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Abstract

We previously reported the presence of both haloalcohol and haloalkanoate dehalogenase activity in the
Agrobacterium sp. strain NHG3. The versatile nature of the organism led us to further characterise the
genetic basis of these dehalogenation activities. Cloning and sequencing of the haloalcohol dehalogenase
and subsequent analysis suggested that it was part of a highly conserved catabolic gene cluster. Charac-
terisation of the haloalkanoate dehalogenase enzyme revealed the presence of two stereospecific enzymes
with a narrow substrate range which acted on DD-2-chloropropionic and LL-2-chloropropionoic acid,
respectively. Cloning and sequencing indicated that the two genes were separated by 87 bp of non-coding
DNA and were preceded by a putative transporter gene 66 bp upstream of the DD-specific enzyme.

Introduction

Halogenated organic compounds are an extremely
important class of environmental chemicals which
occur both naturally and increasingly as xenobi-
otics in the biosphere (Gribble 1996). Many
microorganisms have been isolated which utilise
these compounds as sole sources of carbon and
energy (Fetzner & Lingens 1994; Janssen et al.
1994). Growth on halogenated compounds
requires cleavage of the carbon–halogen bond and
in some cases this cleavage may be fortuitous
(Fetzner & Lingens 1994). However, in many cases
specific enzyme mechanisms have evolved to cat-
alyse the cleavage of the carbon–halogen bond
(Janssen et al. 1994). The most studied dehalo-
genation mechanism is the hydrolytic cleavage
reaction (Van Hylckama Vlieg et al. 2001). This is
particularly true in the case of aliphatic com-
pounds such as haloalkanes, haloalcohols and
haloalkanoic acids, where the enzymes involved in

the hydrolysis of these compounds have been
divided into two sub-groups (Slater et al. 1995).

Previous studies have reported many microor-
ganisms with more than one dehalogenase enzyme
activity (Janssen et al. 1994), however, in most cases
they are usually specific for the compound used to
isolate them. To our knowledge the organism
Xanthobacter autotrophicus strainGJ10was the first
isolated with dehalogenase activity against two ali-
phatic compound types, namely haloalkanes and
haloalkanoic acids (Janssen et al. 1985). Recently a
strain of Mycobacterium was isolated which had
dehalogenase activity against both haloalkanes and
haloalcohols (Poelarends et al. 1999).

We recently isolated a bacterium with the
ability to grow on 2,3-dichloro-1-propanol (2,3-
DCP) as sole carbon source. It proved to have a
wide substrate specificity including dehalogenase
activity against both haloalcohols and haloalka-
noic acids (Effendi et al. 2000). The organism was
identified as a member of the Rhizobium family by
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16S rRNA homology, was also able to utilise
1,3-dichloro-2-propanol (1,3-DCP) and 2-mono-
chloropropionic acid (2-MCPA) as sole sources of
carbon and energy. Other tests indicated that the
strainwas a strain ofAgrobacterium. It was found to
possess at least four dehalogenase enzymes (Effendi
et al. 2000). The 2,3-DCP enzyme was characterised
and found to be constitutively expressed whilst all
the other dehalogenases were found to be inducible.
This paper extends our knowledge on this versatile
organism by providing sequence data for the
2,3-DCP enzyme as well as characterising the
haloalkanoic dehalogenase enzymes.

Materials and methods

Chemicals

All halogenated compounds were purchased from
Sigma (Poole, UK) or Fisher (Loughborough,
UK). Unless otherwise stated, other chemicals and
media were from Merck (Poole, UK) or Oxoid
(Basingstoke, UK). DEAE-Sepharose CL-6B and
Sephacryl S-200-HR were purchased from Phar-
macia Biotech (UK).

Bacterial strains, plasmids and growth conditions

Cultures of Agrobacterium strain NHG3 previ-
ously described in Effendi et al. (2000) were rou-
tinely grown at 30 �C on SBS medium (Slater et al.
1979). The media was supplemented with the
racemic mixture of 2-MCPA or 2,3-DCP as sole
source of carbon (filter sterilised to a final con-
centration of 0.5 g C l)1). E. coli XL1-blue
(Stratagene) was used as a host for cloning
experiments and was maintained at 37 �C in Luria
broth (LB) supplemented with 0.5% NaCl. Plas-
mid pUC18 (Northumbria Biological Ltd, UK)
was used as a cloning vector. Recombinant E. coli
cells were grown at 30 �C in ¼ strength LB (no
salt) supplemented with IPTG (0.5 mM) and 2-
MCPA (0.5 g Cl�1) and ampicillin (50 lg ml)1).

Dehalogenase activities and protein analysis

Qualitative assays of dehalogenase activities were
performed using electrophoretic zymograms, based
on colorimetric detection of chloride released by
silver nitrate (Weightman & Slater 1980). Quanti-
tative dehalogenase assays of whole cells were

detected by measurement of chloride release (Ef-
fendi et al. 2000) from 10 ml cultures of ¼ strength
LBwithout addedNaCl grownaerobically at 30 �C.
Cell-free extracts were prepared by harvesting mid-
log phase cultures by centrifugation at 10,000 · g
for 15 min. The cells were washed and resuspended
in 50 mMTris–H2SO4 (pH8.0) prior to breakage by
two passages through a French pressure cell. Cell
debris and unbroken cells were removed from the
soluble fraction by centrifugation at 45,000 · g for
45 min. Dehalogenase activity of partially purified
enzyme was measured in a total volume of 5 ml
which contained 0.2 M Tris–H2SO4 (pH 8.0) and
variable amounts of either LL- or DD-MCPA as sub-
strate (3 replicates for each substrate concentra-
tion). The resultant chloride release was measured
as described above. Apparent Km and Vmax were
estimated using the Linweaver–Burke equation.

Protein determination was measured by the
biuret method with bovine serum albumin as the
standard (Gornall et al. 1949).

One unit of enzyme activity was defined as the
amount of enzyme that catalysed the formation of
1 lmol of halide min)1.

Enzyme purification

Unless otherwise stated, all procedures were car-
ried out at 4 �C. Cell-free extracts were fraction-
ated by the stepwise addition of solid (NH4)2SO4

from 45–80% of saturation at 0 �C. The precipi-
tate fraction was dialysed overnight against
10 mM Tris–H2SO4, 1 mM dithiothreitol (pH 8.0,
buffer A). The dialysed fraction was then applied
to a DEAE Sepharose CL-6B anion exchange
column. The column was washed with buffer A
overnight to remove any unbound protein. The
bound proteins were then eluted from the column
in a total of 500 ml of buffer A with a linear gra-
dient of 0–0.5 M (NH4)2SO4. A total of 80 frac-
tions were collected and assayed as described in
Effendi et al. (2000). Fractions containing the
separated 2-MCPA dehalogenase activities were
pooled individually for use in characterisation
experiments.

Molecular weight determination

Relative molecular weight determinations under
denaturing conditions were performed by
SDS-PAGE on a 12% gel (Laemmli 1970) and
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under non-denaturing conditions by gel filtration
on a Sephacryl S-200-HR column.

DNA manipulation and transformation

All routine DNA manipulation and analysis were
carried out as described in Sambrook et al. (1989).
Transformation of E. coli XL1-Blue supercompe-
tent cells with plasmid DNA was performed as
recommended by the supplier.

Cloning strategy for isolation of 2,3-DCP
and 2-MCPA genes

AgrobacteriumNHG3 genomic DNA was partially
digested with EcoRI prior to ligation with pUC18
plasmid vector. The ligated DNA was transformed
into E. coli XL1-blue host cells which were then
spread onto LB/ampicillin agar plates with 40 ll
IPTG (20 mg ml)1) and 40 ll X-Gal (2% w/v in
N, N¢-dimethylformamide) for selection. Putative
clones (white colonies) were then screened for 2,3-
DCP dehalogenase and 2-MCPA dehalogenase
activity by a colorimetric method (Bergmann &
Sanik 1957).

To ensure possible clones were not overlooked
by the colorimetric method, transformed E. coli
XL1-blue cells were grown for 2 days at 30 �C
before all the cells were washed-off with 1 ml of
SBS medium. Aliquots (150 ll) of the mixed cells
were inoculated into ¼ strength LB (no salt)/
ampicillin supplemented with IPTG (0.5 mM) and
either 2,3-DCP or 2-MCPA (0.5 g carbon l)1).
Growth of the cultures at 30 �C was monitored
regularly, as was the presence of dechlorinating
activity. Dechlorinating cultures were subcultured
into the same medium once the cultures had
dechlorinated 90% of the theoretical maximum.
At each subculture, the cells were plated onto LB/
ampicillin plates in order to obtain single colonies,
which were then re-inoculated into fresh liquid
medium and checked for dechlorinating activity.

Purified plasmid DNA of recombinant cells
with dehalogenase activities were digested with a
range of restriction enzymes including EcoRI,
BamHI, PstI and HindIII to determine the size of
the plasmid DNA.

Nucleotide sequence determination and alignment

An automated DNA sequencer (Applied Biosys-
tems 370A DNA sequencer) was used to determine

the DNA sequence of both strands of the putative
clone. Initially primers SP6 and T7 were used for
sequencing. New oligonucleotide primers were
then designed according to the obtained sequence
data. DNA sequences were assembled with the aid
of ProSeq v2.8 (Filatov et al. 2000). The nucleotide
sequence and predicted amino acid sequences were
analysed using Expasy Molecular biology server
(http://www.expasy.ch/). Nucleotide sequences
and predicted amino acid sequences were com-
pared by BLAST (Altschul et al. 1997) searches of
the NCBI databases using the default settings of
both algorithms.

Nucleotide sequence accession number

The nucleotide sequences presented here have been
submitted to the EMBL database under accession
numbers AJ488570–AJ488574.

Results

Growth of NHG3 on DLDL-2-MCPA

Strain NHG3 grew well on the racemic mixture
of 2-MCPA with over 80% of theoretical chlo-
ride release (Figure 1), indicating that both ste-
reoisomers acted as sources of carbon and
energy for growth. Two dehalogenase enzymes
were visualised by gel zymography when devel-
oped with the DLDL-2-MCPA (Figure 2), these
were initially named 2-MCPA dehalogenase I
and II, respectively. Experiments with the indi-
vidual stereoisomers indicated that strain NHG3
dechlorinated the LL-2-MCPA at roughly twice
the rate of DD-2-MCPA (data not shown), sug-
gesting that enzymes may stereoselectively
dechlorinate DLDL-2-MCPA. This was confirmed
by gel zymography where individual isomers
were used to show activity (Figure 2).

Enzyme purification and biochemical
characterisation

The two 2-MCPA dehalogenases from strain
NHG3 were partially purified using two
purification steps. The dehalogenase I and II were
separated from each other and any haloalcohol
dehalogenase activities by anion exchange. The
two partially purified dehalogenases were visual-
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ised on an activity gel, which clearly showed each
enzyme preparation was free from other contam-
inating dehalogenase activities.

The activity of the partially purified dehalo-
genases against a range of substrates was tested

(Table 1). The results showed that both enzymes
had narrow substrate specificities and that, as
suggested, they were stereospecific with regard to
DD- and LL-2-MCPA. With this in mind we have
renamed the dehalogenase I enzyme DD-2-MCPA
dehalogenase and the dehalogenase II enzyme LL-2-
MCPA dehalogenase.

Molecular weight determination of DD-2-MCPA
dehalogenase under native conditions was 53 kDa
suggesting that the enzyme was a dimeric protein
consisting of two identical subunits of 29 kDa
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Figure 1. Chloride release from 2-MCPA grown cultures of

Agrobacterium sp. NHG3 (d) and E. coli XL1 blue containing

plasmid SJH1 (s).

Figure 2. Dehalogenase zymograms of Agrobacterium sp.

NHG3 and E. coli XL1 blue containing plasmid SJH1 cell free

extracts grown on 2-MCPA as sole carbon source and developed

with racemic 2-MCPA or the DDor LL isomers of 2-MCPA. Lane 1,

E. coli XL1 blue containing plasmid SJH1 cell free extract

developedwith 50mMDLDL-2MCPA;Lane 2and3,Agrobacterium

sp. NHG3 cell free extract developed with 50 mM DLDL-2MCPA;

Lane 4,Agrobacterium sp.NHG3 cell free extract developedwith

50 mM DD-2MCPA; Lane 5, Agrobacterium sp. NHG3 cell free

extract developed with 50 mM LL-2MCPA.

Table 1. Enzyme specificity of 2-MCPA dehalogenases. The

specific activity of 2-MCPA Deh 1 and Deh 2 against DLDL-

2MCPA, 0.41 U mg)1 and 1.42 U mg)1 were taken as 100%

Substrate 2-MCPA Deh 1

relative activity

(%)

2-MCPA Deh 2

relative activity

(%)

DLDL-2-MCPA 100 100

DD-2-MCPA 115 4

LL-2-MCPA 7 118

3-MCPA 0 0

2,2-DCPA 2 3

Chloroacetic acid 0 0

1,3-DCP 0 0

2,3-DCP 0 0

3-CPD 0 0
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Figure 3. Chloride release from E. coli XL1 blue containing

plasmid AJE1 cultures grown in SBS medium supplemented

with 0.5 g carbon l)1 2,3-DCP (d), 1,3-DCP (s) and CPD (H).
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(denatured molecular weight). The apparent
Km and Vmax of DD-2-MCPA dehalogenase
towards DD-2-MCPA were 1.9 ± 0.44 mM and
0.49 ± 0.084 U mg)1, respectively.

Molecular weight determination of LL-2MCPA
dehalogenase under native and denatured condi-
tions indicated that it was a monomeric protein of
31 kDa. The apparent Km and Vmax of LL-2MCPA
dehalogenase towards LL-2MCPA were
19.5 ± 0.34 mM and 4.2 ± 0.02 U mg)1, respec-
tively.

Cloning of 2,3-DCP and 2-MCPA dehalogenase
genes

Screening of more than 2500 clones generated led
to the isolation of a single clone with 2,3-DCP
dehalogenase activity (AJE1) (Figure 3). Digestion
of the plasmid AJE1 with EcoR1 produced two
fragments of 2.7 kb (vector), 1.4 kb, respectively.
Plasmid AJE1 was then sequenced.

No 2-MCPA-degrading clones were detected
by screening using the colorimetric method
(Bergmann & Sanik 1957). Therefore to ensure
that any slow growing putative 2-MCPA clones
were not missed the second screening method
was used. Recombinant E. coli XL1-blue cells
inoculated into ¼ strength LB (no salt)/ampi-
cillin supplemented with IPTG (0.5 mM) and 2-
MCPA (0.5 g carbon l-1) were shown to have
dechlorinating activity when compared to un-
transformed E. coli XL1-blue cells (Figure 1).
Single colonies with the ability to dechlorinate 2-
MCPA were isolated. The plasmid DNA isolated
from the recombinant clones was shown to
contain an insert of approximately 11 kb (data
not shown). Digestion of the EcoR1 generated
clone with BamHI produced two bands on an
agarose gel of approximately 6.0 and 7.7 kb,
respectively. Re-ligation and transformation of
the BamH1 digested plasmid led to the produc-
tion of numerous recombinants, which were
capable of dechlorinating 2-MCPA to over 90%
of the theoretical maximum. Analysis of the
recombinant cells indicated that they contained a
plasmid of approximately 6.0 kb, and therefore
and insert of approximately 3.3 kb (vector
2.7 kb). The plasmid designated SJH2 was then
sequenced.

Sequence analysis of the 2,3-DCP dehalogenase
gene

Analysis of the assembled sequencing data of the
AJE2 plasmid revealed that the cloned DNA was
1402 bp in length. An open reading frame (ORF)
starting 466 nucleotides from the EcoR1 site and
was preceded by a putative ribosome binding site
(RBS) located between )8 and )12 relative to the
start codon (EMBLAJ488570). TheORF consisted
of 254 codons encoding a peptide with a predicted
molecular mass of 27,951 Da. This corresponds
very well with the value of 28.5 kDa estimated by
SDS/PAGE (Effendi et al. 2000). A homology
search of the NCBI protein database revealed the
enzyme designated 2,3-DCP dehalogenase had
100% identity with a 1,3-DCP dehalogenase
enzyme fromAgrobacteriun radiobacter strain AD1
(Van Hylckama Vlieg et al. 2001). Further
sequencing in the region upstream of the dehalo-
genase gene by chromosome walking using restric-
tion site PCR (Weber et al. 1998) confirmed the
presence of an epoxide hydrolase enzymewhich also
had 99% identity with the same enzyme from
A. radiobacter strain AD1 (Rink et al. 1997; EMBL
AJ488571). The 2,3-DCP dehalogenase also had a
high degree of identity (91%) to theHalB enzyme of
A. tumefaciens strain HK7 (Lewis 1996).

Sequence analysis of the 2-MCPA dehalogenase
genes

Analysis of the assembled sequencing data of the
SJH2 plasmid revealed that the cloned DNA was
3158 bp in length. The sequence data revealed the
presence of three coding regions larger than 500 bp,
in the same orientation. The first coding region from
nucleotide 1 to 514 was incomplete and had a pre-
dicted amino acid sequence with a high degree of
identity (up to 74%) to the C-terminal region of
small molecule transport proteins (EMBL
AJ488572) (Goodner et al. 2001). The next coding
region began 66 bp downstream of the putative
transporter gene and was an open reading frame
(ORF1) 257 codons long preceded by a putative
RBS between nucleotides )13 and )18 relative to
the start codon. ORF1 encoded a protein with a
predicted molecular mass of 28,838 Da, which
corresponds very well to the value obtained for the
DD-specific dehalogenase enzyme estimated by SDS/
PAGE of 29 kDa (EMBL AJ488573). Homology
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searches carried out with the deduced amino acid
sequence indicated that it is likely to be a DD-specific
2-MCPA dehalogenase enzyme; the two best mat-
ches being those of the only two previously
described DD-specific dehalogenase enzymes (Cairns
et al. 1996; Jones et al. 1992). The third coding
region began some 87 bp downstream of the puta-
tive DD-specific dehalogenase gene and was an open
reading frame (ORF2) some 275 codons in length
(EMBL AJ488574). The start codon of ORF2 was
preceded by a putative RBS located between
nucleotides�14 and�18 upstream, therewas also a
putative terminator sequence located downstream
of the stop codon of ORF2. The estimated molec-
ular mass of the predicted peptide encoded by
ORF2 was 30,906 Da suggesting that this gene
expressed the LL-specific 2-MCPA dehalogenase
enzyme (estimated to be 31 kDa). A comparison of
the deduced amino acid sequence with the NCBI
protein database revealed that the best matches
were with LL-specific 2-MCPA dehalogenase
enzymes (Cairns et al. 1996; Hill et al. 1999).

Discussion

Agrobacterium strain NHG3 was isolated for it
ability to utilise 2,3-DCP as sole source of carbon
and energy. Preliminary studies found the organ-
ism grew on a wide range of halogenated com-
pounds (Effendi et al. 2000). Microorganisms have
previously been isolated which have the ability to
utilise haloalkanes and either the resultant halo-
alcohol or haloacid (Janssen et al. 1985; Poelar-
ends et al. 1999). The presence of the differing
dehalogenase enzymes in Agrobacterium strain
NHG3 is not a consequence of metabolic inter-
mediates, and is more likely to be a common
phenomenon which has previously been unre-
ported in the literature.

Agrobacterium strain NHG3 has been shown to
possess two haloalcohol dehalogenase enzymes,
one of which is an inducible enzyme whilst the
other was constitutively expressed (Effendi et al.
2000). The ability to dehalogenate 2,3-DCP was
restricted to the constitutively expressed enzyme,
which has been biochemically characterised
(Effendi et al. 2000). Sequence data revealed that
the 2,3-DCP dehalogenase enzyme was identical to
the halohydrin dehalogenase enzyme from A.
radiobacter strain AD1 (Van Hylckama Vlieg et al.

2001) and also had a high degree of identity to the
halB gene of A. tumefaciens (Lewis 1996). The
latter two strains were isolated from enrichments
on 1,3-DCP, but both were able to dechlorinate
2,3-DCP. While strain NHG3 was isolated for the
ability to grow on 2,3-DCP the purified enzyme
DCP dehalogenase proved to share with the
halohydrin hydrolase of A. radiobacter strain AD1
the ability to dehalogenate 1,3-DCP as well as
3-chloro-1,2-propanediol (3-CPD). These enzymes
were cloned into E. coli on fragments with only a
small portion of the nearby epichlorohydrin
hydrolase, the recombinant strains were able to
dechlorinate both DCP and the resultant 3-CPD
(Lewis 1996; Van Hylckama Vlieg et al. 2001; and
this study). This would suggest that the epoxide
hydrolase activity is not essential for dechlorina-
tion to take place even though the dehalogenase
enzyme of Agrobacterium NHG3 has been shown
to degrade both stereoisomers of 2,3-DCP (Effendi
et al. 2000). Moreover, the distance between the
C-terminus of the epoxide hydrolase and the
N-terminus of the haloalcohol dehalogenase,
combined with the presence of a possible )24, )12
promoter for the latter gene, would suggest that
the two genes are not co-transcribed in an operon
but rather form a catabolic cassette. Isolation of
geographically distinct microorganisms with
highly conserved catabolic gene cluster would
suggest that these organisms recently obtained it as
a pre-assembled unit from a common ancestral
bacterial strain (Poelarends et al. 2000).

Characterisation of the 2-MCPA dehalogenase
enzymes clearly showed that each was active
against individual stereoisomers of opposite ori-
entation, to our knowledge this ability has only
been described in two other microorganisms
(Barth et al. 1992; Cairns et al. 1996). Biochemical
and molecular characterisation of DD-2-MCPA
dehalogenase showed it to be a dimeric enzyme as
is the case with the majority of 2-haloalkanoate
dehalogenase enzymes isolated to date (Slater et al.
1997). Significantly the two best matches by
homology were the DD-specific dehalogenases DehDD
(Cairns et al. 1996) and HadDD (Jones et al. 1992).
A great deal of the amino acid sequence of DD-2-
MCPA was identical to that of DehDD, 59% overall
compared to 36% of HadDD with large regions
showing 100% identity suggesting that DD-2-MCPA
is closely related to DehDD. Subsequent analysis of
the nucleotide sequence of the DD-2-MCPA enzyme
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showed it to share over 90% identity with the
coding sequence of dehDD; such a high degree of
sequence identity can only be explained by lateral
gene transfer. A recent article (Hill et al. 1999)
attempted to classify the haloalkanoate dehalo-
genase enzymes into gene families. Analysis of the
sequence data showed that DD-2-MCPA belonged
to the group I deh genes sharing four of the five
essential amino acids identified by Nardi-Dei et al.
(1997).

The LL-2MCPA is a monomeric enzyme,
which is unusual; the only other reported
monomeric 2-haloalkanoate dehalogenase
enzyme being the LL-specific DhlB of X. autotro-
phicus GJ10 (van der Ploeg et al. 1991). A search
of the NCBI protein databases revealed that the
best match was the DehLL enzyme cloned by
Cairns et al. (1996) with large regions being
perfect matches. The nucleotide sequence showed
>90% identity to the coding region of dehLL. In
terms of the evolutionary origins, the LL-2-MCPA
enzyme does not appear to fall into either of the
three gene families outlined by Hill et al. (1999).
Since it is closely related to the dehLL gene of
Rhizobium sp., we must concur with Hill et al.
(1999) that these two genes represent an as yet
uncharacterised fourth deh family. Closer analy-
sis of the sequencing data would suggest that
DD-2-MCPA and LL-2-MCPA genes are part of an
operon with an upstream transport protein and
possibly a regulator protein as has been shown
with other 2-haloalkanoate dehalogenase genes
(Barth et al. 1992; Cairns et al. 1996; Hill et al.
1999). This could be determined by further
sequencing upstream of clone SJH2.

In conclusion, Agrobacterium sp. NHG3 has
two highly conserved dehalogenase gene clusters
which bestow a unique characteristic in terms of
the range of chlorinated aliphatic compounds it
can utilise. Future work will attempt to clarify
whether the two operons are located in close
proximity on the genome of Agrobacterium sp.
NHG3 and if so were they obtained together from
a common ancestor.
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