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An enzyme capable of dehalogenating vicinal haloalcohols to their corresponding epoxides was purified from
the 3-chloro-1,2-propanediol-utilizing bacterium Arthrobacter sp. strain AD2. The inducible haloalcohol
dehalogenase converted 1,3-dichloro-2-propanol, 3-chloro-1,2-propanediol, 1-chloro-2-propanol, and their
brominated analogs, 2-bromoethanol, as well as chloroacetone and 1,3-dichloroacetone. The enzyme possessed
no activity for epichlorohydrin (3-chloro-1,2-epoxypropane) or 2,3-dichloro-l-propanol. The dehalogenase had
a broad pH optimum at about 8.5 and a temperature optimum of 50°C. The enzyme followed Michaelis-Menten
kinetics, and the Km values for 1,3-dichloro-2-propanol and 3-chloro-1,2-propanediol were 8.5 and 48 mM,
respectively. Chloroacetic acid was a competitive inhibitor, with a Ki of 0.50 mM. A subunit molecular mass

of 29 kDa was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. With gel filtration, a

molecular mass of 69 kDa was found, indicating that the native protein is a dimer. The amino acid composition
and N-terminal amino acid sequence are given.

Both epichlorohydrin (3-chloro-1,2-epoxypropane) and its
precursor in chemical synthesis, 1,3-dichloro-2-propanol,
are industrial chemicals that may enter the environment
because of their volatile character or improper disposal.
These compounds are considered important environmental
pollutants (12), in part because epichlorohydrin has been
shown to be mutagenic and carcinogenic in rats (18).

Recently, three bacterial cultures able to grow on epichlo-
rohydrin, 3-chloro-1,2-propanediol, or 1,3-dichloro-2-pro-
panol were isolated (20). Two of these cultures, Pseudomo-
nas sp. strain AD1 and Arthrobacter sp. strain AD2, were
examined in more detail. Degradation of epichlorohydrin
proceeded via 3-chloro-1,2-propanediol and glycidol (3-hy-
droxy-1,2-epoxypropane). Arthrobacter sp. strain AD2 was
not capable of enzymatic opening of the epoxide ring in
epichlorohydrin, but Pseudomonas sp. strain AD1 pos-
sessed an epoxide hydrolase, producing 3-chloro-1,2-pro-
panediol.,

It was shown that both strains dehalogenated haloalcohols
by a highly ihducible enzyme which we call haloalcohol
dehalogenase (20). The dehalogenase catalyzed the conver-
sion of vicinal haloalcohols to the corresponding epoxides
with liberation of inorganic chloride or bromide. The same
mechanism of dehalogenation of haloalcohols was found
earlier in a Flavobacterium sp. isolated on 2,3-dibromo-1-
propanol (1, 3).
The products of dehalogenation and the substrate range of

the enzyme suggest that haloalcohol dehalogenases do not
belong to other established classes of dehalogenases, such as
haloacid dehalogenases (4, 15), haloalkane dehalogenases
(6-8, 10, 16, 22), and dichloromethane dehalogenases (11,
17). Since no information on the biochemical characteristics
of haloalcohol dehalogenases is available, we purified and
studied the enzyme from Arthrobacter sp. strain AD2 in
more detail. We also present evidence that the dehalogenase
of Pseudomonas sp. strain AD1 differs from the dehaloge-
nase of Arthrobacter sp. strain AD2.

* Corresponding author.

MATERIALS AND METHODS

Organism and growth conditions. The organisms used in
this study were Arthrobacter sp. strain AD2 (20), Pseudo-
monas sp. strain AD1 (20), Pseudomonas sp. strain 113 (14),
Pseudomonas sp. strain GJ1 (9), Xanthobacter autotrophi-
cus GJ10 (8), and the coryneform bacterial strain AD3 (20).
Arthrobacter sp. strain AD2 was grown in a 10-liter

fermentor (Braun Biostat E, Melsungen, Federal Republic of
Germany [FRG]) in a medium containing (per liter): 5.37 g of
Na2HPO4. 12H20, 1.36 g of KH2PO4, 1.25 g of (NH4)2S04,
0.4 g of MgSO4 7H20, 10 ml of salts solution (9), and 20 mg
of yeast extract (BBL Laboratories). Cells were grown at pH
7, 30°C, and 50% oxygen saturation under an air atmosphere.
At different time points, with decreasing time intervals,
25-ml aliquots of a sterile 350 mM solution of 3-chloro-1,2-
propanediol were supplied as a carbon source with a peri-
staltic pump. After the culture had reached a density of 0.7
mg (dry weight) per ml, cells were harvested in a continuous
centrifuge (Sharples TIP).

Purification of the dehalogenase. Crude extracts were pre-
pared as described earlier (20). The purification procedure
used was almost the same as described previously for the
isolation of the haloalkane dehalogenase of X. autotrophicus
GJ10 (10). In short, 92 ml of crude extract containing 2.4 g of
protein was fractionated by stepwise addition of solid am-
monium sulfate. Precipitates were dissolved in 20 ml ofTEM
buffer (10 mM Tris sulfate, 1 mM EDTA, 1 mM ,B-mercap-
toethanol [pH 7.5]) and assayed for activity, and the frac-
tions with highest activity (45 to 50% and 50 to 60%
precipitates) were pooled and dialyzed for 11 h against 3
liters of this buffer. The dialyzed material was applied to a

DEAE-cellulose column (30 by 2 cm) that was previously
equilibrated with TEM buffer. After the column was washed
with 20 ml of this buffer, elution was carried out with a linear
gradient of 0 to 0.5 M ammonium sulfate in TEM buffer (total
volume, 500 ml; flow rate, 25 ml/h; fraction volume, 7.5 ml).
Active fractions, found at 80 to 160 mM ammonium sulfate,
were pooled and dialyzed overnight against 5 liters of
potassium phosphate buffer (5 mM, pH 6.6). The dialyzed
fraction was applied to a hydroxylapatite column (Bio-Rad
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HTP, 13 by 0.7 cm) that was previously equilibrated with
potassium phosphate buffer (5 mM, pH 6.6). The dehaloge-
nase passed through the column without retention (flow rate,
25 ml/h; fraction volume, 7.5 ml). The five most active
fractions were pooled, and the dehalogenase was concen-
trated by ammonium sulfate precipitation (80% saturation)
and dissolved in 3 ml of TEM buffer. Further purification
took place by gel filtration with a Sephacryl S-200 column (80
by 2 cm) that was previously equilibrated with TEM buffer
(flow rate, 10 ml/h; fraction volume, 5 ml). The two most
active fractions were pooled and frozen at -20°C until use.

Biochemical characterization. The molecular mass of de-
natured dehalogenase was estimated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) by
the method of Laemmli (13). Ovotransferrin (78 kDa), bo-
vine serum albumin (67 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), and myoglobin (17 kDa) were used as
marker proteins. The gel contained 10% acrylamide and was
stained with Coomassie brilliant blue.
The molecular mass of the native enzyme was determined

by gel filtration with a Sephadex G-100 column (80 by 2 cm)
that was previously equilibrated with TEM buffer (flow rate,
5 ml/h; fraction volume, 4.1 ml). Reference proteins (10 mg
each) were bovine serum albumin, ovalbumin, trypsin inhib-
itor (20 kDa), and cytochrome c (12.3 kDa). The molecular
mass was also estimated by fast protein liquid chromatogra-
phy (FPLC; Pharmacia) with a Superose 12 gel filtration
column that was previously equilibrated with sodium phos-
phate buffer (50 mM, pH 7) supplemented with 0.1 M
ammonium sulfate. A sample (1.6 mg) of purified enzyme in
1 ml ofTEM buffer was dialyzed overnight against 2 liters of
demineralized water (4°C) and subjected to freeze drying,
after which the sample was dissolved in 1 ml of sodium
phosphate buffer (50 mM, pH 7) containing 0.1 M ammonium
sulfate. Then, 200 pJ was applied to the column, and 0.5-ml
fractions (flow rate, 0.5 ml/min) were collected. Molecular
mass standards were alcohol dehydrogenase (150 kDa),
bovine serum albumin, ovalbumin, trypsin inhibitor, and
cytochrome c.
For amino acid analysis, a fraction of purified enzyme was

dialyzed against demineralized water and subsequently hy-
drolyzed for 24 h with 6 N HCl at 110°C. The hydrolysates
were analyzed with a Kontron amino acid analyzer.
The N-terminal amino acid sequence of the protein was

determined with a gas phase protein sequencer (Applied
Biosystems model 477A), with on-line phenylthiohydantoin-
amino acid identification (ABI model 120A) (5) by Euro
Sequence, Groningen.

Localization of dehalogenase on polyacrylamide gels. Deha-
logenase was visualized after electrophoresis on 10% poly-
acrylamide slab gels by the method of Weightman and Slater
(21). The buffers used contained 1 mM 3-mercaptoethanol
and 1 mM EDTA, and the gel was prerun overnight at 4°C.
Samples of purified enzyme (40 ,ug of protein) were mixed
with electrophoresis buffer (21) and loaded in preformed
wells in the stacking gel. Electrophoresis was carried out at
4°C and 30 mA for 5 h. The gel was cut in several parts. One
part was stained with Coomassie brilliant blue, while other
parts were incubated for 30 min with 5 mM 1,3-dichloro-2-
propanol in 50 mM Tris-sulfate buffer (pH 7.5) at room
temperature. After incubation, the gel parts were washed
with deionized water and placed in a solution of 0.1 M
AgNO3. Formation of AgCl precipitation bands indicated the
regions of dehalogenase activity. In subsequent gels, pro-
teins other than the dehalogenase did not produce precipita-
tion bands in this way.

Dehalogenase assays. Dehalogenase assays were carried
out by monitoring halide release from halogenated sub-
strates as described before (20). Solutions of halogenated
compounds were freshly made before each assay. Of all
halogenated compounds used, only 1-bromo-2-propanol,
1,3-dibromo-2-propanol, and 1,3-dichloroacetone showed
nonenzymatic halide production under the assay conditions
(20). For the calculation of enzyme activities with these
three substrates, nonenzymatic halide production was sub-
tracted from total halide production as described earlier (20).
For routine assays, 1,3-dichloro-2-propanol was used as the
substrate. One unit of enzyme activity is defined as the
activity that catalyzed the formation of 1 ,umol of halide per
min under the conditions used.

Protein was measured by the method of Bradford (2a) with
bovine serum albumin as the standard.
Assays for identification of the products formed during

dehalogenation were done as described before (20).
Kinetic constants were determined by measuring initial

velocities of halide production at different substrate concen-
trations.

Halogenation and transhalogenation. The halogenation and
transhalogenation of several compounds, such as epichloro-
hydrin and epibromohydrin (3-bromo-1,2-epoxypropane),
were monitored by gas chromatography (GC). Incubation
mixes (6 ml) contained 5 mM substrate, 0.1 M KBr or NaCl,
and 100 ,ul of purified enzyme. After 0, 5, 30, and 120 min of
incubation at 30°C, samples (1.5 ml) were removed and
extracted with diethylether containing 1 mM trichloroethyl-
ene as an internal standard. Ether extracts were analyzed by
GC on a CPWaxS2-CB column (Chrompack) with the pro-
cedure and equipment described previously (20).
Immunochemical analysis. Antiserum against the haloalco-

hol dehalogenase of Arthrobacter sp. strain AD2 was raised
by injecting a rabbit intramuscularly with 250 ptg of purified
dehalogenase in complete Freund adjuvant. Three subse-
quent injections of purified dehalogenase in complete Freund
adjuvant were administered at 10-day intervals. Ten days
after the last injection, blood was collected and the serum
containing the polyclonal antibodies was separated from the
blood cells by centrifugation (10 min, 8,000 x g).
Western immunoblot analysis with peroxidase-conjugated

antibody was performed essentially as described previously
(19; see also the Bio-Rad instruction manual). The gel and
the nitrocellulose sheet (Schleicher & Schull, 0.45-,um pore
size) were sandwiched between 4 (under) and 5 (over) sheets
of 3MM Whatman paper in transfer buffer (25 mM Tris
hydrochloride [Tris-HCl], 150 mM glycine, 20% [vol/vol]
methanol, pH 8.3) and placed in an electroblot apparatus
(Pharmacia) that was filled with transfer buffer. Electropho-
resis was performed for 2 h at 0.35 to 0.40 A and 4°C. Further
steps were performed at room temperature, with gentle
shaking. The nitrocellulose sheet was blocked by washing 8
times for 10 min in TTBS buffer (20 mM Tris-HCl, 200 mM
NaCl, 0.05% Tween 20 [pH 7.5]). The primary-antibody
incubation mix (60 min) contained a 1:1,000 dilution of
antiserum in TTBS buffer. The nitrocellulose sheet was
subsequently washed 6 times for 10 min with TTBS buffer.
The secondary-antibody treatment (60 min) was performed
with a 1:5,000 dilution of horseradish peroxidase coupled to
goat anti-rabbit immunoglobulin (Bio-Rad Laboratories) in
TTBS buffer. After the nitrocellulose sheet was washed 6
times for 10 min in TTBS buffer and two times for 10 min in
TBS buffer (20 mM Tris-HCI, 200 mM NaCl [pH 7.5]), the
antigens were visualized as described in the Bio-Rad instruc-
tion manual.
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TABLE 1. Purification of haloalcohol dehalogenase

Total Total Sp act Yield Purification
Fraction protein activity (U/mg of (%) (fold)

(mg) (U) protein)

Crude extract 2,438 550 0.23 100
Ammonium sulfate 1,116 494 0.44 90 2.0
DEAE-cellulose 365 457 1.25 83 5.5
Hydroxylapatite 68 193 2.83 35 12.5
Sephacryl S-200 16.5 58 3.52 10 15.7

GC-MS. All halogenated compounds and other organic
substrates, such as glycidol, propylene oxide, 1,2-propane-
diol, hydroxyacetone, and ethylene glycol, were analyzed by
injecting water samples into a GC-mass spectrometer (MS;
Ribermag R 10-lOc) as described earlier (20).

Chemicals. All organic compounds used were obtained
from commercial sources (20).

FIG. 2. Nondenaturing gel electrophoresis of purified haloalco-

hol dehalogenase of Arthrobacter sp. strain AD2. Lanes: 1, stained

with Coomassie brilliant blue; 2, activity stain (see Materials and

Methods). Each lane contained 40 ptg of protein.

RESULTS

Purification of the haloalcohol dehalogenase. The purifica-
tion scheme of the haloalcohol dehalogenase ofArthrobacter
sp. strain AD2 is given in Table 1. Gel electrophoresis under
denaturing conditions (SDS-PAGE) indicated that the pro-
tein preparation obtained after gel filtration was more than
95% pure (Fig. 1). By activity staining of nondenaturing gels,
it was found that the protein band comigrated with the
protein showing enzyme activity and thus represented the
dehalogenase (Fig. 2). The enzyme was purified 16-fold, with
an overall yield of 10%. This implies that the enzyme
represents about 5 to 6% of the total soluble cellular protein
of Arthrobacter sp. strain AD2, assuming that the purified
enzyme retains the specific activity of the protein in crude
extracts. The dehalogenase was the major protein present in
crude extracts when the organism was grown on 3-chloro-
1,2-propanediol (Fig. 1).
We found that the purified dehalogenase was very stable.

The enzyme could be stored in 10 mM Tris buffer (pH 7.5)

1 2 3 4 5 6
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.::
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FIG. 1. SDS-PAGE of haloalcohol dehalogenase ofArthrobacter
sp. strain AD2. Lanes: 1, crude extract; 2, 45 to 60% ammonium
sulfate precipitate; 3, DEAE-cellulose step; 4, hydroxylapatite step;
5, Sephacryl S-200 step; 6, molecular mass standards (shown in
kilodaltons). Lanes each contained 20 jig of protein.

containing 1 mM 1-mercaptoethanol and 1 mM EDTA at
-20 or 4°C for 6 months without significant loss of activity.
Molecular mass. The molecular mass of the dehalogenase

was estimated to be 29 kDa by SDS-PAGE (Fig. 1). Molec-
ular weights of 69,000 and 65,000 were found with gel
filtration of the native enzyme on a Sephadex G-100 column
and on a Superose 12 column (FPLC), respectively, indicat-
ing that the dehalogenase is a dimeric protein, consisting of
two monomers that have an identical electrophoretic mobil-
ity.

Substrate range. The haloalcohol dehalogenase converted
C2 and C3 haloalcohols and catalyzed liberation of halide
from vicinal mono- and dichlorinated alcohols as well as

TABLE 2. Substrate specificity of the haloalcohol dehalogenase

Activity and Rate' (%
substrate of con- Productsubstrate ~~~trol)

Dehalogenationb
1,3-Dichloro-2-propanol 100 Epichlorohydrin
1-Chloro-2-propanol 11 Propylene oxide
3-Chloro-1,2-propanediol 10 Glycidol
1,3-Dichloroacetone 356 NDC
Chloroacetone 10 Hydroxyacetone
1,3-Dibromo-2-propanol 31,100 Epibromohydrin
1-Bromo-2-propanol 3,780 Propylene oxide
2-Bromoethanol 102 Ethylene oxide

Halogenation
Epichlorohydrin + NaCl 47 1,3-Dichloro-2-propanol
Epichlorohydrin + KBr 161 1-Bromo-3-chloro-2-pro-

panol
Epibromohydrin + NaCl 11 1-Bromo-3-chloro-2-pro-

panol
Epibromohydrin + KBr 117 1,3-Dibromo-2-propanol
Propylene oxide + KBr 22 1-Bromo-2-propanol

Transhalogenation
Epichlorohydrin + KBr 1.6 Epibromohydrin
Epibromohydrin + NaCl 63 Epichlorohydrin
' A rate of 100%o corresponds to 2,037 mU/mg of protein, which was found

with 1,3-dichloro-2-propanol as the substrate.
b No halide liberation was found with epichlorohydrin, 2-chloroacetic acid,

2-chloroethanol, 2-chloropropionic acid, 3-chloropropionic acid, 1,3-dichloro-
propane, 1,3-dichloropropene, 1-chloropropane, 2-chloropropane, 1,2-dichlo-
ropropane, 1,2-dichloroethane, 1,2-dibromopropane, 1-bromo-3-propanol,
2,3-dichloro-1-propanol, and 2-chlorophenol.

' ND, Not determined.
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TABLE 3. Effect of potential inhibitors and substrate analogs
on enzyme activity

Reagenta Concn InhibitionReagent" ~~~~(MM) (%

EDTA 1 0
HgC12 1 66
lodoacetic acid 1 62
N-Ethylmaleide 1 0
p-Chloromercuribenzoate 0.001 12
1-Chloropropane 5 0
1,2-Dichloropropane 5 0
1,2-Dichloroethane 5 0
Epichlorohydrin 5 0
Chloroacetic acid 5 87
2-Chloropropionic acid 5 33
3-Chloropropionic acid 5 92

a The enzyme was incubated for 5 min at 30°C with the compound indicated
before dehalogenase activity was determined with 1,3-dichloro-2-propanol as
the substrate.

mono- and dibrominated alcohols (Table 2). In all cases,
halide production rates were much higher with brominated
substrates than with their chlorinated analogs. Of the chlori-
nated alcohols tested, 1,3-dichloro-2-propanol was the best
substrate.
With several substrates, the products were identified by

GC-MS (Table 2). 1,3-Dichloro-2-propanol was dehaloge-
nated to epichlorohydrin, and 1-chloro-2-propanol and
2-bromoethanol were converted to propylene oxide and
ethylene oxide, respectively. Bromopropanols were also
converted to epoxides. None of the epoxides were further
degraded by the dehalogenase. These results show that
dehalogenation of haloalcohols, catalyzed by the purified
enzyme, occurred with formation of epoxides, as previously
proposed on the basis of identification of products in crude
extracts (20).
The dehalogenase was also active with chloroacetone and

1,3-dichloroacetone. Chloroacetone was converted to hy-
droxyacetone by the purified enzyme. No haloalcohol deha-
logenase activity was found with haloalkanes and 2-halocar-
boxylic acids. Moreover, no activity was detected with
2,3-dichloro-1-propanol.
The reverse reaction of dehalogenation of haloalcohols

was tested with several epoxides in the presence of 0.1 M
halide. Bromination and chlorination of epichlorohydrin and
epibromohydrin were observed (Table 2). Bromination of
propylene oxide (Table 2) and 1,2-epoxyoctane (data not
shown) was also detected.
The transhalogenation reactions (Table 2) are probably the

result of the combination of halogenation and dehalogena-
tion.
Enzyme kinetics. The dehalogenase showed a broad pH

optimum around 8.5. The temperature optimum was 50°C.
Above this temperature, the enzyme rapidly became inacti-
vated. From the temperature versus activity curve, an
activation energy of 49.4 kJ/mol was calculated for the
conversion of 1,3-dichloro-2-propanol.
With 1,3-dichloro-2-propanol as the substrate, it was

found that the enzyme followed Michaelis-Menten kinetics.
By measuring the initial velocities of chloride release at
different substrate concentrations, a Km of 8.5 mM and Vmax
of 9.0 ,umol/min/mg of protein were found. The Km for
3-chloro-1,2-propanediol was 48 mM and the Vmax was 3.1
,umol/min/mg of protein.

Inhibitors. Several substrate analogs and possible inhibi-

TABLE 4. Amino acid composition of the
haloalcohol dehalogenase

Content No. ofAmino acid (mol%) residuesa

Aspartic acid 9.9 26.1
Threonine 5.8 15.3
Serine 6.6 17.4
Glutamic acid 8.0 21.1
Proline 8.0 21.1
Glycine 8.9 23.5
Alanine 15.9 41.9
Valine 3.2 8.4
Methionine 1.2 3.2
Isoleucine 3.4 9.0
Leucine 8.7 22.9
Tyrosine 2.7 7.1
Phenylalanine 6.0 15.8
Lysine 2.0 5.3
Histidine 1.3 3.4
Arginine 8.4 22.1
Cysteine 0 0

" Values were calculated on the basis of a molecular weight of 29,000.

tors were tested with the purified protein (Table 3). Thiol
reagents such as HgCl2 and p-chloromercuribenzoate inhib-
ited the enzyme only partly, whereas N-ethylmaleimide did
not inhibit the enzyme at all under these conditions.

Inhibition of the dehalogenase was found with haloal-
kanoic acids (Table 3). Chloroacetic acid turned out to be a
competitive inhibitor, with a Ki of 0.50 mM.
Amino acid composition and N terminus. The amino acid

analysis of the dehalogenase showed alanine as the most
abundant amino acid (Table 4). Other predominant amino
acids were glycine, leucine, and arginine. No cysteine or
cystine residues were found.
The first 34 residues of the N terminus were sequenced

(Fig. 3). The sequence does not show any remarkable
features except that alanine was found seven times. A search
of the SWISS.PROT protein sequence data base release 13.0
did not yield homologous sequences.
Immunochemical relationship with other dehalogenases. To

test whether the dehalogenase of strain AD2 is related to
other bacterial dehalogenases, crude extracts from different
strains were analyzed by immunoblotting with antiserum
against the purified haloalcohol dehalogenase of Arthrobac-
ter sp. strain AD2. The halocarboxylic acid dehalogenase of
Pseudomonas sp. strain 113 has a similar molecular mass
(two 30-kDa subunits) and an amino acid composition that
closely resembles that of the dehalogenase described here.
Extracts prepared from cells of Pseudomonas sp. strain 113
grown on 2-chloropropionic acid contained 596 mU of halo-
carboxylic acid dehalogenase per mg of protein but pos-
sessed no activity for 1,3-dichloro-2-propanol or 1-bromo-2-
propanol. As shown by immunoblotting (Fig. 4), this
bacterium also produced no protein that is immunochemi-
cally related to the dehalogenase of strain AD2. The same
was found with a crude extract made of cells of Pseudomo-

1 5 10 15
MET-LYS-ILE-ALA-LEU-VAL-THR-HIS-ALA-ARG-HIS-PHE-ALA-GLY-PRO

20 25 30
ALA-ALA-VAL-GLU-ALA-LEU-THR-ARG-ASP-GLY-TYR-THR-VAL-VAL-X-

34
HIS-ASP-ALA-SER-

FIG. 3. N-terminal amino acid sequence of the haloalcohol de-
halogenase. X, Unidentified residue.
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FIG. 4. SDS-PAGE (A) and Western blot analysis (B) of crude
extracts prepared from six different bacterial cultures. The panels
represent identical gels that were run at the same time. Antiserum
prepared against the purified dehalogenase of Arthrobacter sp.
strain AD2 was used. Lanes: 1, markers; 2, Pseudomonas sp. strain
113 grown on 2-chloropropionic acid; 3, X. autotrophicus GJ10
grown on 1,2-dichloroethane; 4, strain GJ1 grown on 2-chloroetha-
nol; 5, strain AD3 grown on epichlorohydrin; 6, Arthrobacter sp.
strain AD2 grown on epichlorohydrin; 7, Pseudomonas sp. strain
AD1 grown on epichlorohydrin. Lanes contained 20 to 40 ,ug of
protein.

nas sp. strain GJ1 grown on 2-chloroethanol and of X.
autotrophicus GJ10 grown on 1,2-dichloroethane.
Pseudomonas sp. strain AD1 was found to possess haloal-

cohol dehalogenase activity when grown on epichlorohydrin
(20). In contrast to the dehalogenase of strain AD2, how-
ever, this enzyme showed no reaction with antiserum against
the dehalogenase of Arthrobacter sp. strain AD2 (Fig. 4),
suggesting that it is different from the dehalogenase of strain
AD2.
The epichlorohydrin-degrading gram-positive organism

strain AD3 (20), grown on epichlorohydrin, also showed
haloalcohol dehalogenase activity. In crude extracts, activ-
ity was detected with 1,3-dichloro-1-propanol (175 mU/mg of
protein), 1-bromo-2-propanol (3,437 mU), and 2-bromoetha-
nol (75 mU). These activities closely follow the relative
activities of the dehalogenase purified from Arthrobacter sp.
strain AD2, as shown in Table 2. After Western blotting,
extracts of strain AD3 showed an immunochemically stained
band with the same electrophoretic mobility as the dehalo-
genase of strain AD2 (Fig. 4).

DISCUSSION

Carbon-halogen bond cleavage is a critical step in the
microbial utilization of halogenated aliphatic compounds.
Different reaction mechanisms have been identified, and
several of the dehalogenating enzymes have been character-
ized. These include glutathione transferases catalyzing nu-
cleophilic displacement of halogen substituents of dihalo-
methanes (11, 17) and hydrolytic dehalogenases that show
activity with 2-halocarboxylic acids (14, 15) and haloalkanes
(6, 10, 16, 22). In this report, we present for the first time
data on the biochemical characteristics of an enzyme that
catalyzes dehalogenation of vicinal haloalcohols through
intramolecular displacement with formation of epoxides. As
a systematic name, we propose haloalcohol hydrogen-ha-
lide-lyase (EC 4.5.1).

The dehalogenase studied is the key enzyme of haloalco-
hol metabolism in Arthrobacter sp. strain AD2 (20). It was
isolated to more than 95% purity from cells grown in a fed
batch culture with 3-chloro-1,2-propanediol as the carbon
source. The purified dehalogenase possessed activity
towards 2-bromoethanol and a variety of C3 chloroalcohols,
C3 bromoalcohols, and C3 chloroketones. Among the sub-
strates are various environmentally important compounds or
intermediates in the degradation of xenobiotic pollutants,
including epichlorohydrin, 1,3-dichloro-2-propanol, and
2-bromoethanol. The rates observed with bromoalcohols
were about 100-fold higher than the rates with the corre-
sponding chlorinated compounds. The products formed from
haloalcohols were epoxides. For this reaction, the water-
soluble dehalogenase did not require cofactors or oxygen.
Thus, the mechanism of dehalogenation is likely to proceed
via intramolecular substitution. The poor utilization of 1,3-
dihalo-2-propanols as a growth substrate (20) may be ex-
plained by the absence of epoxide hydrolase activity in strain
AD2. Together with the high dehalogenase activity for
1,3-dibromo-2-propanol, this could lead to toxicity of this
compound as a result of epibromohydrin accumulation.
The same type of dehalogenation as described here was

found with a partially purified haloalcohol epoxidase from a
Flavobacterium sp. that was isolated on 2,3-dibromo-1-
propanol (1). The Flavobacterium enzyme dehalogenated C3
haloalcohols, such as 2,3-dibromo-1-propanol, with concom-
itant formation of epoxides, but it possessed no activity
towards halogenated C3 ketones (3), as we found for the
Arthrobacter dehalogenase. Moreover, the Flavobacterium
enzyme did not convert 3-chloro-1,2-propanediol or
3-bromo-1,2-propanediol to glycidol (3).
The haloalcohol dehalogenase of Arthrobacter sp. strain

AD2 appeared to be a dimer consisting of two 29-kDa
polypeptides. Several hydrolytic dehalogenases were also
found to be water-soluble enzymes of relatively low molec-
ular weight, including halocarboxylic acid dehalogenases (4,
15) and haloalkane dehalogenases (6, 10, 16, 22).
Haloalkane dehalogenases isolated from X. autotrophicus

GJ10 (10), Arthrobacter sp. strain HAl (16), and strain GJ70
(6) catalyze the hydrolytic dehalogenation of haloalkanes,
haloalcohols, and haloethers to the corresponding alcohols.
So far, 2-bromoethanol is the only substrate converted by
both these enzymes and the haloalcohol dehalogenase de-
scribed here. The hydrolytic conversion of 2-bromoethanol
by purified haloalkane dehalogenase from X. autotrophicus
GJ10 resulted in the formation of ethylene glycol at 1.4 U/mg
of protein (A. J. van den Wijngaard and K. W. H. J. van der
Kamp, unpublished results), while the haloalcohol dehalo-
genase of strain AD2 converted 2-bromoethanol to ethylene
oxide (3.5 U/mg of protein with pure enzyme), showing that
this compound may be dehalogenated by two different
mechanisms.
Immunoblotting experiments were performed in order to

test whether the haloalcohol dehalogenase from AD2 was
related to representatives of hydrolytic dehalogenases.
Crude extracts of X. autotrophicus GJ10 containing both a
haloalkane dehalogenase and a halocarboxylic acid dehalo-
genase did not react with antiserum against the purified
dehalogenase of strain AD2, indicating that the enzymes
probably have no strong amino acid sequence homology.
The halocarboxylic acid dehalogenases of Pseudomonas sp.
strain GJ1 and Pseudomonas sp. strain 113 also were found
not to be immunologically related, although the latter en-
zyme has a similar amino acid composition and its substrate

J. BACTERIOL.



CHARACTERIZATION OF HALOALCOHOL DEHALOGENASE 129

chloroacetic acid was a competitive inhibitor of the AD2
haloalcohol dehalogenase.

Immunological cross-reactivity was also tested with other
organisms producing haloalcohol dehalogenases. Crude ex-
tracts of the coryneform bacterial strain AD3 (20) gave a
reaction with antibodies raised against strain AD2 haloalco-
hol dehalogenase. Strain AD3 grown on epichlorohydrin
possessed dehalogenase activity with several haloalcohols,
and on SDS-polyacrylamide gels a 29-kDa band reacting
with the antibodies was detected, indicating that its dehalo-
genase is similar to the AD2 enzyme. With crude extracts of
Pseudomonas sp. strain AD1, on the other hand, no immu-
nochemical relationship with the AD2 dehalogenase was
found. Together with different substrate profiles (20), this
clearly indicates that this organism produces a haloalcohol
dehalogenase that is distinct from the enzyme of strain AD2.
Since the Flavobacterium enzyme also has different charac-
teristics, as mentioned above, the class of haloalcohol deha-
logenases may contain at least three different types of
enzymes.
The dehalogenase content of Arthrobacter sp. strain AD2

grown on 3-chloro-1,2-propanediol was 5 to 6%. With cells
grown on epichlorohydrin, the specific activity in crude
extracts was 3 to 4 times higher (870 mU/mg of protein) (20),
meaning that the dehalogenase content of strain AD2 can be
increased to approximately 18 to 22%. This high level of a
dehalogenase is not unusual in bacteria degrading xenobiotic
compounds. From 12 to 20% of the protein content of the
dichloromethane-utilizing bacterium DM2 is a highly induc-
ible dehalogenase (11). The function of the high dehaloge-
nase content of Arthrobacter sp. strain AD2 could be to
compensate for its low turnover and specificity or first-order
rate constant with some growth substrates (e.g., kcat = 3.0
s-1 and kcatlKm = 0.06 s-1 mM-1 with 3-chloro-1,2-propane-
diol), thus allowing cell growth at lower substrate levels.
Strains with a higher dehalogenase content possibly have a
selective advantage if dehalogenation is the growth rate-
limiting step.
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