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We report the biochemical characterization of a novel haloalkane dehalogenase, DatA, isolated from the
plant pathogen Agrobacterium tumefaciens C58. DatA possesses a peculiar pair of halide-stabilizing resi-
dues, Asn-Tyr, which have not been reported to play this role in other known haloalkane dehalogenases.
DatA has a number of other unique characteristics, including substrate-dependent and cooperative
kinetics, a dimeric structure, and excellent enantioselectivity toward racemic mixtures of chiral bromi-

nated alkanes and esters.

Haloalkane dehalogenases (HLDs) (EC 3.8.1.5) are en-
zymes that catalyze the dehalogenation of alkyl halides, and
they are found in a wide range of bacteria (3). They promote
the hydrolysis of a broad range of halogenated compounds,
cleaving the carbon-halogen bond to generate the correspond-
ing alcohol, a halide, and a proton (6). A number of haloge-
nated compounds are environmentally toxic industrial by-prod-
ucts, and it has been suggested that haloalkane dehalogenases
may be useful catalysts for their biodegradation, with potential
applications in bioremediation. In biocatalysis, there is a long-
standing interest in these enzymes, particularly for the produc-
tion of optically pure alcohols. Therefore, the identification of
dehalogenating enzymes with appropriate selectivity patterns
is very important in terms of their industrial utility (6-7, 18,
20-21).

Agrobacterium tumefaciens causes the plant disease crown
gall by transferring a discrete set of genes located on the
tumor-inducing (Ti) plasmid into the plant’s cells. These genes
are then integrated and expressed, resulting in the disease (23).
The open reading frame afu6064 (AE009425), which we refer
to as datA, is located on the Ti plasmid of Agrobacterium
tumefaciens C58. A recent phylogenetic analysis suggested that
the sequence of DatA from Agrobacterium tumefaciens C58
belongs to the HLD-II subfamily (sequence identities of 31%
to 35%; see Table S1 in the supplemental material). HLDs of
this subfamily have a characteristic catalytic pentad composed
of Asp-His-Glu and Asn-Trp residues (3). Interestingly, se-
quence alignment revealed that DatA differs from all of the
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other known HLDs in that one of its halide-stabilizing residues
is a tyrosine rather than the tryptophan observed in other
members of the family. The halide-stabilizing residues play a
key role in the binding of a halogenated substrate and in the
stabilization of the transition state of carbon-halogen bond-
breaking transition (6).

The start codon of datA has been predicted differently by the
two groups who determined independently the entire genome
sequence of C58 (see Fig. S1 in the supplemental material).
Therefore, we predicted another start codon of datA on the
basis of comparison with other HLDs and the existence of the
most probable Shine-Dalgarno (SD) sequence upstream of our
predicted start codon. An optimized synthetic gene coding for
DatA with a hexahistidine tag at the C terminus was subcloned
into the pAQN vector (15). DatA was overexpressed under the
control of the fac promoter in Escherichia coli BL21(DE3)
Arctic Express (Stratagene, La Jolla, CA) overnight at 12°C.
The overexpression was induced by isopropyl-p-p-thiogalacto-
pyranoside added to a final concentration 0.5 mM. The pro-
duced DatA was purified to homogeneity by Q-Sepharose ion-
exchange chromatography (GE Healthcare, Waukesha, WI)
and affinity chromatography with Ni-nitrilotriacetic acid resin
(Qiagen, Hilden, Germany), with a yield of 30 mg of purified
protein per liter of culture.

Circular dichroism spectroscopy in the far-UV region was
used to assess the folding and stability of DatA. The spectrum
of pure DatA contains two negative peaks at 208 and 222 nm
and one positive peak at 195 nm (Fig. 1) and is similar to other
characterized HLDs possessing an «/B-hydrolase fold (9-10,
16-17, 20). The differences between the depths of the minima
for DatA are due to differences in the abundances of its helical
structures. The thermal stability of DatA was measured by
heating a solution of the protein from 22 to 80°C at rate of 1°C
min~ ' and monitoring the changes in its ellipticity at 222 nm.
The melting temperature of DatA was found to be 48.3 =
0.2°C, which is comparable to the melting temperatures of
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FIG. 1. Far-UV circular dichroism spectra of DatA and five differ-
ent biochemically characterized HLDs: DbjA (13), DbeA (R. Cha-
loupkova, T. Prudnikova, P. Rezacova, Z. Prokop, T. Mozga, Y. Sato,
M. Kuty, Y. Nagata, I. K. Smatanova, and J. Damborsky, unpublished
data), DhaA (11), LinB (9), and DrbA (7). The protein concentration
used for measurement was 0.2 mg ml~ .

180

other HLDs (9-10, 16). 1,3-Dibromopropane was used to ex-
amine the effect of temperature and pH on the activity of
DatA. The activity was accessed in the temperature range from
20 to 60°C, with the peak activity at 40°C, and in the range of
pH from 5 to 11, with the maximal activity at pH 9.8. These
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values are similar to those observed with other HLDs (8-11,
14, 21).

The native structure of DatA was examined by gel filtration
with a Superdex TM200 10/300 GL column (GE Healthcare,
Waukesha, WI), using an elution buffer consisting of 50 mM
Tris-HCI at pH 7.5 in the presence of 150 mM NaCl, and by
native electrophoresis using the same buffer with or without
150 mM NacCl. DatA, with an estimated molecular mass of 34
kDa (see Fig. S3A in the supplemental material), exists as a
monomer under high-NaCl salt conditions (see Fig. S2 and Fig.
S3B) but is dimeric under low-salt conditions (see Fig. S3C).
This suggests that ionic interactions are involved in the asso-
ciation of the protein, similar to the case with esterase (4),
cyclomaltodextrinase (13), amidase (19), and formyltrans-
ferase (22).

The specificity of DatA was studied using 36 different halo-
genated substrates. It was found to be highly active toward
brominated and iodinated compounds but poorly active toward
most of the chlorinated compounds. The highest activity (0.024
wmol s ! mg ™! of protein) was observed with 1,3-dibromopro-
pane (Fig. 2). Comparison of the functional properties of DatA
with characterized HLDs indicated that DatA possesses sub-
strate specificity similar to those of DmbC and DbeA; the
activity levels with various halogenated substrates are similar
to those of DmbC and DrbA (T. Koudelakova, E. Chovancova,
J. Brezovsky, M. Monincova, A. Fortova, J. Jarkovsky, and J.
Damborsky, unpublished data). Generally low activity of DatA
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FIG. 2. Substrate specificity profile of DatA with the set of 36 chlorinated (in white), iodinated (in gray), and brominated (in black) substrates.

Specific activity of DatA was measured using the Iwasaki method
experiments.

(5). The error bars indicate standard deviations from at least triplicate
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TABLE 1. Kinetic characteristics of DatA with six halogenated substrates™®

Substrate Ky s (mM) kear (s71) (S,]ﬁc‘_“ifl‘\’/f,, ) ny’ my K (mM)
1,3-Dibromopropane® 2.15 = 0.15 1.47 = 0.08 0.69 1.0 —5 —
1,3-Dichloropropane® >4 >(0.008 < 0.002 1.0 — —
1,3-Diiodopropane® 0.20 = 0.03 1.2 +0.1 6.0 35+1.6 — —
1-Bromohexane® 0.14 = 0.09 1.7+ 0.1 12.20 1.0 — —
1-Chlorohexane® 0.07 = 0.02 0.039 = 0.004 0.58 1.27 = 0.23 — —
1-Todohexane” 0.63 = 0.25 0.26 = 0.09 0.42 24+1.0 11.6 = 6.0 1.7+ 0.1

¢ All measurements were performed in 100 mM glycine buffer with pH 8.6 at 37°C.

” Plus or minus standard error of the fit.

Vil ST
¢ All parameters were calculated using the Hill equation: v, = S}

substrate concentration).

@ All parameters were calculated using the Hill equation with substrate inhibition: v, =

¢ Hill coefficient.
/Hill coefficient in inhibitory mode.
& —, not applicable for the scheme used in a fit.

and preference for brominated and iodinated substrates can be
related to the Asn-Tyr pair of halide-stabilizing residues and
their spatial arrangement with the catalytic triad (3). A lower
stabilization efficiency of the Asn-Tyr pair may result in weak-
ened binding of the substrate and less-efficient stabilization of
the transition state (1, 12). DatA showed no activity with
known substrates of epoxide hydrolases, which are evolution-
arily closely related to HLDs and employ Tyr in the activation
of the epoxide substrate.

A detailed kinetic analysis was performed with six selected
substrates, consisting of brominated, chlorinated, and iodin-
ated analogs of 1-halohexane and 1,3-dihalopropane. Kinetics
of DatA with 1,3-dibromopropane (K, s [concentration of sub-
strate at half-maximal velocity that binds at the given Hill
coefficient {n;;}] = 2.15 = 0.15 mM; k_, = 1.47 = 0.08 s 1)
and 1-bromohexane (K, s = 0.14 = 0.09 mM; k_,, = 1.7 = 0.1
s~ 1) follow single hyperbolic relationship with a Hill coefficient
(ny value) equal to 1. Interestingly, sigmoidal kinetics were

TABLE 2. Enantioselectivity of DatA with racemic B-bromoalkanes
and a-bromoesters”

Substrate Structure  E value® ¢ (%)’ ee (%)°
Br
2-Bromobutane i/ 6 51 45
Br
2-Bromopentane j\/\ >200 56 >99
Br
2-Bromohexane i/\/ >200 49 >99
Br
Methyl-2-bromopropionate %(O\ 54 50 84
O

Br
Ethyl-2-bromopropionate %(O\/ >200 52 >99
O

“ All measurements were performed in 50 mM Tris-sulfate buffer (pH 8.2) at
room temperature.

® The enantiomeric ratio (E value) is a quantitative measure of enzyme ste-
reospecificity and its relationship with substrate enantiomeric excess (ee) and
degree of conversion (c) has been described previously (2).

[KosI™ + [ST™

(where S is the substrate concentration and v, is the limiting rate at the saturating

Vi ST
[S] my*
[Kusl" + [ 1+

observed with 1,3-diiodopropane and 1-chlorohexane, suggest-
ing that these species react with DatA via a mechanism involv-
ing cooperative substrate binding. In keeping with this sugges-
tion, Hill coefficients (n; values) of 3.5 = 1.6 and 1.27 = 0.23,
respectively, were observed with these two substrates. Other
unusual kinetics of DatA are a combination of a cooperative
mechanism with substrate inhibition observed in the case of
1-iodohexane, with a K|, 5 value of 0.63 = 0.25 and a substrate
inhibition constant (K;) of 1.7 = 0.1 mM. The Hill coefficients
nyy; and myy for this substrate were 2.4 = 1.0 and 11.6 = 6.0,
respectively (Table 1). A structural analysis of DatA is in
progress to provide additional information on this interesting
phenomenon. The kinetics of DatA with 1,3-dichloropropane
could not be accurately measured. The reaction velocity of
DatA toward this substrate increased linearly between 0 and 4
mM, indicating that the K|, 5 value was significantly higher than
the solubility limit (4 mM) of the substrate (Table 1). Taken
together, these results indicate that the kinetic mechanism by
which DatA achieves haloalkane hydrolysis is strongly sub-
strate dependent.

The enantioselectivity of DatA was assessed by determining
the kinetic resolution of racemic brominated alkanes and
esters. These data make it possible to quantify the ability of
the dehalogenase to discriminate between two enantiomers
present at equal concentrations (14-15). Based on kinetic res-
olution of racemic mixtures, DatA exhibited a high ability to
discriminate between the R and § enantiomers of 2-bromopen-
tane, 2-bromohexane, and ethyl 2-bromopropionate (E > 200
[E represents the enantiomeric ratio]). Low to medium selec-
tivities were observed with 2-bromobutane (E = 6) and
methyl 2-bromopropionate (E = 54), while no activity was
detected with methyl and ethyl 2-bromobutyrate (Table 2).
To the best of our knowledge, DatA is the most enantios-
elective of all the HLDs reported to date toward bromoal-
kane substrates and thus may be of considerable interest in
biocatalysis (6, 18, 20).

Nucleotide sequence accession number. The nucleotide se-
quence of the datA gene was deposited in the EMBL/
GenBank/DDBJ database under accession number AB478945.
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