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Haloalkane dehalogenases are enzymes that catalyze the cleavage of the carbon-halogen bond by a hydrolytic
mechanism. Genomes of Mycobacterium tuberculosis and M. bovis contain at least two open reading frames
coding for the polypeptides showing a high sequence similarity with biochemically characterized haloalkane
dehalogenases. We describe here the cloning of the haloalkane dehalogenase genes dmbA and dmbB from
M. bovis 5033/66 and demonstrate the dehalogenase activity of their translation products. Both of these genes
are widely distributed among species of the M. tuberculosis complex, including M. bovis, M. bovis BCG,
M. africanum, M. caprae, M. microti, and M. pinnipedii, as shown by the PCR screening of 48 isolates from
various hosts. DmbA and DmbB proteins were heterologously expressed in Escherichia coli and purified to
homogeneity. The DmbB protein had to be expressed in a fusion with thioredoxin to obtain a soluble protein
sample. The temperature optimum of DmbA and DmbB proteins determined with 1,2-dibromoethane is 45°C.
The melting temperature assessed by circular dichroism spectroscopy of DmbA is 47°C and DmbB is 57°C. The
pH optimum of DmbA depends on composition of a buffer with maximal activity at 9.0. DmbB had a single pH
optimum at pH 6.5. Mycobacteria are currently the only genus known to carry more than one haloalkane
dehalogenase gene, although putative haloalkane dehalogenases can be inferred in more then 20 different
bacterial species by comparative genomics. The evolution and distribution of haloalkane dehalogenases among

mycobacteria is discussed.

Haloalkane dehalogenases catalyze detoxification reactions
and act on a broad range of halogenated aliphatic compounds
(15). Haloalkane dehalogenases have primarily been isolated
from bacterial strains living in soil contaminated with haloge-
nated aliphatic compounds (16, 20, 30, 37, 38, 41, 42, 45). The
enzymes are involved in biochemical pathways enabling bacte-
ria to utilize halogenated compounds, i.e., 1,2-dichloroethane,
1-chloroalkanes, v-hexachlorocyclohexane, 1,2-dibromoethane,
and 1,3-dichloropropene as the source of carbon and energy.

Database searches revealed the presence of at least two
open reading frames, rv2579 and rv2296, with sequences highly
similar to haloalkane dehalogenases in the genome of the
pathogenic bacterium Mycobacterium tuberculosis H37Rv (4).
Dehalogenating activity was consequently confirmed in M.
tuberculosis H37Rv (19). The same study demonstrated deha-
logenase activity in several saprophytic mycobacterial species.
The first haloalkane dehalogenase originating from a mycobacte-
rial strain was cloned from Mycobacterium sp. strain GP1 (37).
This haloalkane dehalogenase, designated DhaA, is involved in
the biochemical pathway for biodegradation of 1,2-dibromo-
ethane. Genome sequence analysis has shown that two other
representatives (fast-growing M. smegmatis MC2 155 and slow-
growing M. avium subsp. paratuberculosis K10), possess open
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reading frames aall7946, map0345c, and map2057 coding for
putative haloalkane dehalogenases. The first haloalkane dehalo-
genase of a bacterium isolated from animal tissue was cloned
from M. avium subsp. avium N85 (18) designated DhmA. Heter-
ologous expression of the dhmA gene in Escherichia coli resulted
in a dehalogenase hydrolyzing a wide range of haloalkanes. The
origin and function of the haloalkane dehalogenases in patho-
genic mycobacteria is currently unclear.

In a previous study, we compared the homology model of
protein Rv2579 with the crystal structure of haloalkane deha-
logenase LinB from Sphingomonas paucimobilis UT26 (25)
and found that 6 of 19 amino acid residues that form an active
site and entrance tunnel are different between LinB and
Rv2579 (32). Mutations were introduced cumulatively into the
six amino acid residues of LinB resulting in a protein mutant
which was designed to have an active site of Rv2579. This
mutant showed haloalkane dehalogenase activity, confirming
that Rv2579 is a member of haloalkane dehalogenase protein
family.

We describe here the cloning and expression of two putative
haloalkane dehalogenase genes (designated dmbA and dmbB,
corresponding to 7v2579 and rv2296 in M. tuberculosis, respec-
tively) from the obligatory pathogen M. bovis, as well as the
biochemical and kinetic characterization of proteins encoded
by these genes. The distribution of mycobacterial genes
dmbA, dmbB, and dhmA genes was studied in isolates of the
M. tuberculosis complex, M. avium subsp. avium, M. avium subsp.
hominissuis, and M. avium subsp. paratuberculosis originating
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TABLE 1. Oligonucleotides used for identification of mycobacterial DNA and cloning and screening of dehalogenase genes

Primer Target gene(s) Sequence (5'-3")" Position fgfl; 1;0;3;
UNB51 Bacterial 16S rRNA GAGTTTGATCCTGGCTCA 8-27 21
UNBS800  Bacterial 16S rRNA GGACTACCAGGGTATCTAAT 787-806 21
YNP9 dnaJ (heat shock protein) GGGTGACGCGGCATGGCCCA 13-32 28
YNP10 dnaJ (heat shock protein) CGGGTTTCGTCGTACTCCTT 229-248 28
P90 Insertion sequence IS900  GAAGGGTGTTCGGGGCCGTCGCTTAGG 15-41 13
Po1 Insertion sequence 1S900  GGCGTTGAGGTCGATCGCCCACGTGAC 401-427 13
DMBAf  dmbA GCCGAATTCTAAGGAGGAATATCGATGACAGCATTCGGC Cloning primer®  This study
DMBAr  dmbA GCCAAGCTTTCAGTGATGGTGATGGTGATGGACGCCGGCGGCCGCCGACCG  Cloning primer  This study
DMBBfl dmbB GCCGAATTCTAAGGAGGAATATCGATGGATGGATGTCCTACGC Cloning primer  This study
DMBBrl dmbB GCCAAGCTTTTAGTGATGGTGATGGTGATGCGTTGCCTGCTGCCAGGA Cloning primer  This study
DMBBf2  dmbB GCCGGATCCTATGGATGTCCTACGCACC Cloning primer  This study
DMBBr2 dmbB GCNCTGCAGTTAGTGATGGTGATGGTGATGCGTTGCCTGCTGGGAG Cloning primer  This study
RVI1f dmbA GCTATAGCTATGGCGAGCAA 239-258 This study
RV5f dmbA GTTGTCGTGGCCACGAAAC 615-633 This study
RV7r dmbA GCTGTCCTCCTGAACGAAAT 818-837 This study
RVt dmbA GGGACCCGACCGCTATAGC 228-246 This study
TBC4r dmbB CGGGGAAAGGTGCATCGTAG 585-604 This study
TBC5f dhmA TTCGAAAACCTGGAGGACTAC 31-51 This study
TBCé6r dmbB, dhmA GAAAGCCGTTGGCCACCACC 429-448 This study
TBC7f dmbB, dhmA GCACGGCGAGCCCACCTGGAG 156-176 This study

“ Restriction sites are underlined.

® Cloning primer, primers designed in reference to flanking regions of cloned genes. To the 5’ end of each primer specific restriction sequences were added.

from various hosts, including human beings and different geo-
graphical areas from four continents.

MATERIALS AND METHODS

Mycobacterial isolates. Isolates of the M. tuberculosis complex (M. tuberculosis,
M. bovis, M. bovis BCG, M. africanum, M. caprae, M. microti, and M. pinnipedii),
M. avium subsp. avium, M. avium subsp. hominissuis, and M. avium subsp. paratu-
berculosis were acquired from the collection of the Veterinary Research Institute,
Brno, Czech Republic, and were selected to represent a variety of hosts and coun-
tries of origin. M. avium subsp. paratuberculosis isolates were grown on Herrold Egg
Youlk Medium with Mycobactin J, whereas the rest of the mycobacterial isolates
were grown on solid Lowenstein-Jensen and Ogawa’s medium (19).

Confirmation of mycobacterial DNA. DNA was purified as described previ-
ously (18). The concentration of the isolated DNA was determined spectropho-
tometrically, diluted to a final concentration of 100 pg/ml, and used as a template
for the PCR. The isolated DNA was tested for bacterial origin by PCR with 16S
rRNA-targeted primers UNB51 and UNB800 (Table 1). Primers UNB51 and
UNBS800 were designed on the basis of the E. coli 16S rRNA gene sequence, and
the resulting product of amplification (800 bp) served to reliably identify bacte-
rial DNA. The PCR conditions used were as follows: denaturation at 94°C for
5 min, 3 cycles of denaturation at 94°C for 1 min, annealing at 58°C for 2 min, and
extension at 72°C, followed by another 30 cycles of denaturation at 94°C for 20 s,
annealing at 55°C for 1 min, and extension at 72°C for 1 min. The final extension
was conducted at 72°C for 7 min (21). Moreover, the isolated DNA was tested for
the presence of sequence motifs specific for Mycobacterium spp. (gene encoding
heat-shock protein Dnal [28]), M. tuberculosis complex (IS6110 [43]), M. avium
subsp. avium (18901 [23, 34]), and M. avium subsp. paratuberculosis (1S900 [13]).
The method of Nagai et al. (28) was used to detect a specific region (230 bp) of
the heat shock protein-encoding dnaJ gene using the primers YNP9 and YNP10
that target all mycobacteria (Table 1). The PCR program consisted of the
following steps: denaturation at 94°C for 1 min, 30 cycles of denaturation at 94°C
for 1 min, annealing at 58°C for 2 min, and extension at 72°C for 1 min, with a
final extension at 72°C for 7 min. The DNA of M. avium subsp. paratuberculosis
was analyzed for the presence of the insertion sequence IS900, which is specific
for this subspecies. The oligonucleotides P90 and P91 (Table 1) designed by
Green et al. were used in PCR to distinguish M. avium subsp. paratuberculosis
from other mycobacterial species. The product of 412 bp was amplified by PCR
as follows: a denaturation step at 94°C for 3 min, followed by 30 cycles of
denaturation at 94°C for 1 min, annealing at 65°C for 45 s, and extension at 72°C
for 2 min, with a final extension at 72°C for 2 min (13). The amplification
products were separated on a 2% agarose gel, stained with ethidium bromide,
and photographed under UV transillumination.

Gene cloning and sequencing. The enzymes used for DNA manipulation were
obtained from New England Biolabs, Inc. (Beverly, MA), and TaKaRa Shuzo
Co. (Kyoto, Japan). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). Primer pairs flanking the 2579 and rv2296 genes of
M. tuberculosis were designed and used in a PCR with the total DNA of M. bovis
5033/66. The primers for the cloning of the dmbA gene were designated DMBAf
and DMBA, and the primers designated DMBBf1 and DMBBr1 were used for
cloning of the dmbB gene (Table 1). To enable cloning into plasmid pUCIS,
forward and reverse primers were 5’ end modified by using the EcoRI and
HindIII restriction sites, respectively. In addition, reverse primers also contained
5" end modification, allowing the in-frame introduction of the His, tail into C
terminus of cloned DmbA and DmbB. PCR was carried out in 50-pl volumes
using the Tag PCR Master Mix Kit (QIAGEN, Hilden, Germany) according to
the instructions of the manufacturer. The PCR cycle for dmbA gene amplifica-
tion consisted of a denaturation step for 4 min at 94°C, followed by 30 cycles of
denaturation at 94°C for 40 s, annealing at 62°C for 30 s, and extension at 72°C
for 90 s, with a final extension step at 72°C for 5 min. The cycling parameters for
dmbB gene amplification were 94°C for 4 min, followed by 30 cycles of 94°C for
40's, 55°C for 40 s, and 72°C for 90 s, with a final elongation step for 10 min. The
same cycling parameters were used for the combinations of primers DMBBf1
and DMBBr1 and primers DMBBf2 and DMBBr2. Prior to the digestion with
restriction endonucleases, the PCR products were purified with the QIAquick gel
extraction kit (QIAGEN, Hilden, Germany) and ligated with the pUC18 plasmid
(Invitrogen, Groningen, The Netherlands) digested and purified in the same way.
Recombinant plasmids harboring inserts of the correct size were sequenced by using
an ABI Prism 310 genetic analyzer (Perkin-Elmer, Norwalk, CT).

Expression and protein purification. For the protein expression, dmbA and
dmbB genes were recloned to pAQN (29). In this plasmid, His-tagged DmbA
and DmbB were expressed under the control of the tac promoter. E. coli
BL21(DE3) transformed with the plasmid pAQN containing dmbA or dmbB,
respectively, was grown in 4 liters of Luria broth with ampicillin (100 pg/ml) at
37°C. When the culture reached an optical density of 0.6 at 600 nm, protein
expression was induced by the addition of IPTG (isopropyl-p-p-thiogalacto-
pyranoside) to a final concentration of 1 mM. Since DmbB was repeatedly
purified with a low yield, in an attempt to increase its recovery, the dmbB was
cloned into pTrxFus vector (Invitrogen, Amsterdam, The Netherlands) by using
the primers DMBBf2 and DMBBr2. In this plasmid, His-tagged DmbB was fused
to thioredoxin and expressed under the control of the P, promoter. In this case,
E. coli GI724 was grown in 4 liters of medium containing 0.2% Casamino Acids,
0.5% glucose, 1 mM MgCl,, Na,HPO, (6 g/liter), KH,PO, (3 g/liter), NaCl
(0.5 g/liter), NH,CI (1 g/liter), and ampicillin (100 pg/ml) at 30°C. When the
culture reached an optical density of 0.5 at 600 nm, protein expression was
induced by the addition of L-tryptophan to a final concentration of 100 wg/ml.
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The cells were harvested 4 h after the induction and disrupted by sonication using
a Soniprep 150 (Sanyo Gallenkamp PLC, Loughborough, United Kingdom).
After centrifugation at 21,000 X g for 1 h, the supernatant was filtered through
a 0.45-pm-pore-size filter and further purified on Ni-nitrilotriacetic acid Sepha-
rose column (QIAGEN, Hilden, Germany). The His-tagged protein was bound
to the resin equilibrated with a buffer containing 20 mM potassium phosphate,
0.5 M sodium chloride, and 10 mM imidazole (pH 7.5). Unbound and weakly
bound proteins were washed out by a buffer with 20 mM potassium phosphate,
0.5 M sodium chloride, and 65 mM imidazole (pH 7.5), and the His-tagged
haloalkane dehalogenase was eluted by using an elution buffer (20 mM potas-
sium phosphate, 0.5 M sodium chloride, 225 mM imidazole [pH 7.5]). Protein
homogeneity was verified by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and the proteins were stored in a 50 mM phosphate
buffer (pH 7.5) at 4°C.

CD spectra and thermal denaturation curves. Circular dichroism (CD) spectra
were recorded at room temperature with a Jasco J-810 spectrometer (Jasco,
Tokyo, Japan). The data were collected from 185 to 260 nm at 100 nm/min, with
a 1-s response time and a 2-nm bandwidth using a 0.1-cm quartz cuvette con-
taining 0.15 mg of protein/ml in a 50 mM potassium phosphate buffer (pH 7.5).
Each spectrum shown is the average of 10 individual scans and is corrected for
absorbance caused by the buffer. For thermal denaturation, the protein solutions
were heated from 22 to 72°C at 1°C/min. The changes in the ellipticity were
monitored at 221, 225, and 221 nm for LinB, DmbA, and DmbB, respectively.
The protein concentration of the samples was checked throughout the denatur-
ation experiment. The recorded thermal denaturation curves of each protein
were normalized to represent signal changes between approximately 1 and 0 and
sequentially fitted to sigmoidal curves. The melting temperatures were evaluated
from the collected data as a midpoint of the normalized thermal transition.

Biochemical characterization. The mycobacterial putative haloalkane dehalo-
genases were purified to homogeneity and characterized for their pH and tem-
perature optimum and their catalytic activity. The pH dependence of haloalkane
dehalogenase activity was tested by varying the buffer components in the assay.
The buffer containing 50 mM potassium acetate was used in the range from pH
4.0 to 6.0, the 50 mM phosphate buffer varied from pH 6.0 to 8.0, and the
100 mM glycine buffer varied from pH 8.0 to 10.0. The temperature dependence
of the enzyme was determined by conducting the dehalogenation reaction at a
temperature ranging from 20 to 60°C and the subsequent determination of
products of dehalogenase activity by gas chromatography. The 1,2-dibromo-
ethane was used as a substrate for the testing of biochemical properties of DmbA
and DmbB. All activity assays were conducted in triplicates for DmbA, whereas
replicated experiments could not be performed with DmbB due to the low
expression yields. Steady-state kinetic constants were determined for DmbA only
using two substrates: 1-chlorobutane and 1,3-dibromopropane. The kinetic data,
i.e., the rate of the enzymatic reaction v against the substrate concentration [S],
were fitted to the Michaelis-Menten equation as follows: v = ([E] - [S] * kear)/
(K,,+[S]). The steady-state kinetic constants (k.,, K,,,, and K;) were calculated
by using the computer program EZ-Fit Version 1.1 (F. W. Perrella). The turn-
over number, k., is the number of molecules converted per second by one
enzyme molecule under substrate saturation conditions. The Michaelis-Menten
constant, K,,,, is the dissociation constant and quantifies the substrate concen-
tration at which 50% of the maximal velocity (0.5 - k., * [E]) has been reached.
The substrate inhibition constant, K;, is the dissociation constant for the inactive
complex of enzyme with more than one substrate in the active site.

Activity assays. The activities of purified mycobacterial dehalogenases were
determined by a microtiter plate colorimetric assay using the reagents of Iwasaki
(14) described previously (26). The amount of 0.2 mg of pure DmbA per ml in
the glycine buffer (pH 8.5) was incubated with the halogenated substrate at a
final concentration 10 mM. The progress of the reaction was monitored after 10,
20, and 30 min by measuring the activity of pure DmbA and DmbB. A more
precise determination of activities was achieved by using gas chromatography (3).
The reaction conditions were the same as those for the spectrophotometric assay.
Steady-state kinetics were assessed by the determination of the substrate and
product concentrations by using a gas chromatograph Trace GC 2000 (Finnigen,
San Jose, CA) equipped with a flame ionization detector and the capillary
column DB-FFAP (30 m by 0.25 mm by 0.25 pm; J&W Scientific, Folsom, CA).

Gene screening. Primers used for the screening of putative haloalkane deha-
logenase genes (Table 1) were designed according to the sequences of the dmbA
(accession code Z77724), dmbB (accession code Z77163), and dhmA (accession
code AJ314789). PCRs were carried out in a 20-ul volume using the Tag Master
Mix Kit (QIAGEN). Three different combinations of oligonucleotides were used
for screening of the dmbA gene (RV1f+RV7r, RV5f+RV7r, and RV7r+RVEf),
whereas two combinations of oligonucleotides were used for screening of the
dmbB (TBC4r+TBC7f and TBC6r+TBC7f) and dhmA (TBC5f+TBC6r and
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FIG. 1. SDS-PAGE of purified haloalkane dehalogenases from
M. bovis. The proteins were stained in 0.25% Coomassie blue R-250.

TBC6r+TBCT7f) genes. The PCR protocol consisted of an initial denaturation
step at 95°C for 3 min, followed by 35 cycles of denaturation at 94°C for 40 s and
annealing for 80 s, with a final extension at 72°C for 3 min. The annealing
temperatures varied for each oligonucleotide combination and were optimized
by using gradient PCR. The annealing temperatures were as follows: 55°C for
primer combinations RV5f-RV7r and RV7r-RV8f, 57°C for primer combina-
tions RV1f-RV7r and TBC5{-TBC6r, 59°C for primer combination TBC4r-
TBC7f, and 59°C for primer combination TBC6r-TBC7f.

Nucleotide sequence accession numbers. The nucleotide sequences of dmbA
and dmbB have been deposited in EMBL/GenBank/DDBJ databases under
accession numbers AJ784272 and AJ784273, respectively.

RESULTS

Cloning and sequencing of putative haloalkane dehaloge-
nase genes dmbA and dmbB. The open reading frames rv2579
and rv2296 present in the genome of M. tuberculosis H37Rv
have been previously identified as putative haloalkane dehalo-
genase genes based on the comparison of known haloalkane
dehalogenases with the sequences deposited in genetic data-
bases (19). The third open reading frame rv1833¢ showing a
distant relationship with haloalkane dehalogenases (31.7%
identity) was not considered in our study. The genome se-
quence of M. tuberculosis H37Rv provided data necessary for
designing primers complementary to the regions flanking
haloalkane dehalogenase-like genes. The DNA of M. bovis,
showing a 99.9% identity of the entire genome at nucleotide
level with M. tuberculosis H37Rv, was used for the cloning of
genes designated dmbA and dmbB (for dehalogenases from M.
bovis, paralogs A and B, respectively). Sequencing of the dmbA
gene revealed 100% identity with that isolated from M. bovis
MUI11 (accession no. AJ243259). The translation product of
the dmbA gene differs from the translation product of w2579 of
M. tuberculosis by one amino acid. The DmbA protein carries
glutamine in position 293 instead of arginine present in the
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FIG. 2. Thermal denaturation curves of haloalkane dehaloge-
nases LinB, DmbA, and DmbB (dotted lines). The global fit of the
sigmoidal model to the data of protein denaturation curves is shown
as a solid line.

protein encoded by rv2579. The highest sequence identity
(68%) found with biochemically characterized proteins was
identified with LinB from S. paucimobilis UT26 (31). DmbB
does not differ from the translation product 12296 of M. tu-
berculosis. The translation product of M. tuberculosis gene
dmbB shares 82% sequence identity with the haloalkane de-
halogenase DhmA from M. avium subsp. avium N85 (18) and
39% sequence identity with the haloalkane dehalogenase
DhlA from Xanthobacter autotrophicus GJ10 (17). The G+C
content of both genes (dmbA [63.7%] and dmbB [66.5%]) does
not significantly differ from an average G+C content in the
genome of M. bovis and M. tuberculosis.

Expression and purification of haloalkane dehalogenases
DmbA and DmbB. Haloalkane dehalogenase DmbA was pu-
rified with a yield of 0.1 mg per g of cell mass. Although the
dmbA gene contains approximately the same number of
codons rarely used in E. coli as linB gene (29), the level of
expression was one magnitude lower compared to LinB using
the same expression system. Haloalkane dehalogenase DmbB
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was purified with a yield of 0.01 mg per g of cell mass. Purified
haloalkane dehalogenases DmbA and DmbB migrated as sin-
gle bands on SDS-PAGE with a molecular masses of 34.5 and
34.1 kDa, respectively (Fig. 1). Proper folding of the purified
DmbA and DmbB was verified by CD spectroscopy. The CD
spectra of mycobacterial haloalkane dehalogenases DmbA and
DmbB were compared to the spectra of haloalkane dehaloge-
nases with known tertiary structures, i.e., LinB, DhaA, and
DhIA (25, 33, 44).
Thermostability of haloalkane dehalogenases DmbA and
DmbB. The CD spectra of mycobacterial dehalogenases were
initially measured to identify suitable wavelengths for the mon-
itoring of their thermal denaturation. Thermal denaturation
was tested with LinB, DmbA, and DmbB. DmbB without fu-
sion protein was used for thermostability measurements to
prevent artifacts due to the denaturation of thioredoxin. All
three proteins showed changes in ellipticity while being heated
(Fig. 2). The intensity of this signal decreased with tempera-
ture for each protein following the sigmoidal curve. The melt-
ing temperatures were different for respective proteins: 42.2°C
for LinB, 47.4°C for DmbA, and 57.4°C for DmbB. Compari-
son of the CD spectra before heating from 22 to 72°C with the
heating rate 1°C/min and after heating, i.e., after cooling back
in 50 min using the same heating rate and incubation at room
temperature (22°C) for 10 min, is summarized in Fig. 3. All
native dehalogenases showed CD spectra typical for predom-
inantly oa-helical conformation with two negative features at
about 221 and 208 nm and a positive peak at about 195 nm. In
comparison to the CD spectrum of native protein, the intensity
of the CD spectrum of LinB after thermal denaturation was
significantly lower (Fig. 3A). Moreover, these two CD spectra
differ in the ©,,,/0, ratio, indicating some structural varia-
tion. The CD spectrum of the DmbA protein (Fig. 3B) showed
the typical shape of a random coil structure with dominant-
negative features at about 200 nm and a broad negative ellip-
ticity for 230 to 215 nm after thermal denaturation. This indi-
cates that the DmbA protein lost its a-helical conformation
entirely upon heating to the denaturation temperature. Unlike
LinB and DmbA, the CD spectrum of DmbB had the same
shape before and after thermal denaturation (Fig. 3C). The
spectrum of the DmbB protein after heating keeps character-
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FIG. 3. Far-UV CD spectra of LinB (A), DmbA (B), and DmbB (C) dehalogenating enzymes. Solid lines represent the CD spectra of proteins
before heating, and dotted lines represent the CD spectra of proteins after heating from 22°C to 72°C, cooling, and incubation at 22°C for 10 min.
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FIG. 4. Effect of pH on activity of M. bovis haloalkane dehaloge-
nases DmbA (top panel) and DmbB (bottom panel). The data for
DmbA are expressed as relative activities, and error bars represent the
standard errors. Experiments with DmbB were not replicated due to
insufficient protein material. Measurements were made with the sub-
strate 1,2-dibromoethane at 37°C in 100 mM buffers: potassium ace-
tate (@), potassium phosphate (m), or glycine buffer (A).

istics of a-helical conformation with somewhat smaller inten-
sity. A significant decrease of the DmbB concentration was not
observed after thermal denaturation experiment, suggesting
that the decrease of CD spectrum intensity of this protein is
not caused by the loss of the protein from the solution but
rather by a partial loss of the helical structure. The thermal
denaturation is most likely irreversible in the case of LinB and
DmbA enzymes, with no recovery of native structure after
being heated to 72°C, whereas denaturation of the DmbB
enzyme seems to be partially reversible.

Activity profiles of haloalkane dehalogenases DmbA and
DmbB. The pH optimum of DmbA and DmbB was determined
over the range of pH between 4.0 and 10.0. The haloalkane
dehalogenase DmbA showed more than one pH optimum
(Fig. 4) with maximal activity at pH 9.0. The high activity of the
enzyme at the alkaline pH was in agreement with the pH
optimum of other characterized haloalkane dehalogenases.
The potassium phosphate buffer had a strong inhibitory effect
on DmbA. DmbB was characterized as a fusion protein with
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FIG. 5. Effect of temperature on activity of haloalkane dehaloge-
nases DmbA (top panel) and DmbB (bottom panel). The activities
were determined with the substrate 1,2-dibromoethane. 2-Bromo-
ethanol was identified as a reaction product by using gas chromatog-
raphy. The data for DmbA are expressed as relative activities, and
error bars represent the standard errors. Experiments with DmbB
were not replicated due to insufficient protein material. The specific
activity of DmbA under optimal conditions is 0.2125 wmol s~! mg of

protein—'; the specific activity of DmbB is 0.0044 pmol s™! mg of

protein~!.

thioredoxin to overcome problems with its insolubility. The
dependence of haloalkane dehalogenase DmbB activity on pH
showed a different trend. The highest activity was observed at
pH 6.5 in the phosphate buffer. Both haloalkane dehaloge-
nases, DmbA and DmbB exhibited similar temperature optima
at ca. 45°C (Fig. 5). Above this temperature both enzymes
rapidly became inactivated. At 20°C, 32.5% of the maximum
activity was observed for DmbA, whereas DmbB did not show
any activity. We note that the temperature profiles of the two
dehalogenases from M. bovis cannot be directly compared
since DmbB was characterized in the form of a fusion protein.

Catalytic activity of DmbA. Michaelis-Menten kinetic con-
stants of the haloalkane dehalogenase DmbA were compared
to the sixfold mutant of LinB (F143W, Q146A, D147V, L177A,
1211L, and L248I), which was designed to possess an active site
and an entrance tunnel of DmbA. Sixfold mutant LinB had
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TABLE 2. Comparison of kinetic constants determined for
wild-type LinB, sixfold LinB mutant, and wild-type DmbA

Mean = SE

Substrate ];jf'i/lK"f .
K, (mM)  KgmM) kg s @M s)

LinB

1-Chlorobutane 0.23 = 0.02 NA“ 1.11 = 0.03 4.83

1,3-Dibromopropane ~ 24.1 +3.23 049 £0.06 409 =52 1.70
Sixfold mutant LinB

1-Chlorobutane 0.14 = 0.02 NA 0.58 = 0.003 4.14

1,3-Dibromopropane  10.07 + 2.44  1.63 + 0.34 21.50 = 2.8 213
DmbA

1-Chlorobutane 0.16 = 0.04 NA 0.08 = 0.004 0.50

1,3-Dibromopropane ~ 4.52 + 0.71 2.65 049  9.20 + 1.17 2.03

“ NA, not applicable.

previously been constructed by cumulative mutagenesis to
mimic the active site of DmbA (32). In the present study, the
pure DmbA was obtained and its dehalogenase activity was
confirmed. The catalytic properties of DmbA and mutant LinB
were very similar (Table 2). Both enzymes showed significant
dehalogenase activity toward the same substrates. For both
enzymes, the Michaelis-Menten kinetic curve for 1,3-dibro-
mopropane indicated substrate inhibition (data not shown).
The values of K,,, indicated a lower affinity of DmbA toward
1-chlorobutane and 1,3-dibromopropane. From the kinetic
point of view, there was no biochemically significant difference
between wild-type DmbA and the sixfold mutant of LinB. The
observed differences in kinetic constants are within an error of
independent experiments. The low yield and solubility of the
haloalkane dehalogenase DmbB enabled measurements of rela-
tive activities (e.g., pH and temperature profiles) but prevented
the reliable study of its kinetics.

Distribution of haloalkane dehalogenase genes among my-
cobacteria. The identity of the all tested isolates was confirmed
by PCR with the specific primers for 16S rRNA, heat shock
protein Dnal and specific insertion sequence 1S900. All iso-
lates of the M. tuberculosis complex contained both dmbB and
dmbA genes, whereas all isolates of M. avium subsp. avium,
M. avium subsp. hominissuis, and M. avium subsp. paratuber-
culosis did not encode dmbA or dmbB and instead contained
the dhmA gene irrespective of the host and geographical origin
(Table 3). This observation was in good agreement with avail-
able genomic data, suggesting the presence of dmbB and dmbA
genes in the genome of M. bovis AF2122/97 (12) and closely
related M. tuberculosis H37Rv and CDC1551 (4) and the dhmA
gene in the genome M. avium 104 (18).

DISCUSSION

M. bovis posses at least two paralogous genes, designated
dmbA and dmbB, encoding for enzymes with dehalogenating
activity. These two enzymes have the common fold and cata-
lytic mechanism of known haloalkane dehalogenases, but they
differ in their primary structure and biochemical properties.
Mycobacterial dehalogenases DmbA and DmbB share 27%
sequence identity, and each respective enzyme belongs to a
separate subfamily within the haloalkane dehalogenase family
(2, 8). These two subfamilies are known to differ by the topol-
ogy of specificity-determining cap domain (33), substrate spec-
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ificity (9), and composition and arrangement of catalytic triad
(7, 22). The catalytic triad of DmbA consists of nucleophile
Asp109, catalytic acid Glu133, and base His273, while the triad
of DmbB consists of Asp123, Asp250, and His279. The cata-
lytic acid is located in a very different position within an amino
acid sequence in these two enzymes. It was proposed that the
replacement of the catalytic acid is a result of specific adapta-
tion to the dehalogenation of 1,2-dichloroethane in haloalkane
dehalogenase DhIA from X. autotrophicus GJ10 (6, 22). Exam-
ination of the two dehalogenase enzymes with a different to-
pological arrangement of the catalytic triad in mycobacteria
suggests that the replacement of a catalytic acid must have
occurred much earlier since speciation within the
M. tuberculosis complex proceeded events of adaptation to an-
thropogenic substance such as 1,2-dichloroethane. Although
the location of the catalytic acid after the B-strand 7 (in DhlA
and DmbB) probably provides a functional advantage for ca-
talysis of 1,2-dichloroethane (22) compared to the position
after the B-strand 6 (in LinB and DmbA), molecular adapta-
tion toward this substrate occurring within the last 100 years
was not the major driving force for repositioning.

The activity of the protein encoded by the dehalogenase-like
gene 12579 from M. tuberculosis had been predicted by se-
quence analysis and computer modeling (19) long before the
orthologous gene dmbA from M. bovis with 99.7% sequence
identity was cloned, expressed, and functionally characterized
here. To confirm the prediction and test a general concept of
the functional characterization of proteins from genome
projects using site-directed mutagenesis, we introduced muta-
tions to the active site of the homologous protein LinB (32).
The constructed sixfold mutant of LinB mimicking the active
site of the protein encoded by 2579, dbmA, showed clear
dehalogenating activity. As the final proof of this concept, we
compared the catalytic properties of DmbA with the properties
of the sixfold mutant. Good agreement in the steady-state
kinetic constants of both proteins confirmed that site-directed
mutagenesis of orthologous proteins can serve as a useful tool
for the functional annotation of proteins inferred from a
genomic data.

An interesting biochemical feature of the DmbA enzyme was
the lack of a single pH optimum. Each buffer used for character-
ization of DmbA had a different pH optimum. Evidence for the
double pH optimum has been previously reported, for example,
with potato invertase (40), 1,2-diacylglycerol kinase of the human
erythrocyte membrane (1), UDP-glucose dehydrogenase (39),
ATP-dependent DNase (11), and thermolysin-like protease (10).
Haloalkane dehalogenases use three ionizable amino acids for
their catalysis, but DmbA is currently the only family member
showing more than one pH optimum. Observation could be
related to the tendency of protein to aggregate in an acidic
environment of pH between 6 and 7.5 (R. Chaloupkova et al.,
unpublished data). Another interesting property of studied
haloalkane dehalogenases is their temperature optimum at ca.
45°C, which is significantly higher than the temperature of the
typical living environment of pathogenic mycobacteria.

The presence of dehalogenase genes in mycobacteria is spe-
cies specific. All of the screened isolates of the M. tuberculosis
complex contained both paralogous genes dmbA and dmbB.
Mycobacteria are currently the only species known to carry
more than one dehalogenase gene, even though putative
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TABLE 3. Results of screening for presence of haloalkane dehalogenase genes dmbA, dmbB, and dhmA in mycobacterial isolates

Isolate” Country Host? dmbA dmbB dhmA
M. tuberculosis Beijing M434 Type strain -
M. tuberculosis Beijing 02A0110 Germany Human -
M. bovis 12/996 Czech Republic Cattle -
M. bovis 13/2 Czech Republic Cattle -
M. bovis CAMP2063-B Czech Republic Cattle -
M. bovis CAMP5032/66 Czech Republic Cattle -
M. bovis CAMP5032/69 Czech Republic Cattle -
M. bovis CAMP5032/81 Czech Republic Cattle -
M. bovis CAMP5033/66 Czech Republic Human -
M. bovis CAMP5033/81 Czech Republic Human -
M. bovis CAMP5120/74 Czech Republic Cattle -
M. bovis CAMP5120/79 Czech Republic Cattle -
M. bovis CAMP5120/81 Czech Republic Cattle -
M. bovis TBC 4/58 France Guinea pig -

M. bovis BCG25/80
M. bovis BCG19

M. bovis BCG31/75

M. bovis BCG7/80

M. bovis BCG MB3/97*
M. bovis BCG MB2/97*
M. bovis BCG MBT/98*
M. bovis BCGR1/89*
M. bovis BCG5

M. bovis BCG1/83

M. bovis BCG28

M. bovis B/2000

M. bovis RUS

M. bovis BCG15/80
M. bovis BCG

M. africanum 00A0312
M. africanum 00A0743
M. africanum 01A0228
M. africanum 01A0382
M. africanum 01A0230
M. caprae 14/380

M. caprae D103/99

M. caprae T158

M. caprae 00A0317

M. caprae 01A0226

M. caprae M412

M. caprae M353

M. caprae HU10

M. caprae HU12

M. microti 02A0953
M. microti M432

M. pinnipedii 01A1295
M. pinnipedii 02A0460
M. pinnipedii 02A0461

M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.
M. avium subsp.

avium 20/588
avium 20/685
avium 21/320
avium 21/345
avium 21/383
avium N32/97
avium N52/97
avium N61/97
avium N65/99
avium N77/96
avium N90/96
avium N141/97
avium N216/96
avium N258/96
avium N433/96
avium N285/96
avium 15367
avium 9501279
hominissuis N2/97

hominissuis N100/97

Argentina
Australia

Brazil

Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
France

Japan

Norway

Poland
Slovakia
Sweden

Russia
Germany
Germany
Germany
Germany
Germany
Czech Republic
Czech Republic
Czech Republic
Germany
Germany
Germany
Germany
Hungary
Hungary
Germany
Germany
Germany
Germany
Germany
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
Czech Republic
The Netherlands
The Netherlands
Czech Republic
Czech Republic

Vaccine strain
Vaccine strain
Vaccine strain
Vaccine strain
Child

Child

Child

Child

Vaccine strain
Vaccine strain
Vaccine strain
European bison
Cattle
Vaccine strain
Vaccine strain
Human
Human
Human
Human

Cattle

Cattle
Human

Red deer
Cattle
Human

Cattle

Cattle

Wild boar
Cattle

Fox

Coati

Seal

Camel

Camel

Pig (Iymph node)

Pig (mesenteric lymph node)
Peregrine falcon (liver)

Nutria (liver)

Goldeneye (liver)

Cattle (bull, mesenteric lymph node)
Pig (submandibular lymph node)

Pig (submandibular lymph node)
Cattle (bull, mesenteric lymph node)
Cattle (cow, mesenteric lymph node)
Cattle (cow, mesenteric lymph node)
Cattle (bull, mesenteric lymph node)
Cattle (bull, mesenteric lymph node)
Cattle (heifer, mesenteric lymph node)
Cattle (cow, mesenteric lymph node)
Cattle (bull, mesenteric lymph node)
Human (sputum)

Pig (not known)

Pig (submandibular lymph node)

Pig (submandibular lymph node)
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TABLE 3—Continued

Isolate” Country

Host? dmbA dmbB dhmA

M. avium subsp. paratuberculosis 58
M. avium subsp. paratuberculosis 666

Czech Republic
Czech Republic

M. avium subsp. paratuberculosis 2108 Denmark
M. avium subsp. paratuberculosis 4898 Denmark
M. avium subsp. paratuberculosis 4901 Denmark
M. avium subsp. paratuberculosis 4904 Denmark
M. avium subsp. paratuberculosis 5388 Denmark
M. avium subsp. paratuberculosis 5394 Denmark
M. avium subsp. paratuberculosis 5403 Denmark
M. avium subsp. paratuberculosis 5418 Denmark
M. avium subsp. paratuberculosis 5429 Denmark
M. avium subsp. paratuberculosis 5452 Denmark
M. avium subsp. paratuberculosis 5457 Denmark
M. avium subsp. paratuberculosis 5469 Denmark
M. avium subsp. paratuberculosis 5474 Denmark
M. avium subsp. paratuberculosis 5476 Denmark
M. avium subsp. paratuberculosis 5533 Denmark
M. avium subsp. paratuberculosis 5947 Denmark
M. avium subsp. paratuberculosis 6371 Denmark
M. avium subsp. paratuberculosis 6420 Denmark
M. avium subsp. paratuberculosis 6423 Denmark
M. avium subsp. paratuberculosis 6477 Denmark
M. avium subsp. paratuberculosis 6564 Denmark
M. avium subsp. paratuberculosis 6567 Denmark
M. avium subsp. paratuberculosis 6577 Denmark
M. avium subsp. paratuberculosis 6706 Denmark
M. avium subsp. paratuberculosis 6732 Denmark
M. avium subsp. paratuberculosis 6775 Denmark
M. avium subsp. paratuberculosis 7747 Denmark
M. avium subsp. paratuberculosis 7749 Denmark
M. avium subsp. paratuberculosis 7840 Denmark
M. avium subsp. paratuberculosis 1766 Finland

M. avium subsp. paratuberculosis 1871 Finland

M. avium subsp. paratuberculosis 1938 Finland

M. avium subsp. paratuberculosis 2109 Finland

M. avium subsp. paratuberculosis 2169 Finland

Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Hamster (male, feces)” - —
Hamster (male, feces)® - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
Cattle (cow, feces) - -
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“x, Knee joint postvaccination complications.

> Hamster feces 81 days after infection. The hamster was infected with strains isolated from imported cattle from Denmark.

¢ Hamster feces 105 days after infection. The hamster was infected with strains isolated from imported cattle from Denmark.

@ Host genus and species names for cattle, human (child), bison, boar, guinea pig, red deer, fox, coati, seal, camel, pig A, pig B, peregrine falcon, nutria, goldeneye,
and hamster were, respectively, Bos taurus, Homo sapiens, Bison bonasus, Sus scrofa, Cavia aperea, Cervus elaphus, Vulpes vulpes, Nasua rufa, Phoca vitulina, Camelus
ferus, Egretta garzetta, Sus scrofa f. domestica, Falco peregrinus, Myocastor coypus, Bucephala clangula, and Mesocricetus auratus.

haloalkane dehalogenases can be inferred in more than 20
different bacterial species by sequence comparisons. We hy-
pothesize that two mycobacterial dehalogenase genes evolved
by gene duplication, which was followed by gene differentia-
tion, and we are carrying out phylogenetic analyses to test this
hypothesis. In some mycobacterial species one of the genes was
lost and the second gene underwent another duplication event
(M. avium subsp. paratuberculosis). Alternatively, both genes
were lost during speciation (M. leprae). The acquirement of
different dehalogenase genes during two independent events
seems to be less likely. The presence of dehalogenase genes in
every Mycobacterium strain screened in here and in species
with the available genomic sequence, except for M. leprae,
which undertook massive gene decay (5), confirms the stan-
dard transfer of the dehalogenase genes from ancestors to
progenitor. Dehalogenase genes could have been transferred
horizontally (36) from mycobacteria to species that use deha-
logenating enzymes in biochemical pathways essential for
growth on halogenated compounds, i.e., Rhodococcus, Xan-
thobacter, Pseudomonas, and Sphingomonas spp. Dehalogenase

genes in these bacteria are usually part of the gene clusters
located on plasmids and are regulated (35).

The function of dehalogenating enzymes in mycobacteria is
currently unknown. The analysis of surrounding genes in se-
quenced mycobacterial genomes did not provide any clues
about a possible biochemical pathway involving dehalogena-
tion reaction. To test the hypothesis about the potential role of
mycobacterial dehalogenases in pathogenesis (19), the pres-
ence of the dehalogenase genes was screened in both virulent
strains M. bovis and attenuated strains M. bovis BCG. The
purpose of this screening was to investigate whether the dmbA
and dmbB genes are located in genomic regions of M. bovis
that have been excised during serial passages of attenuated
“Bacillus of Calmette and Guérin”—known as BCG (24). Both
genes were found in all of the tested isolates of M. bovis and
M. bovis BCG, suggesting that they are not located in excised
pathogenicity regions. However, the recent study of Mattow et
al. (27) suggests that the gene dmbA may be expressed in
M. tuberculosis but not M. bovis BCG. These authors compared
the cellular protein composition of two virulent strains of
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M. tuberculosis and two attenuated vaccine strains of M. bovis
BCG by using high-resolution two-dimensional electrophoresis
and mass spectrometry (27). The haloalkane dehalogenase
DmbA was missing in two attenuated strains of M. bovis BCG
(Copenhagen and Chicago) but was present in two virulent
strains of M. tuberculosis (Rv2579 and Erdman). The lack of
the DmbA protein in attenuated strains could be due to too
low expression, repression, or lack of function.

We have shown that M. bovis carries genes coding for en-
zymes with dehalogenating activities in their genome and that
similar genes are widely distributed among other mycobacteria
irrespective of their geographical and host type origin. Myco-
bacterial dehalogenases DmbA and DmbB belong to a differ-
ent specificity class of haloalkane dehalogenases (8). Currently,
Mpycobacterium is the only known genus expressing two such
different enzymes within a single species. Comparison of the
kinetic constants of wild-type DmbA with the previously con-
structed sixfold mutant LinB validated the earlier proposal of
the catalytic function of this protein established from computer
modeling and site-directed mutagenesis (32). Cloned genes
could be used for DNA shuffling studies to reconstruct novel
catalysts for degradation of important environmental pollut-
ants, e.g., 1,2-dichloroethane and 1,2,3-trichloropropane,
which was not possible previously due to the low homology of
available dehalogenase genes. Characterized proteins repre-
sent a valuable material for structural and functional studies
focusing on the enzymatic catalysis and protein engineering of
haloalkane dehalogenases.
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