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A haloalkane dehalogenase, DpcA, from Psychrobacter cryohalolentis K5, representing a novel psychrophilic member of the haloalkane
dehalogenase family, was identified and biochemically characterized. DpcA exhibited a unique temperature profile with exceptionally
high activities at low temperatures. The psychrophilic properties of DpcA make this enzyme promising for various environmental
applications.

Haloalkane dehalogenases (HLDs) (EC 3.8.1.5) are enzymes that
catalyze the hydrolysis of a carbon-halogen bond in halogenated

aliphatic hydrocarbons, releasing a corresponding alcohol, a halide
ion, and a proton as the reaction products (17). HLDs catalyze reac-
tions of great environmental and biotechnological significance. They
have potential applications in bioremediation (33), biosensing (4, 6),
decontamination of warfare agents (30), synthesis of optically pure
compounds (29, 35), cellular imaging, and protein analysis (25, 27).
The effective use of biocatalysts in these applications requires avail-
ability of enzymes with specific properties under process conditions
(5). Isolation of novel enzymes from extremophilic microorganisms
represents an effective approach for obtaining biocatalysts with de-
sired properties (34). The requirement of low temperature for se-
lected practical applications of HLDs prompted us to explore the
domain of psychrophilic proteins (7).

To identify HLDs with potentially psychrophilic properties,
we performed sequence database searches. We used six HLD
family members—LinB (26), DhaA (23), DhlA (21), DmbB
(19), DrbA (20), and DmbC (20)—as queries for the PSI-
BLAST (1) search against the nr database of NCBI (February
2009 version) (32). PSI-BLAST was conducted with the E-value
thresholds of 10�10 for the initial BLAST search and the thresh-
old of 10�15 for inclusion of the sequence in a position-specific
matrix. A set of 11,208 sequences collected after three iterations
of PSI-BLAST were clustered with the software program
CLANS (13) to distinguish HLDs from other related sequences.
The best resolution of clusters was observed at the P value of
10�35. The HLD cluster was composed of 308 nonunique se-
quences originating from 268 different sources, including un-
classified organisms and artificial constructs. Information
about source organisms of all putative HLDs was collected
from the Genomes OnLine Database, v2.0 (24), and the Entrez
Genome Project database of NCBI (32). Collected sequences
were aligned using the MUSCLE software program (10). Puta-
tive HLDs were identified in the genomes of 16 psychrophilic
or psychrotolerant organisms (see Table S1 in the supplemen-
tal material), including Psychrobacter cryohalolentis K5. P. cryo-
halolentis K5 was originally isolated from saline-water lenses
obtained from 40,000-year-old Siberian permafrost with an in
situ temperature from �9 to �11°C (2). The bacterium formed
small nonmotile coccoid rods and could be cultured on marine
agar in smooth and nonpigmented colonies. The strain was
selected for genome sequencing for its ability to reproduce at

�10°C with a generation time of 39 days and rapid growth at
low temperature (2). Additional studies of P. cryohalolentis K5
examined critical temperature, growth efficiency, and protein
expression at subzero temperatures (3).

The putative HLD from P. cryohalolentis K5 (NCBI accession
no. YP_580518; hereafter referred to as DpcA), belonging to the
HLD-I subfamily (9), was prepared and characterized as follows.
An optimized recombinant gene, dpcA-His6, was artificially syn-
thesized (Mr. Gene, Regensburg, Germany) and subcloned into
the expression vector pET21b (Novagen, Madison, WI). His-
tagged DpcA was expressed under the control of a T7 promoter in
Escherichia coli ArcticExpress (DE3) (Stratagene, La Jolla, CA) and
purified to homogeneity by metallo-affinity chromatography with
Ni-nitrilotriacetic acid resin (Qiagen, Hilden, Germany). The
protein yield obtained from purification was 30 mg of protein
from a 1-liter cell culture.

Folding and secondary structure of DpcA were studied by cir-
cular dichroism (CD) spectroscopy. Far-UV CD spectra were re-
corded for DpcA and other related HLDs at room temperature
using a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan). All
tested enzymes exhibited CD spectra with one positive peak at 195
nm and two negative maxima at 208 and 220 to 222 nm, charac-
teristic of �-helical content (11), suggesting proper folding of
DpcA. Thermally induced denaturation of DpcA was tested by
monitoring ellipticity at 221 nm with increasing temperature. The
melting temperature (Tm) calculated from the curve was 34.7 �
0.6°C, revealing that DpcA possesses the lowest thermal stability of
all related enzymes, whose melting temperatures lie within the
range of 39.2 to 58.5°C (15, 18–21, 26, 31).

The native structure of DpcA was examined by gel filtration
chromatography using the elution buffer consisting of 50 mM
Tris-HCl at pH 7.5 with the presence of 150 mM NaCl. A Super-
dex 200 10/300 GL column (GE Healthcare, Waukesha, WI) was
calibrated with aldolase (158 kDa), conalbumin (75 kDa), ovalbu-
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min (44 kDa), carbonic anhydratase (29 kDa), and RNase A (13,7
kDa). DpcA was determined to be a monomer under tested con-
ditions. The most biochemically characterized HLDs occur as
monomers (8, 15, 21, 26); some of them are dimers or form large
oligomeric complexes (8, 15, 20).

The substrate specificity of DpcA was assayed with 30 different
halogenated substrates (see Table S2 in the supplemental mate-
rial) at 25°C by a colorimetric Iwasaki method (16). The released
halide ions were measured after adding mercuric thiocyanate and
ferric ammonium sulfate spectrophotometrically at 460 nm.
DpcA generally exhibited better activities toward longer substrates
(number of carbon atoms in the chain � 3) with the following
substituent preferences: brominated � iodinated �� chlorinated.
In order to compare the activity and substrate specificity of DpcA
with those of other HLDs, principal component analysis (PCA)
was carried out as previously described by Koudelakova et al. (22).
Compared to those of other HLDs, the overall level of activity of
DpcA was moderate (see Fig. S1 in the supplemental material).
DpcA has one of the narrowest substrate specificity profiles of all
biochemically characterized HLDs. It has exceptionally high ac-
tivity toward 1-bromobutane (0.099 �mol s�1 mg�1), 1-bromo-
hexane (0.112 �mol s�1 mg�1), and 1,3-dibromopropane (0.118
�mol s�1 mg�1), while it has zero activity toward short chlori-

nated substrates (Fig. 1). PCA classified DpcA into substrate spec-
ificity group IV (SSG-IV) together with the haloalkane dehaloge-
nases DatA, DbeA, and DmbC (see Fig. S1 in the supplemental
material).

1-Bromobutane, identified as one of the best substrates for DpcA,
was used for the determination of temperature and pH profiles. The
temperature profile of DpcA was measured in the range of tempera-
tures from 5°C to 35°C. The highest activity of the enzyme was ob-
served at 25°C (Fig. 2). This property is unique and has not been
observed for any other HLD so far. The highest activities of other
related enzymes lay in the temperature interval between 40 and 50°C
(15, 18–21, 26). Another important finding is that the DpcA enzyme
retained almost 27% of its maximal activity at 5°C. Both observations
were consistent with the fact that DpcA originates from the psychro-
philic organism.

The effect of pH on DpcA activity was measured over the pH
range of 5.2 to 10.1. The maximal activity of DpcA was detected at
pH 8.7, which was similar to findings with other HLDs (15, 18–21,
26). The protein loses all activity below pH 6.4 and above pH 9.6.

A steady-state kinetic analysis was performed with two sub-
strates, 1-bromobutane and 1,3-dibromopropane, for which the
enzyme exhibited the highest activity. The kinetics of DpcA both
with 1-bromobutane (K0.5 [the substrate concentration at which

FIG 1 Comparison of substrate specificity profiles of DpcA and two other biochemically characterized haloalkane dehalogenases, DbjA and LinB. Substrate
specificities toward a set of 30 chlorinated (white), chlorobrominated (dark gray), brominated (light gray), and iodinated (black) substrates were determined.
DbjA activity toward 2-bromo-1-chloropropane (0.42 �mol s�1 mg�1) is trimmed due to scaling limitations of the figure.
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half-maximal velocity is achieved according to the cooperativity
mode] � 3.83 � 0.66 mM; kcat � 1.10 � 0.07 s�1) and with
1,3-dibromopropane (K0.5 � 5.77 � 1.26 mM; kcat � 2.72 � 0.24
s�1) follow a mechanism involving positive cooperative substrate
binding with Hill coefficients n � 1.60 � 0.14 and 1.50 � 0.37,
respectively (see Fig. S2 in the supplemental material).

The enantioselectivity of DpcA was assessed by determination of
the kinetic resolution of racemic �-brominated alkanes (2-bromo-
pentane and 2-bromoheptane) and �-brominated esters (methyl
2-bromobutyrate and ethyl 2-bromobutyrate). The DpcA exhibited
excellent enantioselectivity toward �-brominated esters, with a pref-
erence for the R over the S enantiomer (E value � 105 for methyl
2-bromobutyrate; E value � 200 for ethyl 2-bromobutyrate), but no
enantioselectivity was observed toward �-brominated alkanes.

A variety of structural features responsible for psychrophilic
properties of enzymes have been described in the scientific litera-
ture, including an increased flexibility of molecular structure, a
higher abundance of glycine residues, a lower abundance of pro-
line and arginine residues, a reduced number of ion pairs, aro-
matic interactions, hydrogen bonds, helix dipoles, or buried non-
polar residues, an exposure of a higher proportion of nonpolar
residues to the solvent, and increased accessibility of the active site
cavity (12, 14, 28). Analysis of amino acid composition showed no
significant differences between DpcA and biochemically charac-
terized HLDs from mesophilic organisms (see Table S3 in the
supplemental material). Neither multiple sequence alignment re-
vealed any sequence features specific for putative HLDs from
cold-adapted bacteria. We are therefore working on determina-
tion of the tertiary structure of DpcA to investigate the structural
features responsible for DpcA psychrophilicity.

The biochemical characterization of the novel HLD DpcA
from P. cryohalolentis K5 described in this article revealed several
unique characteristics of this enzyme, including its narrow sub-
strate specificity and high activity at low temperatures. Psychro-
philic properties of DpcA make this biocatalyst highly attractive
for environmental applications, e.g., biosensing and bioremedia-
tion in subsurface environments.
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