22.5 mM NaN3 and various concentrations NaBr; (B), 20 mM epibromohydrin 
1b and various concentrations NaN3. Symbols: (A), (● ), 0 mM NaBr; ( ), 10 
mM NaBr; (▼), 20 mM NaBr; (∇), 50 mM NaBr; (B), (● ), 22.5 mM NaN3; 
( ), 30 mM NaN3; (▼), 45 mM NaN3; (∇), 90 mM NaN3. Rectangles around 
data points correspond to entries in Table 2. 

 
 The rate of substrate conversion increased with a higher concentration of N3

- resulting 
in an increased yield of (S)-2b (Figure 6b). A complete conversion of 1b (20 ml, 20 mM) was 
achieved in 60 min with 22.5 mM N3

- and in less than 20 min with 90 mM N3
-, using 1.8 µM 
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enzyme. However, after the initial accumulation of 2b, its concentration rapidly decreased. 
The combination of both a higher initial N3

- and Br- concentration did not yield an increase in 
yield of 2b (Table 2, exp. nr. 8 and 9). Varying the Br- or N3

- concentrations did not have an 
effect on the enantioselectivity of the ring opening since all conversions yielded (S)-2b in 
94% to 95% e.e. at total conversion of the substrate. 
 
Table 2  Effect of NaBr and NaN3 concentration on product formation during the 

dynamic kinetic resolution of epibromohydrin 1b. a 

 
exp. nr. conc. 

NaBr 

(mM) 

conc. 

NaN3 

(mM) 

% yield 

2b 

% e.e. 

(S)-2b 

% yield 

4 

% yield  

3b 

% yield  

5 

1 0 22.5 65 94 26 3 4 
2 0 30 72 94 20 2 6 
3 0 45 74 95 17 1 8 
4 0 90 78 94 12 1 9 
5 10 22.5 72 95 19 2 5 
6 20 22.5 75 95 17 3 5 
7 50 22.5 84 95 10 3 5 
8 50 30 84 94 9 3 4 
9 50 45 84 94 8 3 5 

a Incubations contained 20 mM epibromohydrin 1b and 1.8 µM enzyme. Reaction mixtures were analysed at the 
first datapoint at which >98% conversion of epibromohydrin 1b was observed. 
 
 
Increased enantiomeric excess by a sequential kinetic resolution 
 
 During the conversion of epibromohydrin 1b the enantiomeric purity of the substrate 
remained almost constant during the first 50% of the conversion and steadily increased 
during the second 50%. In an ideal dynamic kinetic resolution process, the enantiomeric 
purity of the product remains constant throughout the course of the reaction. The increase in 
enantiomeric purity of (S)-2b can be explained by the occurrence of a sequential kinetic 
resolution, the (R)-selective ring closure of 1-azido-3-bromo-2-propanol 2b yielding glycidyl 
azide 4. This reaction caused a decrease in the yield of 2b, but an increase in the enantiomeric 
excess. However, when racemic 2b was subjected to HheC in a separate experiment, only 
20% conversion occurred. This can be explained by the position of the equilibrium between 
2b and 4, which is apparently positioned towards 2b. During a dynamic kinetic resolution, 
HheC also catalyses the ring opening of glycidyl azide 4 by N3

- and thereby draws the 
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conversion of (R)-2b to completion. When the enzymatic conversions of 2a or 2b were 
performed in the presence of an equimolar amount of N3

- the (R)-enantiomers were converted 
preferentially resulting in kinetic resolutions with E-values of 15 and 8, respectively. Due to 
this sequential kinetic resolution, (S)-1-azido-3-bromo-2-propanol 2b can be obtained 
enantiomerically pure if the reaction is allowed to proceed after the dynamic kinetic 
resolution of epibromohydrin (Table 3). With the addition of an excess of N3

- and no Br- 
(exp. nr. 3 and 4) a prolonged incubation resulted in a disadvantageous decrease in the yield 
of (S)-1-azido-3-bromo-2-propanol 2b. This was due to the HheC-catalysed ring opening of 
glycidyl azide 4 by N3

- yielding 1,3-diazido-2-propanol 5. This shifted the equilibrium 
between 2b and 4 in the direction of 4, and increased the degree of conversion of 2b. 
 
Table 3  Increase of enantiomeric purity due to the sequential kinetic resolution.a 

 
exp. 
nr. 

conc. 
NaBr  
(mM) 

conc. 
NaN3 

(mM) 

yield of 2b at 
94.5% (± 0.5%) 

e.e. of 2b 

yield of 2b at 
97% (± 0.5%) e.e. 

of 2b 

%yield of 2b at 
99% e.e. 

of 2b 
3 0 45 74% 66% 58% 
4 0 90 78% 68% 51% 
8 50 30 84% 80% 77% 
9 50 45 84% 77% 71% 

a Incubations contained 20 mM epibromohydrin 1b and 1.8 µM enzyme. 
 

The optimal reaction conditions (pH 6.5, 50 mM Br- and 30 mM N3
-), combined with 

a prolonged incubation after complete conversion of the substrate 1b, resulted in (S)-1-azido-
3-bromo-2-propanol 2b in higher than 99% e.e. with a yield of 77%. The overall reaction 
scheme of the dynamic kinetic resolution with the sequential kinetic resolution is shown in 
Scheme 3.  
 
 
Discussion 
 

An efficient dynamic kinetic resolution was developed for the conversion of racemic 
epibromohydrin to optically pure (S)-1-azido-3-bromo-2-propanol 2b. The reactions depicted 
in Scheme 3 occurred simultaneously and were catalysed by the same haloalcohol 
dehalogenase. With epibromohydrin 1b at pH 6.5 only a slight enantiomeric excess of the 
substrate was observed during the reaction, indicating that the rate of racemisation was higher 
than the rate of ring opening. Optimisation of the reaction conditions resulted in 1-azido-3-
bromo-2-propanol 2b in 84% yield and 94% e.e. Due to an in situ sequential kinetic 
resolution by ring closure of 2b catalysed by the same enzyme, the product can be obtained 
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optically pure (e.e.> 99%). This sequential kinetic resolution did not take place if the product, 
glycidyl azide 4 was not converted to the diazido product 5. The HheC catalysed conversion 
of 4 to 5 removes the product and draws the equilibrium between 2b and 4 towards the latter. 
This explains that the optimal concentration of N3

- is between 1.2 to 1.5 fold higher than the 
concentration of epibromohydrin. If an equimolar amount of azide would be used, no N3

- 
would be left to react with glycidyl azide 4. However if a too large excess of N3

- is used 
(Table 4, exp. nr. 3 and 4) the rate of conversion of 2b becomes very fast, resulting in a lower 
yield of 2b and the formation of 5 as the major side product. A considerable loss in yield of 
2b was observed since the E-value of this second kinetic resolution is only 8. 
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Scheme 3 Overall reaction scheme of the combined dynamic kinetic resolution process 
of epibromohydrin 1b and subsequent kinetic resolution of the formed product 
1-azido-3-bromo-2-propanol 2b. 

 
Jacobsen et al. have described a similar dynamic kinetic resolution process. In this 

reaction the enantioselective ring opening (krel> 100) of 1a by TMSN3 was catalyzed by a 
(salen)Cr(III)N3 complex resulting in almost optically pure 3-azido-1-chloro-2-
trimethylsiloxypropane (e.e.> 97%) in a 76% yield.13 A sequential kinetic resolution was not 
described. The limiting factor in this process was the slow racemisation of epichlorohydrin 
(R)-1a which was converted to almost-racemic 1a in 24 h by 2 mol% catalyst. A controlled 
addition of the N3

- was needed to increase the rate of racemisation relative to the rate of ring 
opening, resulting in a total conversion of 5 mmol epichlorohydrin in 56 h using 2 mol% 
catalyst.  

This is the first description of a dynamic kinetic resolution process using a 
haloalcohol dehalogenase. Although the overall process was somewhat complicated since 
various reactions occurred simultaneously, choosing the optimal conditions allowed an 
efficient conversion of racemic epibromohydrin to optically pure (S)-1-azido-3-bromo-2-
propanol 2b. In this research, the substrate was limited to one type of epoxide and one 
nucleophile (N3

-). The substrate range of this reaction is not limited to epihalohydrins and  
N3

-. A recent evaluation of nucleophiles showed that the enzyme accepts besides Cl-, Br- and 
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N3
- also CN- and NO2

-.5 Any compound that contains an epihalohydrin as a substructure, 
forms a prochiral intermediate after ring opening by a halide and is accepted by the enzyme 
can be evaluated as substrate for the described dynamic kinetic resolution process.  
 
 
Experimental 
 
General 
 The enantiomeric excess (% e.e.) and the yields of all the aliphatic compounds were 
determined with a Hewlett-Packard 5890 gas chromatograph equipped with a FID-detector, 
using a Chiraldex G-TA capillary column (col I, 50 m, Astec) or a Chiraldex A-TA capillary 
column (col II, 25 m, Astec) all of 0.25 mm inside diameter. NMR-spectra were recorded in 
CDCl3 or DMSO-d6. Epichlorohydrin 1a, (R)-1a, (S)-1a and epibromohydrin 1b were 
purchased from Aldrich. The haloalcohol dehalogenase from A. radiobacter AD1 (HheC) 
was overexpressed and purified as described before.3,4 
 
General procedure for biocatalytic conversions 

Stock solutions of NaCl, NaBr and NaN3 were freshly prepared. The substrate was 
dissolved in 20 ml buffer and incubated at 22°C. The proper volume of stock solutions were 
added to the substrate solution. The reaction was started by the addition of enzyme. The 
reaction was monitored by periodically taking 0.5 ml samples from the closed reaction vessel. 
The samples were extracted with 2 ml diethyl ether containing 1-chlorohexane as an internal 
standard. Prior to analysis by chiral GC the samples were dried by passing them through a 
small column containing MgSO4. The following initial substrate concentrations were used: 
epoxides 1a, (S)-1a and 1b, 20 mM; (R)-1a and 2a, 10 mM; 1,3-dichloro-2-propanol 3a, 
5mM. The effect of pH on the conversion rates was determined using the following buffers: 
pH 4.5, 100 mM sodium acetate; pH 5.5, 100 mM sodium citrate; pH 6.5, 100 mM sodium 
phosphate; pH 7.5 and pH 8.5, 100 mM Tris-sulfate; pH 9.5, 100 mM glycine-NaOH. 
 
Synthesis of racemic reference compounds 

Compounds 2a and 2b were prepared from the corresponding epoxides 1a and 1b. 
The epoxide (2.5 mmol) was dissolved in an aqueous solution of sodium azide (13.0 mmol in 
4.0 ml), 2.3 ml acetic acid was added and the solution was stirred for 5 h at 30°C. The 
solution was extracted with diethyl ether (3 x 4 ml). The combined organic phase was washed 
five times with 5 ml portions of sodium phosphate buffer (50 mM, pH 6.5). The organic 
phase was dried and the diethyl ether was removed on a rotary evaporator. NMR data: 2a 
(DMSO-d6): 1H NMR δ 3.3-3.6 (4H, m), 3.8-3.9 (1H, m), 5.7 (br s) 13C-NMR δ 43.9 (C-1), 
50.6 (C-3), 67.1 (C-2). 2b (DMSO-d6): 1H NMR δ 3.3-3.5 (4H, m), 3.8-3.9 (1H, m), 5.8 (d, 
1H, J = 5.2 Hz) 13C-NMR δ 33.5(C-1), 51.3(C-3), 66.8(C-2).  
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Absolute configuration and chiral analysis  
The absolute configuration of 1-azido-3-chloro-2-propanol 2a and glycidyl azide 4 

were determined by coinjection with the optically pure compounds. Optically pure (S)-2a was 
prepared from (S)-1a as described above. Ring closure of (S)-2a under basic conditions 
yielded (S)-4. During the dynamic kinetic resolution of epibromohydrin 1a and 
epibromohydrin 2a, (S)-4 was formed as major product. From this result we concluded that 
enantiopreference towards epibromohydrin must be identical to that of epichlorohydrin. The 
retention times of the analysed compounds are as follows: Col I: temperature program: 5 min 
at 80°C, 10°C/min to 170°C, 1 min at 170°C. (S)-1a, 3.1 min; (R)-1a, 3.3 min; (S)-1b, 4.4 
min; (R)-1b, 4.9 min; (R)-2a, 10.8 min; (S)-2a, 11.0 min. Col I: temperature program:100°C 
(R)-2b, 20.0 min; (S)-2b, 20.9 min. Col II: temperature program: 65°C; (S)-4, 22.3 min; (R)-
4, 22.6 min. 
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Chapter 8 

Introduction 
 

This thesis describes the biocatalytic scope and limitations of an epoxide hydrolase 
and a haloalcohol dehalogenase. These enzymes, obtained from Agrobacterium radiobacter 
AD1, were tested for their suitability to prepare optically pure epoxides and derivatives 
thereof. These compounds can be used for the synthesis of various biologically active agents 
such as pharmaceuticals. The gram-negative bacterium A. radiobacter AD1 was isolated 
from polluted freshwater sediment.1 Its epoxide hydrolase (EchA) and haloalcohol 
dehalogenase (HheC) are involved in the degradation of epichlorohydrin and dichloro-
propanols, enabling the organism to grow on these compounds. The 34 kD epoxide hydrolase 
was purified and the corresponding gene was cloned by means of PCR.2 The recombinant 
EchA can be produced at up to 40% of the total protein content in Escherichia coli, enabling 
the isolation of 200 to 300 mg of pure protein from a one-liter culture. This makes the 
enzyme available in sufficient quantities for applications in (synthetic) organic chemistry. In 
1997, it was the first microbial epoxide hydrolase gene to be cloned. Until then, all 
conversions with microbial epoxide hydrolases were performed with whole cell suspensions 
or small quantities of (partially) purified enzyme. 

 
 

Biocatalytic potential of epoxide hydrolase 
 
The epoxide hydrolase is able to hydrolyse a broad range of aliphatic and aromatic 

epoxides (Chapter 2).3 Epichlorohydrin, the best substrate for EchA, is converted without 
enantioselectivity (E<3), enabling the organism to completely degrade it. Other terminal 
aliphatic epoxides, such as 1,2-epoxyhexane are also hydrolysed with a low enantioselectivity 
(E<5). Epoxides that have an aromatic group next to the chiral carbon atom of the epoxide, 
such as styrene oxide, are hydrolysed with moderate to high enantioselectivity. Para-
substituted styrene oxides are hydrolysed with highest enantioselectivity, followed by ortho- 
and meta- substituted styrene oxides, yielding in all cases optically pure remaining (S)-
enantiomers.  

A styrene oxide derivative bearing a methyl group at the α-position (α-methylstyrene 
oxide) is hydrolysed with a moderate enantioselectivity. The absolute configuration of the 
residual (S)-enantiomer of α-methylstyrene oxide was determined by comparison with 
ambiguous literature values (Chapter 2). A more detailed study showed that this assignment 
was not correct and that the remaining enantiomer is of the (R)-configuration.4 The hydrolysis 
of various substituted α-methylstyrene oxides catalysed by other epoxide hydrolases showed 
that the enantiopreference is highly unpredictable.5 An epoxide bearing a substituent on the 
cis-β-position (cis-β-methylstyrene oxide) is accepted, an epoxide with a substituent on the 
trans-β-position (trans-β-methylstyrene oxide) not.  
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Figure 1 Epoxides that are enantioselectively hydrolysed by the epoxide hydrolase  

(E >10). 
 
Most of the aromatic epoxides shown in Figure 1 are converted in an enantioselective 

way not only by EchA, but also by some other bacterial, fungal or yeast epoxide hydrolases.6  
The substrate range of EchA is most similar to that of the epoxide hydrolase obtained from 
the organism Aspergillus niger LCP 521.7 This enzyme hydrolyses the same range of ring-
substituted styrene oxides with somewhat higher enantioselectivity. The E-values of kinetic 
resolutions catalysed by EchA were estimated using competitive Michaelis-Menten kinetics, 
taking chemical hydrolysis into account (Chapter 2). This method was also used for 
determining the E-value of kinetic resolutions catalysed by haloalcohol dehalogenases 
(Chapter 4 and 6) and haloalkane dehalogenases.8  

The X-ray structure of EchA has been determined at 2.1 Å resolution.9 The enzyme 
shows a two-domain structure consisting of a main domain with an α/β hydrolase fold 
topology and a cap domain. In the structure, the side chain amide group of glutamine 134 is 
bound at the position where the epoxide is supposed to bind. Since this represents an inactive 
form of EchA, which is probably due to a crystallographic contact, it is unlikely that it exists 
during the catalytic cycle. The substrate range and enantioselectivity can be rationalised by 
modeling studies. Based on structural similarity with other α/β hydrolase fold enzymes, a 
likely model of the epoxide hydrolase with an empty active site was generated.9 In this 
model, the active site residues have undergone (minor) positional changes, which would 
make an analysis of the structural basis of the substrate range by docking of various epoxides 
rather unreliable. So far, no structures of EchA with bound substrate or substrate analogues 
have been obtained. 

A range of optically pure para-substituted styrene oxides was used to investigate the 
kinetic properties of EchA (Chapter 3). The influence of a substituent on the aromatic ring on 
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the rate of hydrolysis indicated that conversion of the two enantiomers occurs with different 
kinetic mechanisms. Previous investigations showed that the hydrolysis of (R)-styrene oxide 
occurs with four distinguishable kinetic steps, whereas only three steps are observed for the 
conversion of the (S)-enantiomer.10 This additional unimolecular step, which takes place 
between the formation and hydrolysis of the ester intermediate, can be a (re)protonation step, 
a conformational change or an intramolecular acyl transfer. The possibility that tyrosine 
reprotonation takes place during this unknown step would be in agreement with the observed 
fluorescence change, although protonation steps are generally too fast to observe. On the 
other hand, (non-enzyme catalysed) acyl transfer steps are normally much slower than the 
observed rates for the additional step, although acyl transfers could be faster in the active site 
of the enzyme.10 It is difficult to obtain evidence for such an intermediate acyl transfer since 
its occurrence cannot be established by labeling studies and no change in identity or 
configuration of the product occurs. A possible approach to demonstrate the existence of such 
an intermediate would be to perform a single-turnover experiment with a His275Arg mutant. 
In this mutant enzyme, the last hydrolysis step does not take place, probably allowing 
trapping of the ester intermediate, of which the structure could be studied.2  

Although the enantioselectivity of EchA towards some substrates is reasonably high, 
some aspects can hamper a large-scale application. One problem is the peculiar kinetic 
behaviour that is most prominent during the conversion of styrene oxide (Chapter 2). The 
remaining (S)-styrene oxide is converted at an almost 3-fold higher rate than the first-reacting 
(R)-enantiomer. In a large-scale application, careful monitoring of the conversion is 
necessary to determine the optimal moment to terminate the reaction. 

A second problem is the low solubility of (substituted) styrene oxides, which is 
generally between 3 mM and 10 mM in Tris buffer (pH 9.0, 30 °C). When a liquid epoxide 
was added to a concentration higher than the solubility, the formed emulsion quickly 
inactivated the enzyme (data not shown). The addition of 30% DMSO increases the solubility 
of the epoxides 3- to 4-fold. EchA is stable and active in the presence of up to 30% of this 
miscible cosolvent (research report Marlon Gons 1998). The low solubility of epoxides was 
also circumvented by using a two-phase system with octane as a second phase.11  A kinetic 
resolution of styrene oxide that was carried out at a concentration of 39 g/L in octane yielded 
(S)-styrene oxide (> 95% e.e.) in a yield of 30%. The somewhat lower yield compared to 
what is obtained in an one-phase system is caused by mass transfer limitations and enzyme 
inactivation.  

The solubility of 2-pyridyl oxirane is very high, making the use of above-described 
organic (co)solvents not necessary. Kinetic resolutions of this substrate using EchA were 
performed at concentrations up to 400 mM.12 At this very high substrate concentration, the 
rate of hydrolysis was reduced due to enzyme inactivation and product inhibition. However, 
in a larger-scale experiment (2 g) at the lower substrate concentration of 127 mM, the 
remaining (S)-2-pyridyl oxirane was isolated as an optically pure product in 35% yield. 
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Mutant epoxide hydrolase with enhanced biocatalytic capabilities  
 

The X-ray structure of EchA shows that the tyrosine residues Y215 and Y152 present 
in the cap domain play an important role in catalysis.9 Replacement of tyrosine 215 with a 
phenylalanine (Y215F) results in an enzyme with a higher enantioselectivity towards 
substituted styrene oxides (Chapter 3).13 The increased enantioselectivity is mainly due to a 
relatively strong decrease of the kcat for (S)-enantiomers. This low activity towards the 
remaining enantiomers improves the synthetic applicability of the mutant enzyme. As 
mentioned above, to obtain optically pure epoxides (e.e. >99%) by kinetic resolution, the 
point at which the reaction is terminated is essential. If the reaction is terminated too early, a 
non-enantiopure epoxide will be obtained in a high yield. If the reaction is terminated too 
late, the enantiopure remaining epoxide will be obtained in a low yield. The yield of the 
remaining optically pure epoxide is predominantly dependent on the activity towards the 
remaining enantiomer, which has decreased drastically with the Y215F epoxide hydrolase. 
Increasing the enantioselectivity by mutating a tyrosine residue can also be applicable to 
other epoxide hydrolases since sequence alignments show that the tyrosine residues are 
conserved.14  

No other examples have yet been described in which the enantioselectivity of an 
epoxide hydrolase was increased using site-directed mutagenesis. It has been claimed, 
however, that the enantioselectivity of epoxide hydrolases was improved using protein-
imprinting techniques.15 Imprinting with optically pure epoxides resulted either in an 
increased enantioselectivity or a reversed enantiospecificity.  

Another advantage of the Y215F epoxide hydrolase is the enhanced stability at 
elevated temperatures and pH-values.14 Together with the increased enantioselectivity and the 
strongly reduced activity towards the remaining enantiomer makes the Y215F epoxide 
hydrolase an attractive biocatalyst for the preparation of optically pure epoxides.  
 
 
Biocatalytic potential of haloalcohol dehalogenase: the ring-closure 
reaction 
 

Haloalcohol dehalogenases have been used for preparing optically active haloalcohols 
and epoxides by kinetic resolution of vicinal haloalcohols.16 The reverse reaction, the 
enantioselective ring opening of an epoxide by a nucleophile, will yield the remaining 
epoxide and  the formed β-substituted alcohol, optically active. The haloalcohol dehalogenase 
from A. radiobacter (HheC) was initially investigated because of its role in the degradation of 
halogenated compounds.17 The observation that 2,3-dichloro-1-propanol is only 50% 
degraded by the organism triggered us to investigate the enantioselectivity of this haloalcohol 
dehalogenase.18 Kinetic resolution experiments performed with whole cell suspensions 
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showed that HheC is moderately to highly enantioselective towards a variety of aliphatic 
haloalcohols.  

The expression level of the enzyme in A. radiobacter is low, making the use of the 
whole organism not attractive for synthetic applications. The genes encoding HheC and the 
corresponding enzymes from Arthrobacter sp. AD2 and Mycobacterium sp. GP1 were cloned 
and the proteins were expressed in E. coli. at a level of up to 15 to 25% of the total protein 
content.19 The purified recombinant HheC catalyses the conversion of a range of aliphatic and 
aromatic haloalcohols containing a primary or secondary hydroxyl group (Chapter 4). 
Enantioselective conversions of aromatic haloalcohols such as 2-chloro-1-phenylethanol (E = 
73) catalysed by a haloalcohol dehalogenase were not described in the literature before. HheC 
shows the highest enantioselectivity towards 2,3-dichloro-1-propanol and 2,3-dibromo-1-
propanol (E>100), which was also described earlier for other haloalcohol dehalogenases.16 
The highly enantioselective ring closure of 2,3-dichloro-1-propanol yielded, surprisingly, 
racemic epichlorohydrin. This is due to the ring opening of epichlorohydrin with chloride, 
yielding 1,3-dichloro-2-propanol. Ring closure of this prochiral compound results in racemic 
epichlorohydrin. The HheC-catalysed racemisation of epichlorohydrin based on these 
reactions was applied in Chapter 7 to obtain a dynamic kinetic resolution of epihalohydrins.  
 

OH Cl OH Cl O OH OH

 (S)-2-chloro-1-phenylethanol
       47% yield, >99% e.e. 

+HheC

racemic

EchA

enantioselective fast

 
 
Figure 2 Kinetic resolution of 2-chloro-1-phenylethanol catalysed by HheC, combined 

with in situ epoxide removal catalysed by EchA, resulting in optically pure 
(S)-2-chloro-1-phenylethanol. 

 
Due to the reversibility of the reaction, the HheC-catalysed kinetic resolution of 2-

chloro-1-phenylethanol yielded the remaining (S)-haloalcohol in only 92% e.e. The reversible 
ring closure could be drawn to completion by adding an excess of EchA resulting in a tandem 
enzyme reaction.20 By removal of the inhibiting epoxide, a total conversion of (R)-2-chloro-
1-phenylethanol occurred, allowing the remaining (S)-2-chloro-1-phenylethanol to be 
obtained optically pure (Figure 2). The HheC-catalysed conversions of the various 
haloalcohols, combined with the product removal by EchA, were performed at a substrate 
concentration of 5 mM (Chapter 4). What are the prospects for scaling up these tandem 
reactions to concentrations of 100 mM or higher? The presence of substrate or product 
emulsions will cause inactivation of the epoxide hydrolase and possibly also of the 
haloalcohol dehalogenase. Alternative ways to achieve a complete conversion of the 
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haloalcohol can be the addition of a second organic phase to remove epoxide. Such a two-
phase system can also make separation of substrate and product during work-up easier, since 
the residual haloalcohol remains in the aqueous phase and formed epoxide is transferred to 
the organic phase. Another alternative is the use of bromoalcohols instead of chloroalcohols 
since the equilibrium of the reversible ring-closure reaction is more towards the epoxide. The 
conversion of para-nitro-2-bromo-1-phenylethanol yields almost optically pure (S)-
haloalcohol (98% e.e.) (Chapter 5). 
 
 
 
Chromogenic substrates for haloalcohol dehalogenases 
 

The progress of the kinetic resolution of various haloalcohols catalysed by HheC is 
commonly followed by measuring conversion and enantiomeric excess using chiral HPLC or 
GC (Chapter 4). This method is tedious and laborious since it requires multiple sampling and 
analysis. A convenient spectrophotometric assay for haloalcohol dehalogenases based on the 
absorption difference between the para-nitro-2-bromo-1-phenylethanol  and the epoxide 
para-nitrostyrene oxide was developed (Chapter 5).21 HheC converts para-nitro-2-bromo-1-
phenylethanol with high enantioselectivity, resulting in a biphasic progress curve. The 
enzymes obtained from Arthrobacter sp. AD2 and Mycobacterium sp. GP1 showed a low 
enantioselectivity towards this substrate, resulting in a monophasic progress curve. This 
illustrates that this assay can be used to quickly determine enantioselectivity of new 
haloalcohol dehalogenases or mutant enzymes obtained from directed evolution experiments.  

The enantiomers of both para-nitro-2-bromo-1-phenylethanol and para-nitrostyrene 
oxide were obtained optically pure by preparative chiral HPLC column. The resulting 
enantiopure chromogenic substrates were useful for; determining steady state kinetic 
parameters,19 for studying the range of accepted nucleophiles in ring-opening reactions 
(Chapter 5), for studying mutants with increased stability,22 and for a detailed investigation of 
the kinetic mechanism (Tang et al., manuscript in preparation). 

A drawback of the chromogenic assay is that only the conversions of para-nitro-2-
bromo-1-phenylethanol and para-nitrostyrene oxide can be monitored. The use of para-
nitrostyrene oxide as a reporter substrate for following the EchA-catalysed conversion of 
other non-chromogenic substrates has been described previously for EchA.14 For example, 
addition of a haloalcohol to a reaction mixture containing HheC and para-nitro-2-bromo-1-
phenylethanol will give information about the enzymatic conversion of the non-chromogenic 
haloalcohol. If the enzyme converts this haloalcohol, an effect on the progress curve of para-
nitro-2-bromo-1-phenylethanol will be observed. By fitting the progress curves with 
Michaelis-Menten kinetics for competing substrates, steady state parameters for the non-
chromogenic substrate can be obtained. 
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Screening for accepted nucleophiles  
 

The range of nucleophiles accepted by HheC was investigated with optically pure 
enantiomers of para-nitrostyrene oxide (Chapter 5). The occurrence of an enzyme-catalysed 
reaction can be measured by incubating enzyme with epoxide and various nucleophilic 
compounds and monitoring absorbance at 310 nm. Incubation of (R)-para-nitrostyrene oxide 
with the enzyme and the nucleophiles Br-, Cl-, N3

-, NO2
- and CN- resulted in a decrease in 

absorbance. A reaction rate with I- could not be determined reliably. When 250 µM para-
nitrostyrene oxide was incubated with 25 mM of I-, an increase in absorbance was observed, 
possibly due to chemical ring opening at the α-carbon atom. Subsequent addition of enzyme 
caused an immediate, but relatively small decrease in absorbance, indicating that HheC 
accepted I- as a nucleophile. However, the position of the equilibrium, which is at the side of 
the epoxide, makes the use of this reaction to prepare iodoalcohols unfeasible.  

 

N N
+

N N
OOCNCl Br I

 
 
Figure 3  Nucleophiles accepted by HheC. 

 
The non-halide nucleophiles accepted by HheC are ambident anions with a (close to) 

linear shape. This suggests that the binding site of the nucleophile has the shape of a tunnel 
and that binding is stabilised by groups that donate a hydrogen bond. A correlation between 
the occurrence of a reaction and binding of a nucleophile was established by determining the 
inhibition of the nucleophiles on the enzyme-catalysed ring-closure of para-nitro-2-bromo-1-
phenylethanol. Generally, ions that are accepted by the enzyme are moderate to good 
inhibitors of the ring-closure reaction. The nucleophile OCN- is an exception to this rule since 
it is a very good inhibitor of the ring-closure reaction, but it is not accepted by the enzyme in 
the ring-opening reaction. An explanation can be that the binding of this nucleophile is in 
such a way that the nucleophilic oxygen cannot interact with the epoxide.  

A limitation to the assay is the sensitivity since the lowest observable initial rate of 
ring opening reactions is approximately 0.01 ∆A.min-1.mg-1. Depending on the nucleophile, 
this detection limit corresponds to an activity range of 0.005 to 0.02 µmol.min-1.mg-1. 
Currently, the binding of various nucleophiles is investigated using site-directed mutagenesis 
and preliminary information obtained from the X-ray structure.   
 
 
Enantioselective nucleophilic ring opening of aromatic epoxides 
 

The HheC-catalysed ring-opening reactions of para-nitrostyrene oxide by N3
-, NO2

- 
and CN-, were scaled up from 200 µM to 2 mM. The products of these reactions are 
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precursors of biologically active compounds. Further investigations focused on ring opening 
by N3

- since the use of CN- was reported previously23 and ring opening by NO2
- yielded 

multiple unidentified compounds (Chapter 6). 
The ring opening of substituted styrene oxide by N3

- is highly regio- and 
enantioselective. The regioselectivity of the enzyme-catalysed ring opening is opposite to that 
of the non-catalysed reaction. The enantioselectivity of the ring opening of para-nitrostyrene 
oxide was very high (E > 200). A limitation is the parallel chemical conversion leading to the 
other regio-isomer. In a large-scale reaction (7.8 g/L) this limitation was minimized by 
adding para-nitrostyrene oxide as a second phase combined with a slow addition of N3

-. The 
isolated product consisted of (S)-para-nitrostyrene oxide in 46% yield and 98% e.e. and the 
(R)-azidoalcohol in 47% yield and 97% e.e.  

The ring opening of an epoxide by N3
- catalysed by an immobilized enzyme 

preparation from Rhodococcus sp. was described previously.24 Since in the enzyme 
preparation an epoxide hydrolase was present, the suggestion was made that this enzyme 
catalysed the ring opening by N3

-. However, the two-step mechanism of epoxide hydrolases 
makes the occurrence of such a reaction not likely. A more plausible explanation would be 
the presence of a haloalcohol dehalogenase in this organism.  
 
Table 1  Proposed chemo-enzymatic cascade reactions combining an enantioselective 

reaction catalysed by a haloalcohol dehalogenase with a chemical conversion 
of the formed product. 

 
O OH Nu OH X

Nucleophile

haloalcohol
dehalogenase

chemical
conversion

 
 
 Nucleophile (Nu) Chemical conversion X 

a N3
- or NO2

- (N-attack) reduction -NH2 

b NO2
- (O-attack) hydrolysis -OH 

c CN- hydrolysis -COOH 

d I- nucleophilic attack various nucleophiles 

 
In future research, the nucleophilic ring opening of epoxides catalysed by haloalcohol 

dehalogenases should be combined with chemical conversions of the formed products in a 
one-pot process. Advantages of such chemo-enzymatic processes are the direct access to the 
desired compounds and the avoidance of the isolation of hazardous ring opening products, 
such as azides. The azidoalcohols and β-hydroxynitriles can be reduced or oxidized to the 
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corresponding aminoalcohols and hydroxyacids, respectively (Table 1, entries a and c). If the 
ring opening by NO2

- occurs by attack of the nitrogen atom, the formed nitro-alcohols can 
also be converted to amino-alcohols (Table 1, entry a). If the ring opening occurs by attack of 
oxygen, the product can be hydrolysed to yield the diol (Table 1, entry b). Although the 
unfavorable position of the equilibrium between an epoxide and I- requires a large excess of 
this ion, the small amount of formed product will be receptive for a nucleophilic attack. This 
gives access to a wide range of ring opening reactions with various nucleophiles (Table 1, 
entry d). 

The above described chemo-enzymatic cascade reactions can potentially contribute to 
the introduction of “green chemistry”: the use of chemical processes that reduce production 
of environmentally hazardous compounds. It is a real challenge for organic chemists to adapt 
synthetic processes to work together with biocatalysts in aqueous environments. 

 
 

Dynamic kinetic resolution by ring opening of epihalohydrins with N3
- 

 
 A drawback of a kinetic resolution is that yields of the remaining substrate and 
formed product are maximally 50%. This limitation can be overcome by an in-situ 
racemisation of the remaining enantiomer during the reaction. This results in a dynamic 
kinetic resolution in which theoretically the product can be obtained in 100% yield and 100% 
e.e. The HheC-catalysed reversible ring closure of an epihalohydrin causing racemisation, 
combined with ring opening of epoxide by an N3

-, catalysed by the same enzyme, resulted in 
such an enzymatic dynamic kinetic resolution. With epichlorohydrin as a substrate, the rate of 
ring opening by N3

- is higher than the rate of racemisation, resulting in a mixed kinetic 
resolution and dynamic kinetic resolution. With epibromohydrin, the rate of racemisation was 
higher than the rate of ring opening, resulting in a dynamic kinetic resolution. By optimising 
the pH of the buffer and the concentration of N3

- and Br-, the product (S)-1-azido-3-bromo-2-
propanol could be obtained in 84% yield and 94% e.e. A sequential ring closure of this 
haloalcohol, catalysed by the same enzyme, causes a simultaneously occurring kinetic 
resolution by which (S)-1-azido-3-bromo-2-propanol can be obtained optically pure (>99% 
e.e.) in 77% yield (Chapter 7). This latter compound and the ring-closed product glycidyl 
azide can be used as pharmaceutical building blocks. 25 

A similar dynamic kinetic resolution was described using racemic epichlorohydrin 
and TMSN3.26 In this reaction, a (salen)Cr(III)N3 complex catalyses racemisation and 
enantioselective ring opening. As with the biocatalytic reaction described here, the relatively 
low rate of racemisation limited an optimal resolution. This problem was overcome by a slow 
addition (16 h) of the nucleophile leading to the desired ring-opening product (S)-3-azido-1-
chloro-2-trimethylsiloxypropane in 97% e.e. and 76% yield. This product was used for the 
synthesis of an aryl oxazolidinone antibacterial reagent. We have also tested whether the slow 
addition of N3

- would improve the dynamic kinetic resolution of epichlorohydrin by HheC 
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(data not shown). However, this led to accumulation of glycidyl azide and 1,3-diazido-2-
propanol as main products. 
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Een aantal van door de mens gemaakte chemische stoffen komt terecht in het milieu, 
zoals in de bodem en het oppervlaktewater. Doordat veel van deze verbindingen nieuw zijn in 
het milieu, kunnen ze niet gemakkelijk worden afgebroken, waardoor het gevaar ontstaat dat 
ze weer in de voedselketen worden opgenomen. De natuur heeft dit probleem opgelost door 
middel van microorganismen die in staat zijn toxische verbindingen af te breken. De 
chemische omzettingen in een microorganisme worden uitgevoerd door enzymen. Enzymen 
zijn katalysatoren, ze kunnen chemische processen versnellen zonder daarbij zelf verbruikt te 
worden. Onderzoek heeft aangetoond dat enzymen chemische reacties tot wel 
100.000.000.000 keer kunnen versnellen. In tegenstelling tot veel chemische processen doen 
enzymen dit onder milde condities zoals kamertemperatuur en atmosferische druk.  
Gehalogeneerde verbindingen zoals 1,2-dichloorethaan, chloroform en epichloorhydrine 
(Figuur 1) worden door de chemische industrie gebruikt als o.a. oplosmiddel, koelvloeistof, 
insecticide, of als bouwsteen voor de bereiding van een variëteit aan chemische verbindingen. 
Eind jaren '80 is door A. van den Wijngaard, een AIO in de onderzoeksgroep van professor 
D. B. Janssen, uit oppervlaktewater dat is vervuild met gechloreerde verbindingen een 
microorganisme geïsoleerd. Deze bacterie is in staat om het giftige epichloorhydrine om te 
zetten in het niet-giftige glycerol (Figuur 1). In de eerste stap (A) wordt epichloorhydrine 
(een epoxide) omgezet naar chloorpropaandiol (een haloalcohol). Deze reactie is een 
hydrolyse en wordt gekatalyseerd door een epoxide hydrolase. In de tweede stap wordt het 
gevormde haloalcohol omgezet naar een epoxide. Deze stap is een ring-sluiting en wordt 
gekatalyseerd door een haloalcohol dehalogenase. In de derde stap wordt het gevormde 
epoxide gehydrolyseerd naar het niet-toxische glycerol. 
 

Cl
O

Cl
OH

OH OH
O

OH
OH

OH

epoxide diolhaloalcohol

+H2O -HCl +H2O

A B C

epichloorhydrine chloorpropaandiol glycidol glycerol
hydrolyse hydrolyseringsluiting

 
 
Figuur 1 Afbraakroute van epichloorhydrine door de bacterie A. radiobacter AD1. 

Stappen (A) en (C) worden gekatalyseerd door een epoxide hydrolase en stap 
(B) door een haloalcohol dehalogenase. 

 
Sommige enzymen zijn in staat chirale moleculen op een enantioselectieve manier af 

te breken. Dit aspect blijkt bijzonder goed toepasbaar te zijn voor de bereiding van chirale 
biologisch actieve stoffen zoals medicijnen. Chiraliteit betekent dat objecten of moleculen in 
twee verschillende varianten voorkomen. Een voorbeeld van chirale objecten zijn handen. De 
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linkerhand en de rechterhand zijn spiegelbeelden van elkaar, maar ze zijn niet zodanig te 
draaien dat ze elkaar overlappen (Figuur 2).  
 

 
 
 
Figuur 2 Chiraliteit van handen en moleculen.1 
 

De twee varianten van een chiraal molekuul, aangeduid met (R) en (S), worden 
enantiomeren genoemd. Als maar één enantiomeer aanwezig is, wordt de verbinding 
enantiomeer zuiver genoemd. Als beide enantiomeren evenredig aanwezig zijn, is de 
verbinding racemisch. Een manier om een enantiomeer zuivere verbinding te maken is door 
middel van een kinetische resolutie: de enantioselectieve omzetting van één van beide 
enantiomeren in een racemisch mengsel. Enantiomeer zuivere epoxiden en haloalcoholen zijn 
bouwstenen voor de bereiding van fijnchemicaliën. 

Het doel van het in dit proefschrift beschreven onderzoek is de bereiding van 
enantiomeer zuivere epoxiden en derivaten daarvan door gebruik te maken van enzymen die 
aanwezig zijn in Agrobacterium radiobacter AD1. Deze enzymen, die zijn geëvolueerd voor 
het afbreken van toxische chemische stoffen, zouden toegepast kunnen worden voor de 
bereiding van hoogwaardige fijnchemicaliën. Het onderzoeken van enzymatische 
omzettingen vereist kennis van zowel de biotechnologie als de organische chemie. Daarom 
werd dit onderzoek uitgevoerd als een samenwerking tussen de onderzoeksgroepen van 
professor D. B. Janssen (biotechnologie) en professor R. M. Kellogg (organische chemie). De 
belangrijkste resultaten worden nu per hoofdstuk besproken. Hoofdstuk 1 is een inleiding, 
waarin o.a. de eigenschappen van de twee enzymen en van soortgelijke enzymen wordt 
besproken. Hoofdstuk 8 is een samenvatting en discussie van de in de hoofdstukken 2 t/m 7 
beschreven resultaten. 
 
                                                 
1 Sarfati, J. "Origin of Life: The Chirality Problem," Creation Ex Nihilo Technical Journal 1998, 12, 263 
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Hoofdstuk 2 Enantioselectiviteit van een epoxide hydrolase uit 
Agrobacterium radiobacter 

 
In Hoofdstuk 2 wordt het onderzoek naar de enantioselectiviteit van het epoxide 

hydrolase van A. radiobacter AD1 beschreven. Hieruit blijkt dat alleen epoxiden met een 
aromatische ring door het enzym met een matige tot hoge enantioselectiviteit worden 
omgezet in diolen In Figuur 3 is de kinetische resolutie van het aromatische epoxide para-
chloorstyreenoxide weergegeven. In deze reactie wordt het (R)-enantiomeer van het epoxide 
veel sneller omgezet dan het (S)-enantiomeer. Als de reactie na 20 minuten wordt gestopt 
(pijltje), kan het achterblijvende (S)-enantiomeer worden geïsoleerd. Dezelfde methode werd 
ook met een aantal andere aromatische epoxiden herhaald, waardoor het mogelijk was om 
alle (R)-enantiomeren zuiver in handen te krijgen. 
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Figuur 3 Kinetische resolutie van para-chloorstyreenoxide gekatalyseerd door het 
epoxide hydrolase uit A. radiobacter AD1.  

 
De opbrengst van het achterblijvende enantiomeer wordt bepaald door de 

enantioselectiviteit van de enzymatische reactie. Is de enantioselectiviteit erg hoog dan wordt 
het achterblijvende enantiomeer niet omgezet en kan in een opbrengst van maximaal 50% 
worden verkregen. De opbrengsten van 27% tot 36% (Hoofdstuk 2, tabel 1) van de geteste 
epoxiden geven dus aan dat de enantioselectiviteit nog niet optimaal is.  
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Hoofdstuk 3 Biokatalytische toepassingen van het epoxide hydrolase 
van Agrobacterium radiobacter AD1 en een mutant met 
verhoogde enantioselectiviteit 

 
In hoofdstuk 3 is de enantioselectiviteit van het epoxide hydrolase in de omzetting 

van een reeks van epoxiden in meer detail onderzocht door enzymatische omzettingen uit te 
voeren met de (R)-enantiomeren en (S)-enantiomeren afzonderlijk. Deze verbindingen zijn 
vrij lastig te bereiden en daarom zijn deze metingen uitgevoerd in Frankrijk, in samenwerking 
met de werkgroep van professor R. Furstoss. Naast het voordeel dat de Universiteit van 
Marseille op minder dan 5 kilometer van het strand af ligt, is in deze groep een dergelijk 
onderzoek eerder uitgevoerd met een ander epoxide hydrolase. Uit de resultaten komt naar 
voren dat het mogelijk is dat de enantiomeren van styreenoxide-derivaten op verschillende 
manieren door het enzym worden omgezet. Voor een goed gefundeerd bewijs van deze 
hypothese is in de toekomst meer onderzoek nodig. 
 Intussen was door andere onderzoekers het werkingsmechanisme (R. Rink) en de 
kristalstructuur (M. Nardini) van het epoxide hydrolase bepaald. Hieruit blijkt dat als een 
bepaald aminozuur (tyrosine 215) wordt vervangen, de enantioselectiviteit van het enzym 
hoger wordt. In een uitgebreid onderzoek, beschreven in dit hoofdstuk, blijkt dat dit met 
name voor aromatische verbindingen het geval is. Een tweede voordeel van dit veranderde 
enzym is dat de achterblijvende (S)-enantiomeren bijna niet meer worden omgezet, waardoor 
dit enzym geschikter is voor gebruik in de organische chemie. 
 
 
Hoofdstuk 4 Een tandem enzym reactie voor de synthese van optisch 

actieve haloalcoholen, epoxiden en diolen 
 

De Hoofdstukken 4 t/m 7 beschrijven enzymatische omzettingen met het tweede 
enzym uit A. radiobacter AD1: het haloalcohol dehalogenase. In Hoofdstuk 4 is de 
enantioselectiviteit van de omzettingen van haloalcoholen naar epoxiden beschreven. Het 
blijkt dat, in tegenstelling tot omzettingen met het epoxide hydrolase, zowel aromatische als 
niet-aromatische moleculen met een gemiddelde tot hoge enantioselectiviteit worden 
omgezet. Het probleem is dat zowel de omzetting van het haloalcohol naar het epoxide als de 
omgekeerde reactie plaatsvindt. Hierdoor bereikt de reactie op een bepaald moment een 
evenwichtstoestand waardoor de omzetting stopt en de achterblijvende verbinding niet 
enantiomeer zuiver kan worden verkregen. Dit probleem is opgelost door het epoxide direct 
na vorming om te zetten naar een diol. Hierdoor kan de omgekeerde reactie niet plaatsvinden 
en kan het achterblijvende enantiomeer van het haloalcohol enantiomeer zuiver worden 
verkregen. Voor het omzetten van het epoxide naar het diol wordt gebruik gemaakt van het 
epoxide hydrolase. Dit enzym wordt alleen toegevoegd om de ring-sluiting van het 
haloalcohol te versnellen, het heeft geen invloed op de enantioselectiviteit. Het gezamenlijk 
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gebruik van deze twee enzymen om haloalcoholen enantiomeer zuiver te verkrijgen is de 
"tandem enzymreactie" genoemd 
 

OOH Br OH OH
Haloalcohol

dehalogenase

Kinetische
resolutie

Epoxide
hydrolase

Verwijdering van
epoxide  

 
Figuur 4  De tandem enzym reactie. 
 
. 
Hoofdstuk 5 Verkenning van biokatalytische toepassingen van een 

haloalcohol dehalogenase door gebruik te maken van 
chromogene substraten 

 
Dit hoofdstuk beschrijft het onderzoek naar de mogelijke reacties die het haloalcohol 

dehalogenase kan katalyseren. Omdat honderden reacties in aanmerking komen, is er gebruik 
gemaakt van een chromogeen substraat: een haloalcohol dat bij omzetting een epoxide 
oplevert met een andere kleur of kleurintensiteit. Door dit te meten met behulp van een 
spectrofotometer is het mogelijk de enzymatische omzettingen op een eenvoudige manier te 
volgen. Als de omzetting enantioselectief is, kan dit worden waargenomen doordat er een 
knik in de curve aanwezig is (Figuur 5). 
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Figuur 5  Enantioselectieve omzetting van para-nitro-2-bromo-1-phenylethanol door het 
haloalcohol dehalogenase van A. radiobacter AD1.  
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In Hoofdstuk 4 is beschreven dat het enzym ook de teruggaande reactie, de ring-
opening van het epoxide door bromide-ionen (Br-) katalyseert. De vraag was of ook andere 
nucleofielen (reactieve moleculen) worden geaccepteerd door het haloalcohol dehalogenase. 
De omzetting van een veelvoud aan nucleofielen is getest met beide enantiomeren van het 
epoxide. Hieruit blijkt dat behalve de natuurlijke nucleofielen Br- en Cl-, ook de de 
nucleofielen azide (N3

-), nitriet (NO2
-) en cyanide (CN-) worden geaccepteerd. Dit maakt het 

mogelijk een breed scala aan enantiomeer zuivere producten te maken uitgaande van 
epoxiden. 
 
 
 
Hoofdstuk 6 Enantioselectieve en regioselectieve biokatalytische 

azidolyse van aromatische epoxiden 
 

In dit hoofdstuk is de azidolyse, de ring-opening van epoxiden door azide (N3
-) 

resulterende in azidoalcoholen, in meer detail beschreven. De enzymatische omzetting heeft, 
in tegenstelling tot een "normale" chemische reactie, een hoge mate van enantioselectiviteit 
en regioselectiviteit, waardoor het azidoalcohol met hoge enantiomere zuiverheid wordt 
gevormd (Figuur 6). Naast de enzymatische reactie, vindt ook de chemische reactie met de 
beide enantiomeren van het epoxide en azide plaats (Figuur 6). Bij het uitvoeren van een 
reactie op grotere schaal (0.5 gram) resulteert dit in de vorming van meerdere ongewenste 
nevenproducten. Door het azide langzaam toe te druppelen en het epoxide als vaste fase toe te 
voegen, resulteerde een kinetische resolutie uitgevoerd op grotere schaal in de vorming van 
het azidoalcohol in een goede opbrengst en enantiomere zuiverheid. Deze azidoalcoholen 
kunnen chemisch verder worden omgezet naar biologisch actieve aminoalcoholen die worden 
toegepast in de bereiding van farmaceutische stoffen zoals medicijnen. 
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Figuur 6 Regioselectiviteit en enantioselectiviteit van de chemische ring- 
opening door azide. Slechts één van de vier mogelijke chemische 
reacties (onderbroken pijl) wordt ook gekatalyseerd door het 
haloalcohol dehalogenase (vaste pijl). 
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Hoofdstuk 7 Enzymatische dynamische kinetische resolutie van 
epihalohydrines 

 
Een beperking van de in de voorgaande hoofdstukken beschreven kinetische 

resoluties is dat de maximale opbrengst van het achterblijvende enantiomeer slechts 50% is. 
Bij een dynamische kinetische resolutie wordt het achterblijvende enantiomeer voortdurend 
geracemiseerd, wat betekent dat het wordt omgezet in een mengsel van beide enantiomeren. 
Hierdoor kan een volledige omzetting plaatsvinden en kan theoretisch het gevormde product 
in een opbrengst van 100% worden geïsoleerd. 
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Figuur 7  Principe van een kinetische en een dynamisch kinetische resolutie. 
 

 De racemisatie van het epihalohydrine, gecombineerd met de enantioselectieve ring-
opening door N3

-, resulteert in een enzymatische dynamische kinetische resolutie. Bij gebruik 
van epichloorhydrine als substraat is de snelheid van racemisatie langzamer dan de snelheid 
van ring-opening. Met epibroomhydrine als substraat is de racemisatie sneller hetgeen 
resulteert in de vorming van het azidoalcohol in 84% opbrengst en 94% enantiomere 
zuiverheid. Door een gelijktijdige enantioselectieve kinetische resolutie van dit azidoalcohol 
kan het enantiomeer zuiver en in 77% opbrengst worden verkregen. 
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Figuur 8 Gecombineerde kinetische en dynamisch kinetische resolutie. 
 
 
Conclusie 
 

Dit proefschrift beschrijft de biokatalytische eigenschappen en mogelijkheden van het 
epoxide hydrolase en het haloalcohol dehalogenase uit A. radiobacter AD1. Nieuwe 
biokatalytische routes voor de bereiding van enantiomeer zuivere epoxiden, haloalcoholen, 
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diolen en azidoalcoholen zijn beschreven. Doordat het onderzoek is uitgevoerd in het kader 
van het IOP katalyse programma is er een sterke focus geweest op het ontwikkelen van 
biokatalytische reacties die een industriële relevantie hebben. Vanwege de potentiële 
toepasbaarheid van de beschreven reacties zijn een drietal octrooien ingediend. Het epoxide 
hydrolase wordt binnenkort commercieel beschikbaar. De patentaanvrage beschrijvende de 
ring opening van epoxiden door de diverse nucleofielen is door de onderzoeker gekocht en 
zal in een onderneming worden ingebracht die de industriële toepassingen van de beschreven 
enzymen en reacties zal gaan commercialiseren. 
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