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INTRODUCTION

The application of biotechnological processes for the treatment of effluents has a long tradition.
Activated sludge systems are used for the removal of easily degradable organics from municipal and
industrial waste water, and composting is a standard technique for the treatment of solid organic
waste. During the last 15 years, there has been an increasing interest in the development of similar
processes for the treatment of waste streams or the cleanup of sites that are contaminated with
chemicals of synthetic origin (xenobiotics). However, in many cases these chemicals appear to be
resistant to microbial degradation, a problem that was first encountered in the sixties with the
environmental persistence of organochlorine insecticides but holds as well for many other
agrochemicals, various solvents, waste products and chemical intermediates. Such chemicals are
often chlorinated, for example short-chain chloroethylenes, highly chlorinated alkanes and alkenes,
PCB’s, chlorinated dioxins and dibenzofurans, and chlorobenzenes.

Recalcitrance to biodegradation is usually caused by biochemical blocks in catabolic pathways of
microorganisms (for reviews see Janssen, 1994). This means that initial degradation or conversion
of a catabolic intermediate does not occur because one or more essential enzymes are absent or their
activity is too low for growth. The result of a block may be that a pollutant is inert, that it is
partially degraded to products which accumulate, or that toxic effects may occur due to the
reactivity of intermediates being produced. Thus, recalcitrance in such a case can be regarded as a
problem of enzyme activity, specificity and kinetics. This raises the possibility that the microbial
degradation of recalcitrant chemicals can be improved by protein engineering.



The application of engineered proteins in environmental biotechnology is, however, far less
straightforward than some other techniques described in this book. First, the chemical composition
of the substrate usually is very complex. In many cases, waste streams contain mixtures of
chemicals, and it hardly occurs that only a single compound is recalcitrant. Second, for many
xenobiotic chemicals the problem is not only a biochemical one. The physical state of a compound
greatly influences its biodegradability under practical conditions. For example, even well 
degradable chemicals such as linear alkanes can show persistent behavior if absorbed to soil
particles. Third, the technologies used in environmental biotechnology are often more similar to the
techniques of civil technology than to those of biochemical engineering. Thus, reactors will seldom
be run under aseptic conditions, mono-cultures are not used (in fact, the composition of the cultures
used is unknown), and control of process conditions is not as sophisticated as in industrial
fermentation.

Based on the above, engineered proteins or microorganisms will only find applications in some
very specific areas. This may be the removal or valorization of compounds which are formed as
major byproducts during industrial synthesis, the cleanup of contaminated groundwater or waste
gas that contains only one or very few water-soluble recalcitrant compounds, or the use of broad-
specificity enzymes for the conversion of polymeric waste materials.

We have focussed our engineering studies on enzymes catalyzing hydrolytic dehalogenation. This
reaction is important for a broad range of chlorinated compounds which are relatively soluble in
water. It is an attractive conversion since the carbon-chlorine bond is directly cleaved by water,
which causes usually a reduction or loss of toxicity. Haloalkane dehalogenase is one of the very few
enzymes that can degrade xenobiotic chemicals and for which detailed insight in the catalytic
mechanism and the kinetics has been obtained from studies on wild-type and mutant enzymes.

HALOALKANE DEHALOGENASE

Properties, Structure, and Mechanism

Haloalkane dehalogenases catalyze the hydrolytic cleavage of carbon-halogen bonds in a wide range
of halogenated alkanes. A typical reaction is the conversion of 1,2-dichloroethane to 2-chloroethanol.
The X-ray structure and catalytic mechanism of the haloalkane dehalogenase (DhlA, 310 amino
acids) from Xanthobacter autotrophicus GJ10 have been solved (Verschueren et al., 1993a,b; Pries
et al., 1994a). The enzyme belongs to a group of hydrolytic proteins called α/β-hydrolase fold enzymes
(Ollis et al., 1992, Figure 1). This group includes various other bacterial proteins involved in the
biodegradation of natural and xenobiotic compounds, i.e. muconic semi-aldehyde hydrolases, 6-
substituted 2-hydroxy-6-oxohexadienoate hydrolases, lipases, and epoxide hydrolases (Figure 2).

Catalysis in haloalkane dehalogenase proceeds via a covalent intermediate (Figure 3), which is
formed in DhlA by nucleophilic attack of a carboxylate oxygen of Asp124 on the carbon atom
which carries the halogen. The ester is cleaved by a water molecule that is activated by His289 and
Asp260. Mutation of His289 to Gln leads to an enzyme in which the covalent intermediate is
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trapped. Most α/β-hydrolase fold enzymes, such as lipases and esterases, attack an sp2-hybridized
carbonyl carbon atom in the substrate, and have a serine as the nucleophile. The presence of an
aspartate in haloalkane dehalogenase and epoxide hydrolase is explained by the fact that these
enzymes attack an sp3-hybridized carbon atom to which no carbonyl moiety is bound. In this way,
the enzyme supplies the group required for formation of a tetrahedral intermediate (Figure 2;
Verschueren et al., 1993a; Pries et al., 1994a). 

For different reasons, haloalkane dehalogenase is an interesting target for protein engineering
studies aimed at improved transformation of environmental pollutants. First, the substrate range is
broad, but does not include important chemicals such as 1,2-dichloropropane and 1,1,2-
trichloroethane. These compounds are structurally very similar to the ‘natural’ substrate 1,2-
dichloroethane. Their environmental recalcitrance may be explained by the lack of dehalogenases
that can convert these compounds. The products of hydrolysis, such as l-chloro-2-propanol, can be
utilized by various organisms, indicating that the critical step for detoxification mainly is the initial
dehalogenation. Second, haloalkane dehalogenase converts a class of compounds for which a
process technology for large scale application has been developed. The enzyme is used at full scale
for groundwater remediation in its natural host X.autotrophicus GJ10 (Stucki et al., 1995). The
bottleneck for the removal of various other chlorinated chemicals really is the availability of good
organisms, i.e. organisms producing the required enzymes. 

Transient Kinetic Studies

We have spent a lot of effort on deriving a kinetic mechanism and establishing the relevant rate
constants of conversion by haloalkane dehalogenase, since the specificity and kinetics of an enzyme-
catalyzed reaction is determined by the individual rate constants at the active site, including rates of

Figure 1 Topology of haloalkane dehalogenase. The α-helices and β-sheets are shown in boxes and arrows,
respectively, and the secondary-structure elements that form the α/β-hydrolase fold are indicated with numbers
(bottom). The cap domain is formed by helices 4–8 and connecting loops (top). The filled circles indicate catalytic
residues, which are also numbered (see Figure 3). The ‘charge relay’ carboxylate may be present at a topological
position corresponding to that of N148 or D260.
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substrate binding, chemical steps, and product dissociation (Figure 4). The kinetic studies are
facilitated by the fact that the intrinsic fluorescence of the dehalogenase is quenched by binding of
halides or substrates in the active-site cavity. Two tryptophans (Trp125 and Trp175) are involved in
halogen or halide binding due to interaction with the hydrogens bound to the indole nitrogens
(Verschueren et al., 1993b). The fluorescence quenching caused by halogen and halide binding
makes it possible to determine dissociation constants and to perform stopped-flow studies for
measuring the rates of chemical steps in the active site. In such experiments, enzyme and substrate
are mixed and the change in fluorescence is followed on a msec to sec time scale. As outlined below,
the most complex part of the kinetic mechanism is what seems to be the simplest step of the
catalytic cycle: release of the halide ion from the buried active-site cavity.

Additional kinetic studies have been carried out with rapid-quench experiments, in which the
reaction of enzyme with substrate is chemically stopped at variable times (msec-sec) after mixing.
Non-covalently bound substrate and product (alcohol) are then analyzed by gas chromatography
with a sensitivity in the micromolar range. The data are analyzed by direct numerical fitting to
reaction schemes or by finding analytical solutions of rate equations. The values of the rate
constants are optimized during the fitting process.

From these experiments, a kinetic scheme could be derived which includes all the different
reaction rate constants (Schanstra et al., 1996a). We have found these experiments to be essential
for understanding the kinetics and specificity of the wild-type enzyme and the properties of mutants.
It has allowed us to identify why some substrates are poorly converted and what should be done to
improve the activities.

Figure 2 Role of α/β-hydrolase fold enzymes in biodegradation. A, structures of xenobiotic compounds or
intermediates converted by α/β-hydrolase fold enzymes. The arrows indicate the bonds that are cleaved. B,
covalent intermediates from enzymes with a nucleophilic aspartate (left) or serine (right). The double arrow
gives the site of nucleophilic attack of water. 
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The Kinetics of Halide Export

Initial steady-state and pre-steady-state kinetic measurements indicated that halide release might be
the rate-limiting step in the overall catalytic mechanism. For example, rapid-quench experiments
performed with excess substrate over enzyme showed a significant burst of 2-bromoethanol
production before the steady-state rate is reached. Therefore, halide release was directly analyzed
using stopped-flow fluorescence (Schanstra and Janssen, 1996). The results showed that halide
release follows a complex mechanism (Figure 4). The essential features of this mechanism and its
kinetics are:

— there are two parallel routes, one of which is only kinetically significant for halide import at high
concentrations (lower route in Figure 4);

— the major route for halide export is a three-step process, starting with a slow conformational
change which is the actual rate-limiting step, and is required to allow halide to leave the active
site. After reaching an open conformation, halide rapidly diffuses out. Subsequently, there is a

Figure 3 Catalytic mechanism of haloalkane dehalogenase. A, step 2, cleavage of the C-X bond; B, step 3,
hydrolysis of the covalent intermediate.
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rapid conformational reversal to a state in which the enzyme cannot readily bind halide (upper
route in Figure 4);

— halide import at low concentration follows the reversal of the halide export route, with a slow
conformational change being required before halide can bind;

— halide export is indeed a slow process, with overall rates of 4 and 8 sec-1 for bromide and
chloride, respectively. These rates are close to the kcat of the enzyme for the corresponding
dihaloethanes and they are limited by the rate of the conformational change preceding actual
release. The kinetics of halide release also explain the similar rates (kcat) of 1,2-dibromoethane
and 1,2-dichloroethane conversion, although the rate of cleavage of the C-C1 bond is much
slower than that of the C-Br bond.

Overall Kinetic Mechanism of Haloalkane Dehalogenase

The complete kinetic mechanism of the enzyme was solved by a combination of stopped-flow
fluorescence (both single and multiple turnover experiments) of substrate conversion and halide
binding, rapid quench, and steady-state experiments (Schanstra et al., 1996a). The most important
conclusions are:

— both substrate binding and C-X cleavage are faster for bromoalkanes than for chloroalkanes.
This explains that the Km for 1,2-dibromoethane is much lower than for 1,2-dichloroethane;

— the conformational change required for halide release is the slowest step for good substrates, such
as 1,2-dichloroethane and 1,2-dibromoethane;

— cleavage of the covalent intermediate is not much faster than halide release and occurs at a
similar rate for 1,2-dichloroethane and 1,2-dibromoethane;

— long-chain chloroalkanes and polar substrates are poorly converted (low kcat and high Km,
respectively) due to poor binding and/or a low rate of carbon-halogen bond cleavage. 

Figure 4 Kinetic mechanism of haloalkane dehalogenase. Step 1, substrate binding; step 2, carbon-halogen
bond cleavage; step 3, cleavage of covalent intermediate and alcohol release; step 4, conformational change
preceding halide release.
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Mutants with Faster Conversion of 1,2-Dichloroethane and 1,2-Dibromoethane

Several mutants were constructed that have a significantly improved kcat with 1,2-dibromoethane or
1,2-dichloroethane compared to the wild type. Their properties have given some insight in the
structural correlate of the kinetically observed steps during halide release and also revealed some of
the botdenecks associated with improving the catalytic performance of the enzyme for specific
substrates.

First, a set of Phel72 mutants was studied (Schanstra et al, 1996b). Phel72 is part of the substrate
binding site, but it was not proposed to be directly involved in catalysis. A Phel72Trp mutant enzyme
was purified and subjected to kinetic and structural analysis (Table 1). The mutant was found to
have a higher kcat for 1,2-dibromoethane, which was due to a faster conformational change required
for halide release. The kcat for 1,2-dichloroethane was not increased since the higher rate of halide
export was accompanied by a lower rate of cleavage of the carbon-chlorine bond. For 1,2-
dichloroethane, C-X cleavage had become rate-limiting in the mutant enzyme. For 1,2-
dibromoethane, C-X cleavage is much faster than for 1,2-dichloroethane, and halide export
remained the slowest step in the mutant, although it occurs at a higher rate than in the wild type.

The X-ray structure of the Phel72Trp mutant was solved by I. Ridder, B.W. Dijkstra and
colleagues (University of Groningen). A small conformational difference was found in the cap
domain that shields the buried active site cavity from the bulk solvent. This might have caused
destabilization of the region around residues 170– 174 and suggests that the conformational change
required for halide export occurs in the cap domain.

Similar properties were observed for mutant Val226Ala (Schanstra et al, 1997). This mutant was
constructed because it was expected to show improved conversion of β-substituted haloalkanes,
which appeared not to be the case, however. Rather, the enzyme showed faster conversion of 1,2-
dibromoethane and 1,2-dichloroethane resulting from a higher rate of halide release (Table 1).

Table 1 Steady-state kinetic parameters and rate constants of haloalkane dehalogenase.

a k2, rate constant for carbon-halogen bond cleavage, preceeding halide release (Figure 4).
b n.a., no activity; n.d., not determined. rate constant for the conformational change
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The Nature of the Slow Confonnational Change

The structural basis of the kinetically observed conformational changes is not yet clear. Molecular
dynamics simulations carried out by T.Linssen in the group of H. Berendsen (Biophysical
Chemistry, University of Groningen) indicated significant motions in the cap domain that covers the
active-site cavity and in helix 10 of the main domain (T.Linssen et al., manuscript in preparation).
We suspected that the conformational change takes place in the helix4-loop-helix5 region of the cap
domain (Schanstra et al., 1996b). This could partially open up the active-site and allow water to
enter and solvate the halide ion. The solvated halide could then leave the active site, according to a
rapid equilibrium (Figure 4)

The identity and role of amino acids of which the position is changed during this process and the
significance of residues that could compensate the charge on the halide during its release are
currently further studied by site-directed mutagenesis and molecular dynamics simulations.

Changing the Position of the Active Site ‘Charge Relay’ Aspartate

Asp260 of haloalkane dehalogenase was proposed to play a role in stabilizing the positive charge
which develops on His289 during activation of water to hydrolyze the covalent intermediate
(Figure 3). Its role was tested by mutating it to an Asn (Krooshof et al., 1997). This mutant showed
no catalytic activity. Asp260 is probably also required for correct folding of the protein, since the
Asp260Asn mutant was unstable and formed inclusion bodies during expression, even at reduced
growth temperature.

The effect of mutating Asp260 to Asn could be compensated by replacing Asn 148 by an
aspartate or glutamate (Figure 1). In this way, the position of the residue involved in stabilizing
His289 was shifted from the end of β-strand 7 to the end of β-strand 6. These residues occupy
similar positions in the structure, and at both sites a carboxylate could interact with His289. The
double mutant showed a much higher activity for 1,2-dibromoethane than the single mutant
Asp260Asn, which was also unstable.

Pre-steady-state kinetic measurements have shown that the cleavage of the covalent intermediate
is significantly slower in this double Asp260Asn+Asn148Glu mutant enzyme than in the wild type,
as expected. Yet, the rate of C-X bond cleavage was reduced even more in the mutant, making this
the rate-limiting step. These results indicate that Asp260 is important for correct active-site
geometry, in addition to a role in cleavage of the covalent intermediate.

Molecular Modelling of Halide Ion Stabilization

Experimental determination of the 3D structure of haloalkane dehalogenase stimulated a number of
computer modelling experiments. The mechanism of the dehalogenation reaction and the role of the
catalytic residues for the reaction kinetics and thermodynamics were studied using semi-empirical
(AMI) quantum mechanics (Damborsky et al., 1997a; Kuty et al., 1997), and energetically
favourable binding sites for the halide ions were proposed from calculation of the molecular
interaction fields (Damborsky et al., 1997b). Furthermore, docking experiments were applied to
identify different binding modes for saturated and unsaturated substrates.

The quantum mechanical studies suggested that hydrolysis of the alkyl-enzyme intermediate is the
slowest chemical reaction step, which is in agreement with the kinetic measurements (Schanstra et
al., 1996b). Monitoring of the partial atomic charges on catalytic residues during the reaction
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course showed a development of positive charges on the nitrogen-bound hydrogens of the two
active-site tryptophans (Trp125 and Trp175), which confirmed that these residues contribute to
product (halide ion) stabilization, as already proposed from fluorescence quenching (Verschueren et
al., 1993b) and site-directed mutagenesis experiments (Kennes et al., 1995).

Residue Phe172 was identified as a third contributor to the stabilization of the developing halide
ion. Therefore, quantum mechanical calculations of the carbon-halogen bond cleavage reaction were
performed with simple models of all 15 mutants of Phe172 for which activities were reported
(Schanstra et al., 1996b). Changes in the charge on the stabilizing atom of residue 172 qualitatively
correlated with experimentally determined activities (Figure 5).

QSFR Analysis of Dehalogenase Mutants

Molecular modelling techniques are especially useful in cases where the 3D structure of the protein
is known. We have tested whether statistical analysis can be used to establish structure-function
relationships in mutants for which no structure is available. A quantitative structure-function
relationship (QSFR) analysis was performed with wild type and 15 dehalogenase variants point-
mutated at position 172 (Damborsky, 1997c). It was assumed that the mutant proteins are correctly
folded. Initially, the substituted amino acids were characterized by 33 indexes quantifying various
physico-chemical and structural properties, e.g. size, accessibility to solvent, hydrophobicity,
conformational preferences and electronic properties. Four indexes carrying information about the
amino acids in the mutant proteins were identified using a projection to latent structures (PLS)
analysis, and a mathematical model was constructed which relates these indexes to the activity. The
indexes fixed in the model (bulkiness, flexibility, refractivity and aromaticity) are in agreement with
mechanistic knowledge about the role of residue 172 in catalysis. These results indicate that QSFR
models can be helpful for the interpretation of results from site-directed mutagenesis experiments
and that they might be used for predictive purposes.

Comparison of Specificities and 3D Structures of Haloalkane Dehalogenases

An understanding of the structural causes of the differences in substrate specificity among various
dehalogenases can be important for efforts to broaden the specificity of from X. autotrophicus,
which is at present the only haloalkane dehalogenase for which an X-ray structure is known. The
sequences of two other haloalkane dehalogenases were recently reported: LinB from Sphingomonas
paucimobilis UT26 (Nagata et al., 1993) and DhaA from Rhodococcus rhodochrous NCIME13064
(Kulakova et al., 1997). These enzymes have related sequences: ~50% similarity and ~30% identity.

A comparison of the specificities of these and some other dehalogenases has been carried out
using statistical methods. A principal component analysis revealed clustering of the dehalogenases into
three distinct substrate-specificity classes (Damborsky et al., 1997b): (1), a group around DhlA of
X. autotrophicus and Ancylobacteraquaticus (van den Wijngaard et al., 1992); (2) a group including
DhaA and the dehalogenases from Rhodococcus HA1 (Scholtz et al., 1987), Rhodococcus
erythropolis Y2 (Sallis et al., 1990), Corynebacterium m15–3 (Yokota et al., 1987), and strain GJ70
(Janssen et al., 1987, 1988); (3), the LinB protein, involved in hexachlorohexane metabolism. The
first class differs from the others mainly by the high activity with 1,2-dichloroethane and the
inability to dehalogenate long-chain chlorinated substrates such as 1-chlorohexane.
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Homology modelling was used to construct the hypothetical 3D structures of LinB and DhaA
using the structure of DhlA as a template (Damborsky et al., 1995; 1997c; unpublished results). All
three dehalogenases share the same tertiary structure (Figure 6). They all carry a nucleophile elbow,
the extremely sharp turn which allows the catalytic nucleophile (aspartic acid) to stand proud of the
rest of the active site, suggesting the same reaction mechanism for all enzymes. Another residue of
the catalytic triad, histidine, is conserved in the dehalogenases. The third residue of the catalytic
triad (Asp260 in DhlA) is not conserved in the modelled proteins, but the most likely candidates are
Glu130 in DhaA and Glu132 in LinB (Krooshof et al., 1997).

The role of two tryptophans, Trp125 and Trp175, for the stabilization of the halide ion and
transition state of the first reaction step in DhlA has been discussed above. In LinB and DhaA there

Figure 5 Comparison of the extent of halide ion stabilization and dehalogenase activity for wild type and 15
mutants of DhlA. Only the mutant proteins with significant stabilization provided by residue 172 (∆q > 0.02
units) showed good activity (Schanstra et al., 1996b). The charge differences (∆q= |qeduct_qproduct|) refer to the
increase in charge on the hydrogen atom that was positioned nearest to the released halide ion (Damborsky,
1997).
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is no aromatic amino acid in the model at a position corresponding to that of Trp175 in DhlA. A
missing tryptophan significantly increases the energy barrier of the first reaction step, and therefore
can be the reason for the inability of these enzymes to dehalogenate 1,2-dichloroethane (Kennes et
al., 1995).

Another important structural difference among the studied dehalogenases is the entrance to and
size of the active site cavity. In DhlA, the active site is completely buried inside the protein and is
connected to the protein surface via a narrow tunnel. This may be important for degradation of small
molecules which have to be tightly bound in the hydrophobic active site during catalysis. The
models of LinB and DhaA suggest that larger molecules can be more easily bound in the active site,
in agreement with the higher activities of these enzymes for long-chain chloroalkanes. It also can be
proposed that these enzymes will have less complex reaction kinetics since no extensive
conformation change will be required for release of the halide ion from their active sites, since it is
not a buried cavity as in DhlA.

Possibilities for Further Improvement

A number of important conclusions can be drawn from the site-directed mutagenesis studies and the
kinetic analysis. First, the enzyme is evolutionary optimized for the conversion of 1,2-
dichloroethane, in the sense of maximizing kcat/Km. For enzymes which have to convert toxic

Figure 6 Comparison of the overall fold of three haloalkane dehalogenases. (A), experimentally determined
structure of DhlA from X. autotrophicus GJ10; (B) homology model of LinB from S.paudmobilis UT26; C,
idem, DhaA of Rhodococcus NCIMB13064. Cylinders represent α-helices and arrows represent β-sheets. The
secondary structure elements were assigned according to Kabsch et al. (1983). Homology models were built
using the procedure described previously (Sali et al., 1993; Damborsky et al., 1995).
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pollutants, kcat/Km is the most important kinetic parameter since the substrate conversion will be (or
should become) very low. This specificity constant is given by:

This parameter was not improved for 1,2-dichloroethane in all the mutants that we studied,
although the kcat was elevated in some of them (e.g. Val226Ala (Schanstra et al., 1997), see
Table 1). This seems to be caused by the fact that k2 (the rate of C-X cleavage) and k4 (the rate of
the conformational change that allows halide release, Figure 4) are in some way inversely correlated.
Structural or dynamic properties which increase k4 apparently always lead to a decrease of k2 for 1,
2-dichloroethane. One may see this as follows. Halide release is faster if the conformational changes
required for it occur at a higher rate, i.e. if the regions in the cap domain of the enzyme become
more flexible. On the other hand, cleavage of the carbon-halogen bond in a small substrate such as
1,2-dichloroethane probably requires a very precise positioning (or, in terms of dynamics, a high
frequency with which reactive configurations are reached) of the substrate in the active site, which
would be negatively influenced by increased flexibility. The fact that the chloroalkanes used are
small hydrophobic molecules leaves little opportunity for creating a substrate-binding site with more
specific interactions. Furthermore, the halide ion released during C-C1 bond cleavage needs to be
well stabilized for good kinetics of this chemical reaction step, which is achieved by electrostatic
interaction with partially positively charged atoms of Trp125, Trp175, and Phe172. On the other
hand, the same non-bonding interactions make release of the halide ion difficult. Any structural
change that makes electrostatic contributions of Trp125, Trp175, and Phe172 weaker will lead to
faster halide release but slower C-X cleavage. 

Another important point is that haloalkane dehalogenase is evolutionary better optimized for 1,2-
dichloroethane than for 1,2-dibromoethane, although the latter has a low Km and higher kcat/Km.
The balance between carbon-halogen bond cleavage and halide release is not as well optimized,
however, and several mutants with a higher kcat for 1,2-dibromoethane have been obtained. Again,
increased halide export is accompanied by a decrease in k2. The kcat/Km is less sensitive to this
decrease of k2 than in the case of 1,2-dichloroethane, probably because k2 is much higher for the
brominated analog. 1,2-Dibromoethane is an important soil fumigant that has been extensively used
in citrus crops. Bacterial growth on this compound has never been observed, but the wild-type and
engineered dehalogenases are capable of rapidly hydrolyzing it to 2-bromoethanol, which may
support growth.

Currently, we are investigating the possibility for improving dehalogenase activity towards
compounds which are poorly converted due to slow carbon-halogen bond cleavage. This is reflected
kinetically in a low km, a high Km, and low kcat/Km. Interesting substrates, both from a biochemical
and biotechnological point of view, are 1,1,2-trichloroethane, which is a competitive inhibitor, and
2-haloalkanes, which are optically active. The possibility of increasing the conversion of substrates
that display slow C-X cleavage has already been demonstrated by in vivo selection experiments
(Pries et al., 1994b). Mutants that show faster conversion of 1-chlorohexane were easily obtained,
and all of them appeared to carry mutations in the cap domain (6 different mutations in total). This
also shows that the cap domain is the target for adaptive mutations. In fact, we have proposed that
the short sequence repeats in the cap domain of haloalkane dehalogenase are the result of recent
mutations that are responsible for adaptation of the enzyme to industrially produced 1,2-
dichloroethane (Pries et al., 1994b).
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DISCUSSION AND FUTURE PROSPECTS

Our studies on haloalkane dehalogenase have demonstrated that the specificity of a dehalogenation
reaction may be influenced by selection for spontaneous mutations or by site-directed mutagenesis.
We obtained several mutants with increased conversion (kcat) of long-chain chloroalkanes or 1,2-
dibromoethane, but the inverse relationship between the rates of carbon-halogen bond cleavage and
halide release made it difficult to improve the enzyme for 1,2-dichloroethane and some related
environmental pollutants. Furthermore, from the nucleophilic reaction mechanism it may be
expected that haloalkane dehalogenase will never be suitable for the hydrolysis of halogens bound to
an unsaturated carbon atom, as in chloroethenes or chlorinated aromatics. This will also hold for
the L-2-chloropropionic acid dehalogenase of which the structure was recently solved by Soda and
coworkers (Hisano et al., 1996). The reaction mechanism has some similarties to that of haloalkane
dehalogenase. A conserved Asp close to the N-terminus is the nucleophile that is expected to form a
covalent intermediate.

The only hydrolytic dehalogenase that is known to convert a chloroaromatic compound is the 4-
chlorobenzoyl CoA dehalogenase from P. putida CBS3, which is involved in the degradation of 4-
chlorobenzoate to 4-hydroxybenzoate. Dehalogenation occurs after activation of the carboxyl group
to a coenzyme A derivative, which makes the aromatic ring sensitive to nucleophilic attack (Scholten
et al., 1991). From the X-ray structure, the carboxylate of Asp145 was concluded to be the
nucleophile that leads to formation of a Meisenheimer complex as the intermediate, and a histidme
was proposed to be involved in the hydrolytic cleavage of the intermediate, just as His289 of
haloalkane dehalogenase (Benning et al., 1996). No other enzymes that directly attack vinylic or
arenic halogens have been studied in detail so far.

Further studies on the conversion of small chlorinated substrates of high environmental
importance by dehalogenase mutants are being continued. In the last section of this review, we
summarize some inherent limitations of engineering better biocatalysts for the transformation of
environmental pollutants.

Specificity of Binding of Small Hydrophobic Molecules

Many important environmental pollutants, such as the chlorinated solvents, are small hydrophobic
molecules with few ‘handles’ for an enzyme to achieve specific binding. Since substrate binding is not
very precise (in contrast to the case of substrates which form hydrogen bonds), it is difficult to
predict the catalytic properties of mutants from modelling studies looking only at the
complementarity between the protein and the substrate molecules. This problem may possibly be
circumvented by:

— the use of the modelling techniques studying the dynamic and catalytic properties of the protein,
e.g., molecular dynamics and quantum mechanics;

— the use of combinatorial methods, such as PCR based mutagenesis or gene shuffling, followed by
screening on the basis of growth or enzyme activity. This encompasses the need for detailed
structure-function insight;

— the use of sequence-activity relationships, i.e. combining activities of different enzymes by splicing
different parts of homologous proteins together;

— the use of enzymes which have a very broad activity or a different reaction mechanism, e.g. by
formation of radicals, as is the case with some monooxygenases and cytochrome P450. These
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enzymes generate strong electrophiles by the activation of molecular oxygen and react
aspecifically with a wide range of chlorinated substrates.

The Use of Molecular Dynamics: Cytochrome P450

The use of molecular dynamics to serve as a basis for improving the substrate specificity of an
enzyme with a small hydrophobic substrate was demonstrated by Ornstein, Sligar, and coworkers
(Loida et al., 1995). Based on MD simulations, they constructed mutants of cytochrome P450cam
with increased coupling during the conversion of camphor, and with a modified regioselectivity. MD
trajectories were analyzed for potentially reactive configurations, and in this way the properties of a
mutant enzyme could be predicted even for a hydrophobic substrate such as camphor. Mutants with
improved reductive conversion of chloroethanes were identified and constructed using a similar
approach (Manchester and Ornstein, 1995a,b). A three-fold increase was observed in the activity of
reductive dehalogenation of pentachloroethane with a Phe to Trp mutant which increase was due to
an increased frequency of contacts between the substrate and the haem group due to the smaller
accessible space in the active site. 

Engineering on Basis of Homologous Sequences

If no information on the structure-function relationship is available, it may be attempted to engineer
better enzymes on basis of sequence-activity relationships, i.e. by combining properties which are
specified by parts of different polypeptide chains. For example, Furukawa and coworkers studied
the possibilities to enhance the activity of biphenyl dioxygenases, which are the initial enzymes in
the bacterial catabolic pathway of biphenyl and chlorobiphenyls. The activity of these enzymes
involves four polypeptides and the catalytic site is a [2Fe-2S] cluster located in the α2β2 terminal
dioxygenase. The substrate range of these enzymes mainly determines the range of polychlorinated
biphenyls that can be converted by Burkholderia cepacia LB400 and Pseudomonas
pseudoalcaligenes KF707. Although the hydroxylase components are more than 95% identical, the
LB400 enzyme has a much wider substrate range. This was recently attributed to the C-terminal
half of the large hydroxylase subunit (Kimura et al., 1997). It was shown that a single amino acid
replacement (Thr376 to Asn) accounts for most of the differences in substrate selectivity.
Introducing this mutation in the KF707 enzyme yielded an enzyme with enhanced substrate range
and the acquisition of 3,4-dioxygenase activity towards 2,5,4′-trichlorobiphenyl, a regioselectivity
and activity which is absent in the normal KF707 enzyme (Kimura et al., 1997). Similar studies were
carried out by Erickson and Mondello (1993), who replaced residues of the LB400 enzyme with
amino acids of KF707. This also led to an expansion of the substrate range. Unfortunately, no
detailed kinetic analysis or structural information is available about these enzymes.

Another interesting property of these aromatic dioxygenases is their capacity to degrade
trichloroethylene. Better activities for trichloroethylene in whole cells could be obtained using hybrid
enzymes in which the hydroxylase subunits of the Pseudomonas putida enzyme were combined with
polypeptides for electron transfer from biphenyl degraders, (Furukawa et al., 1994).
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Conversion by Aspecific Oxidative Enzymes

Due to the nucleophilic character of the reaction mechanism, hydrolytic dehalogenases do not
usually convert chloroethenes and other low-molecular weight compounds which are not sensitive to
SN2 attack. Conversion is possible, however, by oxygenases which have a completely different
reaction mechanism, as they activate molecular oxygen. In this respect, an interesting class of
enzymes are the monooxygenases of hydrocarbon-utilizing bacteria. These enzymes have a broad
substrate range, which includes trichloroethylene, one of the most important groundwater
contaminants. The best studied examples are soluble methane monooxygenases, of which X-ray
structures are known (Rosenzweig et al., 1993; Elango et al., 1997), toluene-4-monooxygenase, and
toluene-2-monooxygenase. These enzymes are three-component oxygenases composed of an α2β2γ2
hydroxylase that contains a two-iron active site (component A), a small modifying protein that
influences hydroxylase coupling (component B), and a flavo-iron-sulfur protein that transfers
electrons from NADH to the hydroxylase (C). Based on sequence analysis, toluene-4-mono-
oxygenase, methane monooxygenase, and other phenol hydroxylases have similar overall structures,
with conserved positions of the active-site residues. 

In general, goals for engineering studies with these enzymes may be: an improved activity for
trichloroethylene (the conversion rate is rather low), a reduced toxicity of chloroethylene
degradation products, and an improved activity with other substrates, such as chloromethanes and
chloroethanes or even chloroaromatics. Trichloroethene-degrading monooxygenases are subject to
covalent modification by reactive products which leads to inactivation (Oldenhuis et al., 1991;
Newman and Wackett, 1995; 1996) and their applicability would improve if it were possible to
construct mutants with decreased inactivation.

Natural Adaptation

Perhaps the most important ‘competitor’ to the efforts of protein engineers to obtain new
biocatalysts for the degradation of xenobiotic compounds is nature itself. There may be much better
starting points for obtaining a novel or improved enzymate activity than the enzymes that are
currently used by the microbiologists that study catabolic pathways. Nature may also use shortcuts
that are not commonly included in random or site-directed mutagenesis studies, such as gene
exchange and generation of insertions or deletions. Since the acquisition of novel catabolic traits is
based on the growth-related selection of rare genetic events, it also should be noted that the size of
engineering efforts will be small relative to the magnitude of the evolutionary processes that occur in
nature, unless the targets for engineering studies are very carefully selected.
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