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Diverse mechanistic approaches to difficult chemical
transformations: microbial dehalogenation of chlorinated

aromatic compounds
Shelley D Copley

Chlorinated aromatic compounds represent an important
class of environmental pollutants. Microbial dehalogenases
play a crucial role in the biodegradation of these compounds.
The three major classes of aromatic dehalogenases are
discussed in this minireview.
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Chlorinated aromatic compounds are particularly impor-
tant environmental pollutants because they are resistant
to biodegradation and therefore tend to persist in the
environment. Examples of these compounds include poly-
chlorinated biphenyls (PCBs), dioxins and numerous pes-
ticides, such as dichlorodiphenyltrichloroethane (DDT),
atrazine, pentachlorophenol and 2,4-dichlorophenoxyacetic

acid (2,4-D) (Fig. 1).

Under acrobic conditions, chlorinated aromatic compounds
persist in the environment because chlorine atoms inter-
fere with the action of many dioxygenase enzymes that
normally initiate the degradation of aromatic rings. The
interference is likely to be due to both steric and elec-
tronic cffects, because chlorine atoms are both larger and
more electron-withdrawing than hydrogen atoms. Despite
these problems, microorganisms that can degrade chlori-
nated aromatic compounds can often be found at highly
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contaminated sites. Many of these microorganisms contain
dchalogenase enzymes that catalyze the removal of chlo-
rine atoms from the aromatic ring. Once the chlorine atoms
are removed, the aromatic compound is quite susceptible
to biodegradation.

Chlorinated aromatic compounds arc also degraded under
anaerobic conditions. For example, the PCBs in the sedi-
ments of the Hudson River are gradually being converted
to the lesser chlorinated congeners [1]. Our knowledge of
the pathways of anacrobic degradation of chlorinated aro-
matic compounds is less extensive than that of pathways
for aerobic degradation, however. Furthermore, mechanis-
tic studies of an aromatic dehalogenase from an anaerobic
microorganism have never been carried out. This review
will thercfore focus on enzymes involved in aerobic
degradation of chlorinated aromatic compounds.

Chlorine substituents can be removed from aromatic rings
in three fundamentally different ways (Fig. 2): hydrolytic
dehalogenases replace chlorine substituents wich hydroxyl
groups that are derived from water; reductive dehaloge-
nases replace chlorine substituents with hydrogen atoms;
and oxygen-dependent dechalogenases replace chlorine sub-
stituents with hydroxyl groups whose oxvgen atoms are
derived from O,. Although only a limited number of dchalo-
genases have been studied, it is already evident that there is
more than one way to accomplish each of these three classes
of reactions. Here 1 discuss mechanisms used by enzymes
in cach of these three classes, with emphasis on the diver-
sity of mechanisms found in naturc and the relationships
between dehalogenase enzymes and other known enzymes.
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Removal of chlorine substituents from aromatic compounds. This can
be achieved in three fundamentally different ways in which the
dehalogenases replace chiorine substituents with (a) hydroxyl groups
derived from water, (b) hydrogen atoms, and (c) hydroxyl groups
whose oxygen atoms are derived from O,.

Hydrolytic aromatic dehalogenases

"The most thoroughly studied hydrolytic aromatic dehaloge-
nase is 4-chlorobenzoyl coenzyme A (CoA) dehalogenase.
This enzyme is found in several strains of bacteria that
degrade 4-chlorobenzoate, a breakdown product of some
PCBs. The mechanism of the enzymes from Pseudomonas
species CBS3 [2] and Aszhrobacter species 4-CB1 [3] has been
studied in detail, and the crystal structure of the Pseudomonas
sp. CBS3 enzyme was recently reported [4]. The reaction
(Fig. 3) involves an initial attack of Aspl45 (numbering
based upon the sequence of the Pseudomonas enzyme) at
the active site on 4-chlorobenzoyl CoA to form a Meisen-
heimer complex intermediate, which then expels chloride to
form an aryl-enzyme intermediate. General-base catalyzed
attack of water on the aryl-enzyme intermediate results in
a tetrahedral intermediate which then collapses to release
4-hydroxybenzoyl CoA, regenerating the free enzyme.

The reaction catalyzed by 4-chlorobenzoyl CoA dehaloge-
nase is remarkable — aromatic substitution reactions on
unactivated aromatic rings are notoriously difficult. The cat-
alytic effectiveness of 4-chlorobenzoyl CoA dehalogenase is

due in part to its ability to polarize the thioester substituent
and thereby enhance its electron-withdrawing ability. Spec-
troscopic studies are consistent with a significant shift of
electron density from the aromatic ring into the thioester
when substrate analogs such as 4-methoxybenzoyl CoA are
bound to the active site [5]. The crystal structure of the
Pseudomonas enzyme suggests that the positive end of a
helix dipole provides the polarization that is reflected in the
spectroscopic studies [4].

Another important factor in catalysis is undoubtedly
the optimization of nucleophilic attack. In non-enzymatic
systems, the attack by water on an aromatic compound
is facilitated by general-base catalysis by acetate ions.
4-Chlorobenzoyl CoA dehalogenase, however, uses the
carboxylate of Aspl145 as a nucleophile rather than as a
general base. This has the dual advantages of enhancing
the strength of the nucleophile (a desolvated carboxylate
would be expected to be a better nucleophile than water
activated by a general base) and decreasing the entropy
of activation.

4-Chlorobenzoyl CoA dehalogenase uses an interesting
combination of two catalytic strategies, each of which i1s
seen in other enzymes. One strategy is to polarize the
thioester carbonyl, facilitating attack of a nucleophile on a
carbon conjugated to the thioester. This is also seen in
enoyl CoA hydratase (crotonase) [6]. 4-Chlorobenzoyl CoA
dehalogenase has 30% sequence identity with crotonase,
and the recently published structure of crotonase [7] is
strikingly similar to that of 4-chlorobenzoyl CoA dehalo-
genase [4]. The second strategy is to use an active site
carboxylate to form an arvl-enzyme intermediate which is
then hydrolyzed by attack of water at the carbonyl carbon.
Comparable mechanisms involving alkyl-enzyme interme-
diates are used by epoxide hydrolase [8] and haloalkane
dehalogenase [9,10]. In this case there is no sequence
homology between these enzymes and 4-chlorobenzoyl
CoA dehalogenase; furthermore, the steric and electronic
requirements of Sy.2 and SyAr reactions are very different.
It is therefore intriguing that the same catalytic strategy
is used by all three enzymes.

The catalytic strategy used by 4-chlorobenzoyl CoA
dehalogenase is not the only one available for hydrolytic
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aromatic dehalogenation reactions. A 2,6-dichlorohydro-
quinone chlorohydrolase that requires ferrous ions for
activity has recently been purified from Sphingomonas
chlorophenolica ATCC 39723 (previously known as Flavobac-
terium sp. ATCC 39723) [11]. One can imagine several pos-
sible roles for a ferrous cofactor, including polarization of
substrate functional groups, provision of hydroxide as a
nucleophile, and/or clectron transfer to initiate the dehalo-
genation reaction. Mechanistic studies of this enzvme are
being initiated in our laboratory.

Hydrolytic dehalogenation of heteroaromatic compounds
is also possible. De Souza ef «/. {12] have characterized
an atrazine chlorohydrolase from Pseudomonas sp. strain
ADP, and a hvdrolytic enzyme that catalyzes both dechio-
rination and deamination reactions on s-triazine substrates
has been purified from Rhodococcus corallinus NRRL
B-15444R [13].

Reductive aromatic dehalogenases

Reductive dehalogenation is particularly important for the
degradation of highly chlorinated aromatic compounds,
because replacing several chlorine atoms with hydroxyl
groups would create a product that would be extremely
prone to oxidation. Furthermore, reductive dehalogena-
tion is thermodynamically more favorable when there are
multiple electron-withdrawing chlorine substituents on
the aromatic ring. Reductive dehalogenation is not
restricted to highly chlorinated compounds, however; a
reductive 3-chlorobenzoate dehalogenase has recently

been purified [14].

The only reductive aromatic dehalogenase that has been
studied in detail is tetrachlorohydroquinone dehalogenase
from . chlorophenolica ATCC 39723 [15]. This enzyme
catalyzes the conversion of tetrachlorohydroquinone to
trichlorohydroquinone and then to 2,6-dichlorohydroquin-
one. The reducing equivalents are provided by two mol-
ecules of glutathione for each chlorine removed.
Tetrachlorohydroquinone dehalogenase is not closely
related to any known proteins, but it does have 26-30%
identity with some microbial enzymes that belong to the
theta class of the glutathione S-transferase (GST) super-
family. Although this level of sequence identity is rather
low, there are some important similarities between tetra-
chlorohydroquinone dehalogenase and the GSTs. First,
consensus residues characteristic of the theta class
enzymes are conserved in tetrachlorochydroquinone
dehalogenase. Second, tetrachlorohydroquinone dehaloge-
nase appears to optimize the nucleophilicity of glu-
tathione in the active site in a manner similar to the theta
class of GSTs by stabilizing the thiolate of glutathione via
a hydrogen bond with a nearby serine. Finally, mechanis-
tic studies of the enzyme suggest that the initial stage
of the reductive dehalogenation involves the nucleophilic
attack of glutathione on an e¢lectrophilic form of the

substrate (not yet conclusively identified) to form a glu-
tathione conjugate.

The current working model for the mechanism of tetra-
chlorohydroquinone dehalogenase is shown in Figure 4.
In the first stage of the reaction, tetrachlorohydroquinone
undergoes cither nucleophilic attack by glutathione fol-
lowed by tautomerization or initial tautomerization followed
by nucleophilic attack by glutathione, resulting in the for-
mation of the tautomer of 2,3,5-trichloro-6-S-glutathionyl-
hydroquinone. Cys13 at the active site then attacks the
sulfur of the glutathionyl substituent, releasing trichlorohy-
droquinone and forming a mixed disulfide between Cys13
and glutathione. In the final stage, a seccond molecule of
glutathione attacks the mixed disulfide to regenerate the
free enzvme.

The mechanistic and structural characteristics of tetra-
chlorohvdroquinone dehalogenase suggest that it may
have evolved from a protein with the general architecture
and glutathione binding properties of a GST. However,
this enzyme clearly has a number of catalvtic capabilities
that GST's do not have, including the ability to tautomer-
ize a hydroquinone substrate, to catalyze the attack of
Cys13 on the tautomer of the glutathione conjugate, to
bind a second molecule of glutathione, and to catalyze a
thiol-disulfide exchange reaction.

There are undoubtedly other mechanisms for reductive
dehalogenation. Romanov and Hausinger [16] recently
reported a reductive 2,4-dichlorobenzoyl CoA dehalogenase
in Corynebacterium sepedonicum KZ-4 and Coryneform bac-
terium strain N'TB-1 that uses NADPH as a reductant. In
addition, a reductive 3-chlorobenzoate dehalogenase has
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been purified from the anaerobic Desulfomonile tiedse
DCB-1 [17]. This membrane-bound enzyme appears to
be a heme protein and uses methyl viologen as a reductant
in vitro. Although mechanistic studies have not yet been
reported for either of these enzymes, the differing reduc-
tants clearly imply significant differences between the
mechanisms of these enzymes and tetrachlorohydroquinone
dehalogenase.

Oxygen-dependent aromatic dehalogenases

O,-dependent aromatic dehalogenases fall into two classes:
dioxygenases that catalyze the formation of a catechol with
concomitant loss of chloride, and monooxygenases that
replace the chlorine atom with a hydroxyl group. These
enzymes are ‘accidental” dehalogenases in that their cat-
alytic machinery operates to form an unstable product that
then decomposes spontancously to release chloride. Exam-
ples of reactions catalyzed by these types of enzymes are
shown in Figure 5.

Dehalogenases of the dioxygenase type

Enzymes that catalyze the introduction of two hydroxyl
groups onto aromatic substrates are widespread in nature, as
this is generally the first step in the degradation of aromatic
compounds by aerobic microorganisms. These enzymes are
multi-component systems comprising an oxygenase com-
ponent that catalyzes the addition of the hydroxyl groups
to the aromatic substrate and either one or two compo-
nents that carry electrons from NADPH through tlavin and
[2Fe~2S] cofactors to the oxygenase component.

Two-component dioxygenase enzymes that dehalogenate
4-chlorophenylacetate and 2-halobenzoates have been

described in  Pseudomonas sp. CBS3 [18] and in
Pseudomonas cepacia 2CBS [19], respectively. A three-com-
ponent dioxygenase system that dehalogenates both
2-chlorobenzoate and 2,4-dichlorobenzoate has been puri-
tied from Pseudomonas aeruginosa 142 [20]. In these casces,
the dioxygenation reaction itself is believed to result in
the formation of a cis-diol product which spontaneously
undergoes either syz elimination of HCI or decarboxyl-
ation coupled with chloride release to give a catechol
product (Fig. 5a,b).

[t seems reasonable to expect that the structures and
mechanisms of these enzymes will be closely related to
those of the family of arene dioxygenase enzymes, which
includes more thoroughly studied enzymes such as phtha-
late dioxygenase, benzoate dioxygenase and benzene
1,2-dioxygenase. ''he oxygenase components of the arene
dioxygenase family of enzymes are oligomeric proteins
of variable composition (ca,B,, o3B3, oy, a3 and ay) that
contain one [2F¢-2S] Rieske site and one mononuclear
non-heme iron per a subunit [21]. The sequence of
events at the non-heme iron center that results in the
introduction of two hydroxyl groups on the aromatic sub-
strate is not known. This dearth of information is due at
least in part to the difficulty in studying events at the non-
heme iron in the presence of the Rieke [2Fc¢-2S] center,
whose spectroscopic properties obscure those of the non-
heme iron. However, recent magnetic circular dichroism
studies of the non-heme iron site in phthalate dioxvgenase
[22] suggest that this site contains a six-coordinate Fe?* in
the resting state. The substrate does not bind direetly to
the iron, but it induces a conformational change that
results in the release of one of the six ligands to give a
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Dehalogenases of the monooxygenase type
Monooxygenase-type dehalogenases that convert penta-
chlorophenol to tetrachlorohydroquinone have been iden-
tified in a number of microorganisms, including several
strains of the Gram-negative bacterium §. chlorophenolica
(previously identified as strains of Psewdomonas and
Flavobacterium) and the Gram-positive actinomycete
Mycobacterium (previously identified as strains of Rhodococ-
cus). Pentachlorophenol monooxygenase from S. ¢hlorophe-
nolica ATCC 39723 has been purified [23] and the gene
cloned and sequenced [24]. The enzyme contains one
flavin adenine dinucleotide cofactor and requires O, and
two equivalents of NADPH for the turnover of each
molecule of pentachlorophenol. Alchough mechanistic
studies of this enzyme have not yet been carried out, it is
likely that the mechanism is similar to that shown in
Figure 6, which is based upon the mechanism proposed
for defluorination of tetrafluoro-p-hydroxybenzoate by
p-hydroxybenzoate hydroxylase [25]. Pentachlorophenol
monooxygenase has quite broad substrate specificity, and
pentachlorophenol is in fact a poor substrate for this
enzyme [26]. Thus, it is likely that pentachlorophenol
monooxygenase has arisen by a rather straightforward
adaptation of a previously existing flavin monooxygenasc
enzyme to accommodate a xenobiotic substrate.

Once again, there appears to be more than one way to
accomplish the monooxygenase type of dehalogenation reac-
tion. Although the pentachlorophenol monooxygenase from
Mycobacterium has not vet been purified, it is membrane-
associated and appears to be a P450-type enzyme [27].

Conclusions

Microbial aromatic dehalogenase enzymes provide a rich
area for future mechanistic work. Detailed mechanistic
studies have only been carried out for two enzymes, and
there are undoubtedly many more dehalogenases that
have not yet been purified and characterized. There 1s a
particular need for studies of the aromatic dehalogenases
present in anaerobic microorganisms. The analysis of the
sequences, structures and mechanisms of these enzymes
will provide insight into the tvpes of protein scaffolds that
can be adapted to carry out these transformations and may
allow the genetic engineering of dehalogenase enzymes
with novel properties.
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