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Abstract Haloalkane dehalogenases (HLDs) are environ-
mentally relevant enzymes cleaving a carbon-halogen bond
in a wide range of halogenated pollutants. PCR with degener-
ate primers and genome-walking was used for the retrieval of
four HLD-encoding genes from groundwater-derived envi-
ronmental DNA. Using specific primers and the environmen-
tal DNA as a template, we succeeded in generating additional
amplicons, resulting altogether in three clusters of sequences
with each cluster comprising 8–13 closely related putative
HLD-encoding genes. A phylogenetic analysis of the translat-
ed genes revealed that three HLDs are members of the HLD-I
subfamily, whereas one gene encodes an enzyme from the
subfamily HLD-II. Two metagenome-derived HLDs, eHLD-
B and eHLD-C, each from a different subfamily, were heter-
ologously produced in active form, purified and characterized
in terms of their thermostability, pH and temperature opti-
mum, quaternary structure, substrate specificity towards 30
halogenated compounds, and enantioselectivity. eHLD-B
and eHLD-C showed striking differences in their activities,
substrate preferences, and tolerance to temperature.
Profound differences were also determined in the

enantiopreference and enantioselectivity of these enzymes to-
wards selected substrates. Comparing our data with those of
known HLDs revealed that eHLD-C exhibits a unique com-
bination of high thermostability, high activity, and an unusu-
ally broad pH optimum, which covers the entire range of
pH 5.5–8.9. Moreover, a so far unreported high thermostabil-
ity for HLDs was determined for this enzyme at pH values
lower than 6.0. Thus, eHLD-C represents an attractive and
novel biocatalyst for biotechnological applications.
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Introduction

Thousands of organohalogenated compounds exist in the bio-
sphere. Many are man-made, but many are of natural origin
produced through biotic or abiotic processes. Numerous stud-
ies have documented the discovery of all kinds of simple and
complex halogenated compounds in various habitats and or-
ganisms. It appears that halogenated compounds have existed
in nature long before their massive production by the chemical
industry (Gribble 2000; Gribble 2003). For example, the nat-
urally produced organohalogens chloromethane, chloroanisyl
alcohol, and pyrrolnitrin have been shown to be involved in
veratryl alcohol biosynthesis (Harper et al. 1996), the degra-
dation of lignin (de Jong and Field 1997), and the bacterial
control of plant pathogens (Hammer et al. 1997), respectively.
Many more halogenated metabolites have been identified;
however, their functions are often unknown (Anke and
Weber 2006; Gribble 2015). There is evidence that in soil
organohalogens are formed through nonenzymatic processes
such as oxidation of organic matter by Fe(III) (Keppler et al.
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2002) and enzymatic reactions as part of the metabolism of
microbial communities (Bastviken et al. 2009; Albers et al.
2011). Given the considerable extent of natural halogenation
and dehalogenation processes in soil and other environments
(Ballschmiter 2003; Laturnus et al. 2005), it is not surprising
that nature offers many enzyme systems which act on haloge-
nated compounds (Smith et al. 2013; van Pée and Unversucht
2003). One segment within the diverse collection of
dehalogenases (Weigold et al. 2016) is represented by
haloalkane dehalogenases (HLDs; EC 3.8.1.5), which cleave
carbon–halogen bonds in a wide range of organohalogenated
compounds using water as a co-substrate. An important bio-
logical role of HLDs is their involvement in the microbial
catabolism of halogenated compounds. As a result of hydro-
lytic cleavage of the carbon–halogen bond, the toxicity and
recalcitrance of the generated compounds are usually reduced
(Janssen et al. 2001). Many HLDs exhibit broad substrate
specificities, accepting both primary and secondary carbon–
halogen bonds (Daniel et al. 2015; Koudelakova et al. 2011);
however, they cannot cleave carbon–halogen bonds at multi-
ply halogenated or sp2-hybridized carbons (Swanson 1999).

HLDs hold the potential for various practical applications
(Koudelakova et al. 2013) such as detoxification of warfare
agents and bioremediation of environmental pollutants
(Beschkov et al. 2008; Bosma et al. 2002; Erable et al.
2005; Janssen 2007; Marchand et al. 2009; Prokop et al.
2006; Stucki and Thüer 1995), and as tagging components
in analytical and cell imaging methods (Bidmanova et al.
2010; Los et al. 2008). Further, enantiomerically pure prod-
ucts of HLD-catalyzed reactions are high-value building
blocks in organic synthesis. Thus, enantioselective HLDs are
highly interesting catalysts for biocatalytic transformations
(Pieters et al. 2001; Prokop et al. 2010; Westerbeek et al.
2011, 2012). Generally, efficient biocatalytic processes re-
quire enzymes of sufficient stability and high activity, prefer-
ably with a broad pH optimum (Schoemaker et al. 2003). On
the other hand, special applications call for enzymes adapted
for low temperatures (Cavicchioli et al. 2002). As it is difficult
to obtain an optimally performing enzyme for a target appli-
cation, libraries of enzymes from various sources are created,
which are then screened against a specific reaction. In this
respect, metagenomic or environmental DNA is attractive be-
cause it offers access to enzymes from presently uncultivable
or as yet uncultivated microorganisms.

HLDs are members of the α/β-hydrolase fold superfamily.
The active-site residues of the catalytic pentad are composed
of a nucleophilic Asp residue, a basic His residue, Asp or Glu
as the general acid, and a Trp–Trp or Trp–Asp pair of residues
which stabilize the leaving halide. Based on phylogenetic
analyses, HLDs are divided into three subfamilies: HLD-I,
HLD-II, and HLD-III (Chovancova et al. 2007). Currently,
there are over 20 HLDs with experimentally verified and pub-
lished dehalogenation activities. To meet the increasing

demand for new HLDs with interesting biotechnological
properties, microbial isolates have been screened for HLD
activities. Alternatively, HLD-encoding sequences have been
isolated from metagenomic DNA-based libraries using suc-
cessive rounds of enrichment with gene-specific probes
(Gray et al. 2003). Moreover, sequenced genomes can also
serve as a source of novel HLDs using in silico screens
(Chan et al. 2010).

In the present work, we retrieved three clusters of
metagenome-derived putative HLD-encoding genes from a
microbial groundwater consortium, thereby predominantly fo-
cusing on uncultivated bacteria as an HLD source. We
succeeded in expressing two fully functional metagenomic
HLDs, termed eHLD-B and eHLD-C, from two different clus-
ters, which enabled us to perform a thorough biochemical
characterization. Interestingly, the two enzymes had pro-
foundly different thermal stabilities with the highest activities
at 25 and 55 °C. Moreover, eHLD-C with its high temperature
optimum exhibited a distinct pH–activity profile and a so far
unreported high thermostability at lower pH values, making it
a promising candidate for biotechnological applications.

Materials and methods

Sample collection, extraction and purification
of metagenomic DNA

Groundwater samples were taken in May 2010 at a depth of
10.0 m below ground level, ~7 m below the water table, from
a site located in a former industrial area in the Czech Republic
(N 50° 37′ 20″, E 15° 37′ 00″). The 2-l samples were
transported on ice to the laboratory and immediately filtered
through a 0.2-μm polycarbonate membrane filter (Nuclepore,
Whatman) using a vacuum pump (Waters). The collected bio-
mass was frozen in liquid nitrogen and stored at −80 °C. Lysis
of the thawed biomass and extraction and purification of the
metagenomic DNA were performed as described previously
(Kotik and Faměrová 2012).

Amplification of 16S rRNA genes, pyrosequencing,
and sequence processing

The V4–V6 region of the eubacterial 16S ribosomal RNA
(rRNA) genes was amplified by PCR using the metagenomic
DNA as a template, the PfuUltra II Fusion Hot Start DNA
Polymerase (Agilent Technologies), and the primers eub530f
and eub1100br (Kotik et al. 2013). All preparatory steps for
pyrosequencing on a GS Junior System (Roche) and the se-
quence data processing were performed as described else-
where (Kotik et al. 2013). Diversity estimates were calculated
using Mothur (Schloss et al. 2009).
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Amplification of gene fragments

The candidate HLD gene fragments were PCR-amplified
using the GoTaq Hot Start Polymerase (Promega), and
the consensus primers Hld95f and Hld320r (Kotik and
Faměrová 2012) in the presence of metagenomic DNA,
3.5 mM MgCl2, and 200 μg ml−1 of bovine serum
albumin (New England Biolabs). Forty cycles were per-
formed using an annealing temperature of 60.5 °C
(60 s) and an extension temperature of 70 °C (55 s).
The major PCR product (~700 bp) was purified from an
agarose gel using a High Pure PCR Product Purification
Kit (Roche) and cloned into the pGEM-T Easy vector
(Promega). TOP10 cells (Invitrogen) were transformed
with the ligation mixes, and the plasmid DNA of white
colonies was isolated using a High Pure Plasmid
Isolation Kit (Roche). Insert sequences were obtained
using the sequencing primers T7 and SP6.

Retrieval of full-length genes

The purified total metagenomic DNA was partially digested
with Sau3A I, resulting in a smear (0.3–10 kbp) when loaded
onto an agarose gel. An unphosphorylated double-stranded
Sau3A I linker (Takara Bio) was ligated to the restricted
DNA. After purification using a High Pure PCR Product
Purification Kit (Roche), the modified DNA was used
for genome-walking PCR as described in Kotik et al. (2009,
2010). Briefly, the missing upstream and downstream DNA
segments of the genes were retrieved in two consecutive PCRs
with one primer being linker-specific (C1 or C2, Takara Bio)
and the other being specific for the known HLD-encoding
DNA sequence (Supplementary Table S1). The hot start
proofreading Herculase Enhanced DNA polymerase (Agilent
Technologies) was used with or without dimethyl sulfoxide
for all genome-walking PCRs. The PCR products were
purified by agarose gel electrophoresis and cloned into the
pGEM-T Easy vector for sequencing. Specific primers
(Supplementary Table S2) which were derived from the
determined upstream and downstream DNA sequences
enabled the amplification of the full-length genes using the
Herculase Enhanced DNA polymerase in the presence of
dimethyl sulfoxide (1–4%) with the originally purified
metagenomic DNA as a template. The resulting PCR products
were cloned into the pGEM-T Easy vector for sequencing.
The possibility of having retrieved chimeric HLD-encoding
genes was assessed by repeatedly analyzing the data set of
each cluster with Mallard 1.02 (Ashelford et al. 2006),
selecting in each run a different sequence as a reference.
Alternatively, the following GenBank sequences, which were
identified in BlastN searches, were used as references:
CP000927.1 (for cluster A sequences), CP006936.2 (for

cluster B sequences), and CP000774.1 (for cluster C se-
quences). Outliers were identified using a 99.9% cutoff value.

Overexpression and purification

The HLD-encoding genes were PCR-amplified using the
PfuUltra II Fusion HS DNA polymerase (Agilent
Technologies), the TOPO-cloning primers (Supplementary
Table S3), and the pGEM-T-based plasmids as templates.
The PCR products were gel-purified and re-purified using a
High Pure PCR Cleanup Micro Kit (Roche). Cloning into the
expression vectors pET100/D-TOPO and pET101/D-TOPO
was performed according to the manufacturer’s instructions
(Invitrogen). The pET100- and pET101-based constructs
were transformed into Escherichia coli BL21 Star (DE3) cells
(Life Technologies), which harbored the plasmid pGro7
(Takara Bio) for co-expression of the chaperones GroES and
GroEL. A transformant was grown for 6–8 h in 10 ml of LB
medium at 35 °C in the presence of ampicillin (100 μg ml−1)
and chloramphenicol (34 μg ml−1). Four milliliters of this pre-
culture was used for the inoculation of 1 l of LB medium
containing both antibiotics. The cells were cultivated over-
night at 30 °C; the next day in the morning, the cultivation
temperature was reduced to 20 °C, and L-arabinose was added
to a final concentration of 11 mM. After 0.5 h, the expression
of the HLD was induced with IPTG (final concentration of
0.45mM). The cultivation continued for 6–7 h before harvest-
ing the biomass by centrifugation. The washed biomass was
re-suspended in binding buffer (10 ml per gram of wet weight;
see below) containing DNase I (1.3 mg per ml of cell suspen-
sion). The cells were subsequently broken by sonication (ul-
trasonic cell disruptor Hielscher UP200S) using 0.3-s pulses
and an amplitude of 85%. The soluble fraction of the lysate,
which was obtained by centrifugation (21,000×g at 4 °C, 1 h),
was loaded on a Ni-nitrilotriacetic acid (Ni-NTA) Superflow
column (Qiagen) equilibrated with binding buffer (20 mM
potassium phosphate, 500 mM NaCl, 10 mM imidazole,
pH 7.5). The column was washed with 10% elution buffer,
and the bound target enzyme was eluted with a 60% step
gradient of elution buffer (20 mM potassium phosphate,
500 mM NaCl, 300 mM imidazole, pH 7.5). The eluted pro-
tein was dialyzed overnight at 4 °C against 50 mM phosphate
buffer (pH 7.5).

The HLD DbeA was overexpressed and purified as
previously described (Chaloupkova et al. 2014).
Protein concentrations were determined using the
Bradford method (Sigma-Aldrich). The purified proteins
were stored at 4 °C.

Circular dichroism

The circular dichroism (CD) spectra were recorded at room
temperature using a Chirascan CD spectrometer equipped
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with a Peltier thermostat (Applied Photophysics, UK). The
purified enzyme was diluted with 50 mM phosphate buffer
(pH7.5) to reach a protein concentration of0.18–0.25mgml−1.
The data were collected from 187 to 260 nm using a 1-mm
quartz cuvette with a 100 nm min−1 scan rate, a response time
of 1 s, and a 1-nm bandwidth. Five scans were averaged to
give a spectrum, which was subsequently corrected for the
buffer absorbance and smoothed using a Chirascan software
tool.

The unfolding of eHLD-B and eHLD-C in 50 mM phos-
phate buffer (pH 7.5) was followed by monitoring the ellip-
ticity at 222 nm over a temperature range of 20 to 90 °C using
a heating rate of 1 °Cmin−1. The recorded denaturation curves
were fitted to a Boltzmann function (generating a sigmoidal
curve) using the OriginPro8 software (OriginLab). The
melting temperatures (Tm) were defined as the midpoint (x0)
of the normalized thermal transitions.

Differential scanning calorimetry

Prior to differential scanning calorimetry (DSC), the sample
containing 1 mgml−1 of the purified enzymewas degassed for
at least 20 min under vacuum. For DSC, a MicroCal
VP-Capillary calorimeter with a cell volume of 0.3 ml (GE
Healthcare Life Sciences) was used at a constant pressure of
50–55 psi. The scans were recorded using a scan rate of
60 °C h−1 with a filtering period of 10 s. The melting temper-
ature (Tm) was determined after baseline subtraction and con-
centration normalization using the software Microcal Origin
8.0 (OriginLab). Each denaturation profile is the average of
three individual scans. All DSC measurements were per-
formed in 50 mM phosphate buffer (pH 7.5).

Differential scanning fluorimetry

The thermal unfolding of proteins was also followed by re-
cording the ratio of fluorescence intensities at 335 and 350 nm
upon excitation at 295 nm using a heating rate of 1 °Cmin−1 in
the range of 20 to 90 °C with a Prometheus NT.48 scanning
fluorometer (NanoTemper Technologies). The samples
contained 6 mg ml−1 of purified enzyme. The intensity ratios
were plotted as a function of the temperature, and the inflec-
tion point of the resulting curve was defined as the melting
temperature.

Determination of enzyme activity

Enzyme activities towards a set of 30 halogenated sub-
strates (Sigma-Aldrich) were determined using a
Microlab STARlet liquid handling workstation (Hamilton
Robotics). The substrate specificities were analyzed at
25 °C for eHLD-B or 37 °C for eHLD-C using 2-ml vials
containing 1 ml of 100 mM glycine–NaOH buffer (pH 8.6)

and 1 μl of the substrate. The reaction was initiated by
adding 50 μl of purified enzyme (0.01–8 mg ml−1). The
progress of the reaction was monitored by taking 75-μl
samples and mixing them with 10 μl of 35% HNO3 to
terminate the reaction. A colorimetric end point assay
based on the detection of released halide ions using
Hg(SCN)2 (9.5 mM in ethanol) and NH4Fe(SO4)2
(250 mM in 9 M HNO3) (Iwasaki et al. 1952) was used
for determining the temperature and pH dependence of the
enzyme activities. The absorbance was detected at 460 nm.

Determination of enantioselectivity

The enzymatic conversions were performed at 20 °C in 2-ml
vials. The reaction mixtures contained 1 ml of glycin buffer
(100 mM, pH 8.6) and 1 μl of the racemic substrate. The
reaction was initiated by adding 50 μl of the enzyme (0.01–
2.5 mg ml−1). Samples of 1 μl were withdrawn and subse-
quently analyzed by chiral gas chromatography using an
A s t e c CH IRALDEX B -DM cap i l l a r y c o l umn
(50 m × 0.25 mm; Sigma-Aldrich) at an isothermal tempera-
ture of 60 °C for 8 min and at 70 °C for 12 min for 2-
bromopentane and ethyl 2-bromopropionate, respectively.
The enantioselectivity was expressed as the enantiomeric ratio
(E) defined as the ratio between the specificity constants (kcat/
Km) for the two enantiomers:

E ¼
kRcat

.
KR

m

kScat
.
KS

m

The progress curves were fitted to the competitive
Michaelis-Menten equation (Lutje Spelberg et al. 1998) using
the nonlinear least-squares regression software DynaFit
(Kuzmič 2009).

Size exclusion chromatography

Themolecular masses of eHLD-B and eHLD-Cwere assessed
by SEC using a Superdex 200 10/300 GL column (GE
Healthcare Life Sciences) with a flow rate of 0.4 ml min−1.
The mobile phase was composed of 50 mM Tris–HCl and
150 mM NaCl (pH 7.2). The calibration proteins were cyto-
chrome c, carbonic anhydrase, albumin, alcohol dehydroge-
nase, and β-amylase.

Statistical analyses

The specific activity data of eHLD-B, eHLD-C, and 13 pre-
viously examined wild-type HLDs towards 30 substrates
(Supplementary Table S4) were analyzed by two principal
component analyses (PCAs) as described in Koudelakova
et al. (2011) using Statistica 10.0 (StatSoft, USA).
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Dendrograms based on similarities of individual HLDs in their
substrate specificity profiles were constructed using the
neighbor-joining method based on the PCA results as de-
scribed in Koudelakova et al. (2011).

Construction of phylogenetic trees and homology models

Phylogenetic trees were generated in MEGA using the
neighbor-joining method with 1000 bootstrap re-
samplings (Tamura et al. 2007). The evolutionary dis-
tances were computed using the Poisson correction meth-
od. Structural homology models were constructed using
the automated modeling server SWISS-MODEL with de-
fault settings (Arnold et al. 2006). The distances of res-
idues to the solvent-accessible surface of the models
were calculated using the SurfDis command in the pro-
gram YASARA (Krieger and Vriend 2014).

Nucleotide sequence accession numbers

The nucleotide sequences of the retrieved full-length HLD-
encoding genes are available in GenBank under the accession
numbers KF483136–KF483146.

Results

Site characteristics

Groundwater and soil of the investigated area were continu-
ously contaminated with various products of the oil industry
for 50 to 70 years until 1995. The groundwater was sampled
from a slightly contaminated monitoring well with cis-1,2-
dichloroethene, trichloroethylene, and tetrachloroethylene be-
ing the primary contaminants at this site, reaching concentra-
tions of 15.9, 3.9, and 1.8 μg l−1, respectively. 1,2-
Dichloroethane was not detected at the site using standard
analytical procedures (<0.5 μg l−1). A temperature of 8.5 °C
and pH of 6.9 were determined at the time of sampling.

Microbial diversity

The pyrosequencing generated 2000 sequence reads with se-
quence lengths ≥400 bases, resulting in 627 operational taxo-
nomic units (OTUs). The statistical description of the 16S
rRNA gene library indicates a high level of species richness
(Supplementary Table S5; Kotik et al. 2013). One should note
that the diversity estimates are always dependent on the sam-
pling depth (Hughes et al. 2002). While recognizing that, our
sole intension was to estimate the microbial diversity to show
that a complex community had been analyzed. All OTUs with
seqmatch scores of ≥0.950 (Cole et al. 2014) or abundances of
≥2‰ can be found in the Supplementary Table S6. The

microbial community was dominated by Betaproteobacteria,
Gammaproteobacteria, and Alphaproteobacteria, with mem-
bers of the orders Burkholderiales, Rhodocyclales,
Xanthomonadales, Chromatiales, and Rhizobiales being the
most abundant (Supplementary Figs. S1 and S2).

Retrieved full-length HLD-encoding sequences

The fragments of the putative HLD-encoding genes were di-
rectly amplified from the metagenomic DNA using degener-
ate hld-specific consensus primers (Kotik and Faměrová
2012). The obtained PCR products enabled us to amplify the
regions adjacent to these core sequences using a PCR-based
genome-walking technique with linker-coupled DNA as a
template in combination with linker-specific and nested
primers. With the exception of hldC_gw, two upstream walk-
ing rounds were performed to reach the start codons of the hld
genes. One downstream walking round was sufficient to am-
plify the missing fragments which encoded the C-termini of
the HLDs (Supplementary Table S1). The sequences of the
full-length genes were obtained via the assembly of overlap-
ping fragment sequences (Supplementary Figs. S3 to S6). In
addition, three longer stretches of DNA adjacent to the assem-
bled hld genes were obtained; a BlastX analysis of these se-
quences revealed the presence of ORFs encoding hypothetical
proteins or an arylsulfatase (Supplementary Table S7).

The specific primers which were derived from the noncod-
ing regions upstream and downstream of the four assembled
hld genes enabled us to retrieve a set of putative full-length
HLD-encoding genes from the metagenomic DNA sample
(Supplementary Figs. S7 to S9). The conceptual translation
of the sequences resulted in protein sequences, which after
alignment generated the clusters A, B, and C in the dendro-
gram (Supplementary Fig. S10). The phylogenetic analysis
revealed that the cluster A and B sequences belong to the
HLD-I clade with DpcA (Drienovska et al. 2012) as the clos-
est functionally tested HLD representative (sequence identi-
ties of 60%). The cluster C sequences were found to be mem-
bers of the HLD-II clade with DadB (Li and Shao 2014) being
the closest characterized HLD (sequence identity of 66%).
The protein sequences within each cluster exhibited high se-
quence identities: 95–99% for cluster A sequences, 98–99%
for cluster B sequences, and 97–99% for cluster C sequences
(Supplementary Figs. S11 to S13). Two nucleotide sequences
encoding two HLDs within cluster Awere identified as poten-
tially chimeric (Supplementary Fig. S11) with a breakpoint at
position ~600 bp.

The residues which are essential for catalysis were predict-
ed through sequence comparison with HLDs with known ter-
tiary structures—DmrA (Fung et al. 2015) for cluster A and B
sequences and HanR (Novak et al. 2014) for cluster C se-
quences. The positions of the deduced catalytic residues in
the cluster sequences were found to represent classical
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catalytic pentad arrangements of subfamily I and II HLDs
with Asp as the nucleophile, His as the catalytic base, Asn
and/or Trp as the halide-stabilizing residues, and Asp or Glu
as the catalytic acid (Supplementary Figs. S11 to S13).

Model structures

In an attempt to locate the various amino acid exchanges of the
metagenome-derived HLD variants in the protein structures,
homology models were constructed using the known crystal
structures of DmrA (Fung et al. 2015) and HanR (Novak et al.
2014) as the templates (Supplementary Figs. S14 to S16). It
turned out that the vast majority of these exchange sites is not
buried in the protein, as the distances between the residues of
these sites and the protein surface were determined to be 2.9–
3.5 Å, which are values of highly accessible residues
(Chakravarty and Varadarajan 1999). However, two locations
were found to be rather distant from the surface of the model
structures: 5.8 Å for Val-77 in eHLD-A and 4.5 Å for Tyr-60
in eHLD-B (Supplementary Figs. S17 to S19). Interestingly,
the detected exchanges at these buried positions can be con-
sidered conservative with Val-77 and Tyr-60 being replaced
by Ile and Phe, respectively. On the other hand, at sites close to
the surface, we observed all kinds of exchanges, conservative
ones, such as Lys↔Arg, Ile↔Val, or Asp↔Glu, but also
those that fundamentally alter the physicochemical properties
of a residue, e.g., Pro↔Ser, Ala↔Thr, Gly↔Ser, or
Gly↔Arg (Supplementary Table S8). The sites of the muta-
tions appear to be unevenly distributed over the HLD se-
quences with stretches of higher variability and stretches of
virtually no exchange. Our data suggest that a nearly invari-
able segment of ~50–70 amino acids may stretch fromβ-sheet
5 up to α-helix 4, which includes the catalytic nucleophile
Asp and both halide-stabilizing Trp residues in the HLD-I
subfamily.

Purification and preliminary activity tests of recombinant
HLDs

Four metagenome-derived hld genes were selected for the
heterologous expression and purification of the corresponding
enzymes containing C-terminal His-tags: eHLD-A and
eHLD-D from cluster A, eHLD-B from cluster B, and
eHLD-C from cluster C (Supplementary Figs. S10, S11 to
S13). Only eHLD-C exhibited dehalogenase activity towards
the representative and universal HLD substrates 1-iodobutane,
1,2-dibromoethane, and 4-bromobutyronitrile. Elution during
protein purification did not result in any protein fractions con-
taining eHLD-A or eHLD-D. In a second attempt, eHLD-A
and eHLD-B with N-terminal His-tags were tested for
dehalogenase activity with 1,3-dibromopropane and 1-
chlorohexane. In this case, eHLD-B was found to be active.
Active eHLD-B and eHLD-C were purified to a high degree

of homogeneity using Ni-NTA affinity chromatography
(Supplementary Fig. S20).

Biophysical characterization of eHLD-B and eHLD-C

The purified His-tagged enzymes eHLD-B and eHLD-C elut-
ed during size exclusion chromatography as monomers with
deduced molecular masses of 37.9 and 37.4 kDa, respectively
(Supplementary Table S9 and Fig. S21). No indication of di-
mer formation was observed. The far-UV CD spectra of both
enzymes revealed the typical structural features of folded
HLD proteins with a characteristic positive peak at ~195 nm
and two negative peaks at 208 and 222 nm, which is indicative
of a large fraction of α-helices (Supplementary Fig. S22). The
thermal unfolding of both enzymes was compared at pH 7.5
using (i) DSC and (ii) the temperature-dependent CD signal at
222 nm. The determined melting temperatures using either
technique were in good agreement: 34.0–35.1 and 55.5–
58.7 °C for eHLD-B and eHLD-C, respect ively
(Supplementary Table S10 and Fig. S23).

Biochemical characterization of eHLD-B and eHLD-C

The temperature and pH optima of the purified HLDs were de-
termined using 1,3-dibromopropane as a substrate. For eHLD-B,
the optimal pH was 8.5 with enzyme activities exceeding half-
maximum values between pH 6.0 and ~9.7 (Fig. 1a). On the
other hand, the pH optimumof eHLD-Cwas found to be broader
with a plateau region of maximum activity between pH 5.5 and
8.9. Activities of eHLD-C that exceeded half-maximum values
were determined between pH 4.7 and 10.0 (Fig. 1a). eHLD-B
exhibited a low optimal temperature of 25 °C at pH 8.5, whereas
a significantly higher optimal temperature of 55 °C (pH 6.5) was
determined for eHLD-C (Fig. 1b).

The substrate specificity profiles of eHLD-B and eHLD-C
were investigated using a panel of 30 halogenated hydrocarbons,
which were previously selected on grounds of large differences
in their physicochemical properties (Koudelakova et al. 2011).
Generally, eHLD-C exhibited substantially higher specific activ-
ities than eHLD-B, the difference in the activity being two to
three orders of magnitude (Table 1). The highest specific activity
of eHLD-B was determined for 1,3-dibromopropane (substrate
no. 48) and 1-bromo-3-chloropropane (no. 52). On the other
hand, eHLD-C was most active towards 1,2-dibromoethane
(no. 47) and 1-bromo-2-chloroethane (no. 137). Moreover, the
substrate range of this enzyme was broader with detected activ-
ities towards 28 out of 30 tested substrates. Both enzymes did not
react with 1,2,3-trichloropropane (no. 80) and chlorocyclohexane
(no. 115). The substrate specificity profile of eHLD-C, with the
exception of 1-bromobutane (no. 18), is characterized by a pref-
erence for multisubstituted compounds with chain lengths of ≤3
carbon atoms (substrates nos. 47, 48, 52, 72, 76, 137, 154, 155).
Furthermore, eHLD-C exhibited a marked preference for
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brominated compounds over chlorinated and iodinated ones. By
contrast, eHLD-B showed less preference for haloalkanes with
short chain lengths, i.e., relatively high activities were determined
for 1,5-dichloropentane and 1-bromohexane (Fig. 2).

The enantioselectivities of eHLD-B and eHLD-C were
assessed using 2-bromopentane, represent ing β-
bromoalkanes, and ethyl-2-bromopropionate, which repre-
sents α-brominated esters (Supplementary Fig. S24).
Interestingly, the kinetic resolution experiments with the for-
mer compound revealed an S-enantiopreference for eHLD-B,
though with a very low E-value of 3. eHLD-C also exhibited a
low discrimination between the enantiomers of this compound
with a determined E-value of 6; however, it preferentially
hydrolyzed the R-enantiomer. A medium enantioselectivity
with an E-value of 40 was observed for ethyl-2-
b romoprop iona t e us ing eHLD-B, whi l e a h igh
enantioselectivity with an E-value of 101 was determined for
eHLD-C; both enzymes exhibited a preference for the R-en-
antiomer (Table 2). Generally low enantioselectivities can be
related to the environmental origin of the host organisms,
which could be exposed to the toxicities of both enantiomers.

Functional classification of eHLD-B and eHLD-C

PCA was performed to compare the substrate specificities of
both novel HLDs with 13 previously characterized HLDs.
First, the data containing the untransformed specific activities
towards the 30 abovementioned substrates was analyzed by
PCA, establishing three significant principal components. The
enzymes were ranked by the first principal component accord-
ing to their overall activities (Fig. 3a), which accounted for
39% of the variance in this dataset. eHLD-B positioned
among the less active enzymes, whereas eHLD-C was identi-
fied as an enzyme with a high overall activity. In order to gain
insight into the differences of the individual HLD activity
profiles, the activity data were log-transformed and weighted
prior to PCA. Again, three statistically significant principal
components were identified. In the resulting three-
dimensional t1–t2–t3 score plot, which explained 56% of the
variance in the dataset, the objects (HLDs) were found to be
clustered in four substrate specificity groups (SSG) according
to the similarities in their specificity profiles (Fig. 3b). The
distribution of the individual HLDs into four SSGs is also seen
in a two-dimensional t1–t3 score plot defined by the first and
third principal components (Fig. 3d). Comparison of the t1–t3
score plot with the corresponding p1–p3 loading plot (Fig. 3c)
enabled the identification of the relative activities with partic-
ular substrates that were primarily responsible for the cluster-
ing of the enzymes (Koudelakova et al. 2011). eHLD-B and
eHLD-C were positioned in two different clusters, SSG-IV
and SSG-I, respectively (Fig. 3d). The constructed substrate
specificity dendrogram also supports the functional classifica-
tion of the HLDs into four SSGs (Supplementary Fig. S25).

Thermostabilities of eHLD-C and DbeA

The thermostability experiments revealed an unusually high
robustness of eHLD-C, which was explored by a comparative
analysis with DbeA. DbeA was selected for the comparison
because its thermostability was reported to be the highest
among HLDs (Chaloupkova et al. 2014; Fung et al. 2015; Li
and Shao 2014). The melting temperatures were determined
for both enzymes in the pH range of 4.0 to 11.0 by monitoring
the tryptophan fluorescence signal. The data confirmed a very
high thermal stability of both enzymes with eHLD-C being
significantly more stable in acidic conditions with pH values
of <6.0 (Fig. 4).

Discussion

Recent literature data suggest that HLD-encoding genes are
not rare in bacteria (Chovancova et al. 2007; Kotik and
Faměrová 2012; Koudelakova et al. 2011). Moreover, their
occurrence is not limited to bacteria which exist at sites
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Fig. 1 Temperature and pH optima of eHLD-B and eHLD-C activities
determined with 1,3-dibromopropane. a Dependence of HLD activity on
pH at 25 °C. bTemperature dependence of activities determined at pH 8.5
for eHLD-B and pH 6.5 for eHLD-C
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contaminated with haloalkanes (Fung et al. 2015; Jesenská
et al. 2002), which may reflect the presence of natural haloge-
nation processes described in various environments (Albers
et al. 2011; Bastviken et al. 2009; Clarke et al. 2009). As
shown in this report, HLD-encoding genes can also be re-
trieved from metagenomes with no obvious relation to
haloalkane contamination, since the major contaminants at
the investigated site were chlorinated ethenes, which are not
substrates for HLDs. The investigated site exhibited a high
degree of microbial diversity and consequently was thought
to be a good metagenomic source of diverse HLD-encoding
genes. For obvious reasons, our PCR-based approach did not
enable us to identify the hosts of the HLDs.

The biochemical characterization revealed marked differ-
ences between eHLD-B and eHLD-C in their optimal

temperatures, thermostabilities, and substrate specificities.
With a denaturation temperature of 34–35 °C, eHLD-B is
clearly less stable than most of the characterized HLDs, with
the notable exception of DpcA from Psychrobacter
cryohalolentis K5T (Drienovska et al. 2012). Thus, the origi-
nal host of eHLD-B appears to be a cold-adapted organism.
Although retrieved from the same metagenome, eHLD-C ex-
hibited a high denaturation temperature of 55–58 °C, which is
at the upper end of currently characterized HLDs (Drienovska
et al. 2012).

eHLD-C showed exceptionally high activities towards six
substrates (nos. 47, 48, 52, 72, 137, 154, 155), considering the
reported specific activities of other biochemically character-
ized HLDs (Koudelakova et al. 2011). eHLD-B generally ex-
hibited much lower specific activities, which is, however, not

Table 1 Specific activities of
eHLD-B and eHLD-C towards a
panel of 30 selected halogenated
substrates

Numbera Substrate Specific activity (nmol s−1 mg−1)

eHLD-B eHLD-C

4 1-Chlorobutane –b 1.1

6 1-Chlorohexane 1.7 1.2

18 1-Bromobutane 5.0 74.1

20 1-Bromohexane 3.8 7.9

28 1-Iodopropane 1.3 9.4

29 1-Iodobutane 1.9 8.9

31 1-Iodohexane 0.2 0.5

37 1,2-Dichloroethane – 1.9

38 1,3-Dichloropropane – 20.0

40 1,5-Dichloropentane 3.7 5.5

47 1,2-Dibromoethane 2.2 203.8

48 1,3-Dibromopropane 8.1 80.5

52 1-Bromo-3-chloropropane 6.7 148.1

54 1,3-Diiodopropane 2.7 7.2

64 2-Iodobutane 0.6 6.3

67 1,2-Dichloropropane – 1.8

72 1,2-Dibromopropane – 132.3

76 2-Bromo-1-chloropropane 0.4 126.7

80 1,2,3-Trichloropropane – –

111 Bis(2-chloroethyl)ether – 8.3

115 Chlorocyclohexane – –

117 Bromocyclohexane – 9.1

119 (1-Bromomethyl)cyclohexane 0.2 1.0

137 1-Bromo-2-chloroethane 0.9 172.1

138 Chlorocyclopentane – 17.6

141 4-Bromobutyronitrile 6.0 51.0

154 1,2,3-Tribromopropane – 105.8

155 1.2-Dibromo-3-chloropropane 0.4 79.6

209 3-Chloro-2-methylpropene 1.4 31.0

225 2,3-Dichloropropene 0.5 32.5

a Substrate numbering is based on the database of halogenated compounds described in Koudelakova et al. (2011)
b No activity was detected under the tested conditions
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unusual in view of the available activity data for other HLDs
such as DmbC, DmrB, DrbA, and DspA (Fortova et al. 2013;
Fung et al. 2015; Jesenská et al. 2009). The poor catalytic
efficiency of eHLD-B, which appears to be a typical represen-
tative of the subfamily I of HLDs (Supplementary Fig. S10),
raises the question of its physiological role. One should keep
in mind that the halogenated compounds commonly used for
HLD characterization may be structurally different from the
cognate substrates, which may explain the low enzymatic ac-
tivities. Comparing substrate specificity groupings (Fig. 3)
with evolutionary distance data (Supplementary Fig. S10)
suggests that there is no correlation between the substrate
specificity profile of a particular HLD and its sequence-
based phylogeny. In other words, HLDs within a given SSG
are not necessarily evolutionary related. For instance, the sev-
en SSG-IV members DatA, DbeA, DmbC, DpcA, DspA,
DsvA, and eHLD-B fall into the three existing phylogenetic
subgroups, not just into one. A lack of correlation between
phylogenic and substrate specificity data of HLDs had been
previously reported (Koudelakova et al. 2011). eHLD-C was
placed in SSG-I, whose members are characterized by their
catalytic robustness, accepting most of the selected halogenat-
ed compounds as substrates (Koudelakova et al. 2011). In

addition, these enzymes share similar substrate preferences,
which include the following substrates: 1,2-dibromoethane
(no. 47), 1,3-dibromopropane (no. 48), 1-bromo-3-
chloropropane (no. 52), and 1-bromo-2-chloroethane (no.
137). HLDs within the SSG-IV cluster represent enzymes
with a more restricted substrate range. The representatives of
this cluster have a preference for terminally substituted bromi-
nated butanes and propanes (Koudelakova et al. 2011), as was
shown for eHLD-B.

All previously investigated HLDs have been found to have
pH optima of ≥8.0 with the notable exception of DmbB. This
enzyme, however, possesses a very low activity (Jesenská
et al. 2005), which hampers its use in practical applications.

Fig. 2 Comparison of substrate
specificity profiles of eHLD-B
and eHLD-C. Relative activities
are shown towards a set of 30
chlorinated (white),
chlorobrominated (dark gray),
brominated (light gray), and
iodinated substrates (black)

Table 2 Enantioselectivities of eHLD-B and eHLD-C towards 2-
bromopentane and ethyl-2-bromopropionatea

Racemic substrate eHLD-B eHLD-C

2-Bromopentane 3 (S) 6 (R)

Ethyl-2-bromopropionate 40 (R) 101 (R)

a The numbers indicate E values with corresponding enantiopreferences
in parentheses
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In contrast, eHLD-C shows an optimal activity between
pH 5.5 and 8.9; this characteristic and the high thermostability
make this enzyme a promising candidate for various practical
applications. In particular, the unusual pH tolerance makes
this enzyme interesting for processes which require operation
at lower pH: (i) bioremedation or biosensing of environmental
pollutants in neutral to acidic environments or (ii) industrial
biocatalysis of halogenated hydrocarbons showing generally
lower stability at neutral to alkaline conditions.

The metagenome represents a huge trove of genes from
thousands of microorganisms which are present at a specific
sampling site (Handelsman et al. 1998). Many of these micro-
organisms have not yet been cultivated or are at present un-
cultivable. Thus, metagenomic DNA can fundamentally en-
large our collection of biotechnologically interesting enzymes,
providing access to an immense number of genes (Steele et al.
2008; Uchiyama and Miyazaki 2009). As shown in this and
previous works, PCR with degenerate primers in conjunction
with genome walking is one strategy to prospect for novel
enzyme-encoding genes with potential applications in

biotransformations (Bell et al. 2002; Eschenfeldt et al. 2001;
Hayashi et al. 2005; Jiang et al. 2006; Kotik 2009; Kotik et al.
2010; Labes et al. 2008; Sunna and Bergquist 2003; Tang et al.

Fig. 3 Quantitative comparison
of activity and specificity of
eHLD-B and eHLD-C with 13
previously characterized HLDs
using principle component
analysis (PCA). a PCA of
untransformed specific activity
data, resulting in a t1 score plot.
Ranking of the HLDs by the first
principal component according to
their overall enzyme activities is
shown. The dataset was based on
30 selected substrates. b PCA
with the transformed dataset. The
t1–t2–t3 score plot shows the
distribution of the objects (HLDs)
based on their substrate
specificity profiles. t1, t2, and t3
are the principal component
scores of the individual HLDs.
Using PCA, the HLDs were
distributed into four substrate
specificity groups (SSGs)
according to their substrate
specificity profiles. c, d PCA
using the transformed dataset: the
p1–p3 loading plot (c) and the
corresponding t1–t3 score plot (d)
are shown. The t1–t3 score plot
accounts for 43% of the variance
in the dataset. The p1–p3 loading
plot quantifies the contribution of
each variable (relative activity
towards a particular substrate) to a
particular principal component

Fig. 4 Comparison of melting temperatures for eHLD-C (white bars)
and DbeA (black bars) determined in the pH range 4.0–11.0. The
tryptophan fluorescence signal was used as a probe of the unfolding of
the tertiary structures
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2006; Uchiyama and Watanabe 2006; Weerachavangkul et al.
2012). Here, we have shown that metagenomic DNA is a
valuable source of novel HLD-encoding genes. Moreover,
the pool of evolutionary closely related genes present at the
sampling site represents a resource of HLD variants with po-
tentially altered substrate specificities or other enzyme char-
acteristics. These natural HLD variants can be of biotechno-
logical value because replacing a few residues at key sites can
significantly alter the substrate specificities in HLDs (Pavlova
et al. 2009; Pries et al. 1994). This study illustrates the high
potential of PCR-based gene mining directly from
metagenomic DNA to enlarge the existing collection of prom-
ising HLDs. We have shown that the technique is suitable for
the isolation of genes encoding novel HLDs with markedly
different properties such as thermostabilities, pH–activity pro-
files, substrate specificities, and enantioselectivities.
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