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1,2,3-Trichloropropane (TCP) is a highly toxic and recalcitrant compound. Haloalkane dehalogenases are
bacterial enzymes that catalyze the cleavage of a carbon-halogen bond in a wide range of organic halogenated
compounds. Haloalkane dehalogenase LinB from Sphingobium japonicum UT26 has, for a long time, been
considered inactive with TCP, since the reaction cannot be easily detected by conventional analytical methods.
Here we demonstrate detection of the weak activity (kcat � 0.005 s�1) of LinB with TCP using X-ray crystal-
lography and microcalorimetry. This observation makes LinB a useful starting material for the development
of a new biocatalyst toward TCP by protein engineering. Microcalorimetry is proposed to be a universal method
for the detection of weak enzymatic activities. Detection of these activities is becoming increasingly important
for engineering novel biocatalysts using the scaffolds of proteins with promiscuous activities.

1,2,3-Trichloropropane (TCP) is a xenobiotic compound
generated from the manufacture of epichlorohydrin and is
used as an industrial solvent, a paint and varnish remover, and
a cleaning and degreasing agent (1). TCP can be degraded by
haloalkane dehalogenase (DhaA) from Rhodococcus rhodo-
chrous NCIMB 13064 with low catalytic efficiency (kcat � 0.08
s�1; Km � 2.2 mM) (4). DhaA shares a 47.7% protein se-
quence identity with the haloalkane dehalogenase LinB from
Sphingobium japonicum UT26. LinB is an enzyme involved in
a biochemical pathway for the degradation of the pesticide
lindane (�-hexachlorocyclohexane), where it catalyzes the con-
version of 1,3,4,6-tetrachloro-1,4-cyclohexadiene to 2,4,5-tri-
chloro-2,5-cyclohexadiene-1-ol (16). A wide spectrum of
haloalkanes can be converted by LinB; however, TCP was
estimated to be a haloalkane that did not serve as a substrate
for LinB when conventional analytical methods were used (6,
12). We decided to apply X-ray crystallography to determine
the LinB-TCP complex structure and reveal the structural basis
for inactivity.

LinB was expressed and purified as described previously
(16). The enzyme was crystallized at 278 K using hanging drop
vapor diffusion in 0.1 M Tris buffer (pH 8.9), 18 to 20% (wt/
vol) polyethylene glycol (PEG) 6000, and 0.2 M calcium ace-
tate. Crystals of approximately 0.4 by 0.3 by 0.04 mm3 were
transferred to the mother liquor constituents with 12.5 mM
TCP and immersed for 5.5 h. Complete diffraction data were
collected at European Synchotron Radiation Facility beam line
ID14-2 at 100 K. The cryoprotectant was composed of 20%
(vol/vol) sucrose and 20% (wt/vol) PEG 400. The data col-

lected (to 1.6 Å) were processed using HKL (Miller index)
programs DENZO and SCALEPACK (18). The structure of
the complex of LinB with a halogenated substrate was solved
using the coordinates of native LinB (Protein Data Bank entry
1CV2). All calculations were performed using a CCP4 suite of
programs (7). The model was refined initially by the rigid-body
approach and subsequently by restrained maximum-likelihood
optimization. Density modification was applied to improve the
quality of the density map. Visual checking of the 2Fo-Fc and
Fo-Fc electron density maps (Fo and Fc are the observed and
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TABLE 1. Summary of data collection and refinement statistics
of crystallographic analysis

Parametera Value

Wavelength (Å).......................................... 0.933
Space group ................................................ P212121
Cell parameters (Å, °) .............................. a � 50.57, b � 72.14,

c � 73.31, � � � � � � 90
Total no. of reflections .............................. 325,309
No. of unique reflections .......................... 36,132
Resolution range (last

resolution shell) (Å) .............................. 30–1.6 (1.66–1.6)
Rmerge ........................................................... 0.052 (0.174)
Completeness (%)...................................... 99.8 (99.5)
Mosaicity ..................................................... 0.57
Rcryst ............................................................. 0.148
Rfree .............................................................. 0.162
No. of protein atoms ................................. 2,735
No. of water molecules.............................. 337
No. of heteroatoms .................................... 10
RMS deviation from ideality

Bonds (Å)................................................ 0.012
Angles (°) ................................................ 1.462

Mean B value (%) ..................................... 8.21

a Rmerge, reliability factor; Rcryst, crystallographic R factor; Rfree, free R factor,
calculated using a random set (5%) of reflections that were omitted during
refinement; RMS, root mean square.
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calculated structure factor amplitude, respectively) and man-
ual rebuilding of the model were carried out using the program
Xfit (15). Finally, water molecules were added to the model by
using the solvent building regime Arp/Warp (13). The refine-
ment converged to Rcryst and Rfree values of 0.140 and 0.162,

respectively. The final model contained 10 heteroatoms, in-
cluding ligand atoms, 3 Ca2� cations, and 1 Cl� anion. Data
collection and refinement statistics are summarized in Table 1.

Despite the fact that the activity of LinB with TCP has never
been detected in an activity assay in solution under standard
conditions, the product of dehalogenation was identified in the
crystal structure. Figure 1 depicts (R)-2,3-dichloropropane-1-
ol, the product formed during the dehalogenation of TCP. The
product molecule is located near the entrance tunnel and
makes close contact with several active site residues. The most
striking of these are contacts with the catalytic histidine
(His272), which creates a strong van der Waals interaction with
the ligand molecule. Similar binding of various ligands has
been noted previously in other structures of LinB-ligand com-
plexes (14, 17, 21).

Enzymatic conversion of TCP by LinB was confirmed by the
experiment, lasting for 3 days. The reaction mixture was com-
posed of reaction buffer (50 mM Tris and 150 mM NaCl [pH
8.75] at 20°C), 3.3 mM TCP, and 1 mg/ml (0.045 mM) LinB.
After 3 days of incubation, the sample was analyzed by gas
chromatography-mass spectrometry (Trace MS 2000; Thermo
Finnigan) using a CHIRALDEX G-TA capillary gas chroma-
tography column (30 m by 0.25 mm by 0.25 mm) (Alltech
Associates, Inc.). The product of the enzymatic conversion was
identified in the mixture as 2,3-dichloropropan-1-ol by using
National Institute of Standards and Technology mass spectral
search program version 1.6d. Gas chromatography was not
sensitive enough for quantitative evaluation, and therefore we
designed a microcalorimetric procedure to determine the ki-
netics of the LinB reaction with TCP. A reaction mixture vessel
of isothermal titration microcalorimeter model VP-ITC (Mi-
croCal, Northampton, MA) was filled with 1.4 ml of LinB
solution at a concentration of 1 mg/ml (50 mM Tris and 150
mM NaCl [pH 8.75] at 37°C). The substrate solution was pre-
pared in the same buffer by the addition of TCP to a final
concentration of 3.3 mM. Substrate concentration was verified
by gas chromatography before the kinetic experiment was car-
ried out. The gas chromatography Trace GC 2000 model
(Thermo Finnigan) was equipped with a flame ionization de-
tector and a capillary column, model DB-FFAP (30 m by 0.25

FIG. 1. Product of TCP dehalogenation bound to the active site of
LinB. The atoms of (R)-2,3-dichloropropane-1-ol are yellow (carbon),
red (oxygen), and purple (chlorine). The residues that make up the
catalytic triad are in blue.

FIG. 2. (A) Signal from VP-ITC titration of LinB with TCP (gray solid line). The reaction rates (in units of thermal power) increase with
increasing amounts of TCP (black arrows). (B) Dependence of enzyme turnover on the substrate concentration. The enzyme turnover was
calculated from reaction rates by using apparent enthalpy (�Happ � �0.0374 kcal � mol�1).
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mm by 0.25 �m; J&W Scientific). The reference power of the
microcalorimeter, VP-ITC, was set to 20 �cal � s�1. In the
kinetic experiment, the LinB enzyme was titrated in 60-s in-
tervals in the reaction mixture vessel with increasing amounts
of a substrate, while pseudo-first-order conditions were main-
tained. After every injection, the peak of dilution heat was ob-
served, which was followed by a relaxation of the signal to a level
corresponding to that of heat produced by the enzymatic reac-
tion. The rate of the heat generated by the enzymatic reaction
is equivalent to the decrease in instrumental thermal power
(Fig. 2A). The negative deflection, as shown in Fig. 2A, indi-
cated that this reaction is exothermic. Every injection in-
creased the substrate concentration, leading to a further in-
crease in enzyme reaction rate (an increase of heat generated)
until the enzymatic reaction was saturated. A total of 45 injec-
tions were carried out during titration. The reaction rates
reached after every injection (in units of thermal power) were
converted to enzyme turnover by using apparent molar en-
thalpy (�Happ), as shown in equation 1, where [P] is the molar
concentration of product generated and Q is enzyme-gener-
ated thermal power (22).

Rate �
d	P


dt �
1

� � �Happ
�
dQ
dt (1)

�Happ �
1

	S
Total � ��
t�0

t�� dQt�
dt dt (2)

Apparent molar enthalpy of the TCP conversion by LinB
(�Happ � �0.0374 kcal � mol�1) was determined in a separate
experiment that allowed the reaction to proceed to comple-
tion. In the experiment, 3.3 nmol of TCP was fully converted by
LinB, and the total heat of conversion was obtained by inte-
gration of the VP-ITC signal (22) (equation 2, where [S] is the
molar concentration of substrate converted). The calculated
enzyme turnover was plotted against the actual concentration
of the substrate after every injection (Fig. 2B). Kinetic con-
stants (Table 2) were calculated from the dependence of en-
zyme turnover on substrate concentration by using Origin 6.1
(OriginLab Corporation).

Microcalorimetry is typically used for thermodynamic anal-
ysis of macromolecule-ligand binding when heat changes dur-
ing titration experiments. These data quantify the strength of
the interaction. Heat produced or consumed by enzymatic
reaction can also be monitored by microcalorimetry (5, 8, 9, 11,
19, 20, 22). Todd and Gomez (22), in their pioneering paper on
the application of calorimetry to enzymatic kinetics, summa-
rized the benefits of microcalorimetric assays over conven-
tional methods as universality, nondestructiveness, and preci-
sion. In our study, we benefited from another strong feature of
the microcalorimetry: sensitivity to the detection of extremely
slow enzymatic reactions.

To our knowledge, the activity of LinB with TCP, described
by the catalytic constant, kcat � 0.005 s�1, is the slowest ever
determined by microcalorimetric assay and published in the
scientific literature. The conversion of TCP by LinB is 3,200-
fold less effective than the conversion of a good substrate for
LinB 1-iodohexane, yet LinB enzyme could become a good
starting material for the development of a new biocatalyst for
TCP by protein engineering. Previous attempts to improve the
activity of DhaA toward TCP by directed evolution resulted in
the enzymes showing 3.5-fold (4) and 4-fold (10) more enzyme
activity than that of the wild type, while the combination of
rational design (3) and directed evolution led to a 36-fold more
active protein variant (M. Pavlova et al., unpublished data).
Improving LinB activity toward TCP using similar approaches
should be feasible. LinB could become a very useful catalyst
considering its high affinity toward TCP, with Km equal to 0.073
mM, which is 2 orders of magnitude lower than the value
reported for DhaA (Km � 2.2 mM) (4). We further propose
that a much broader use for microcalorimetry could be found
in enzymology for the detection of weak activities. These ac-
tivity levels are becoming increasingly important especially for
the detection and quantification of enzymes with promiscuous
activities (2), since it is generally much easier to improve ex-
isting, even very weak, activities than to develop completely
new activity within a protein scaffold.
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