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ABSTRACT: DL-2-Haloacid dehalogenase fromPseudomonassp. 113 is a unique enzyme because it acts
on the chiral carbons of both enantiomers, although its amino acid sequence is similar only to that of
D-2-haloacid dehalogenase fromPseudomonas putidaAJ1 that specifically acts on (R)-(+)-2-haloalkanoic
acids. Furthermore, the catalyzed dehalogenation proceeds without formation of an ester intermediate;
instead, a water molecule directly attacks theR-carbon of the 2-haloalkanoic acid. We have studied solvent
deuterium and chlorine kinetic isotope effects for both stereoisomeric reactants. We have found that chlorine
kinetic isotope effects are different: 1.0105( 0.0001 for (S)-(-)-2-chloropropionate and 1.0082( 0.0005
for the (R)-(+)-isomer. Together with solvent deuterium isotope effects onVmax/KM, 0.78 ( 0.09 for
(S)-(-)-2-chloropropionate and 0.90( 0.13 for the (R)-(+)-isomer, these values indicate that in the case
of the (R)-(+)-reactant another step preceding the dehalogenation is partly rate-limiting. Under theVmax

conditions, the corresponding solvent deuterium isotope effects are 1.48( 0.10 and 0.87( 0.27,
respectively. These results indicate that the overall reaction rates are controlled by different steps in the
catalysis of (S)-(-)- and (R)-(+)-reactants.

DL-2-Haloacid dehalogenase fromPseudomonassp. 113
(DL-DEX 113) catalyzes the hydrolytic dehalogenation of
both D- andL-2-haloalkanoic acids (1). The gene encoding
DL-DEX 113 has been isolated and sequenced (1). The open
reading frame consists of 921 bp corresponding to 307 amino
acid residues. The protein molecular mass was estimated to
be 34.2 kDa. Twenty-six residues ofDL-DEX 113 that are
conserved betweenDL-DEX 113 andD-2-haloacid dehalo-
genase were subjected to site-directed mutagenesis (2). From
these studies, Thr65, Glu69, and Asp194 were found to be
essential for the dehalogenation of both (R)-(+)-2-haloal-
kanoic acids and (S)-(-)-2-haloalkanoic acids. The activities
of each of the 26 mutant enzymes toward (R)-(+)- and (S)-
(-)-2-chloropropionate were almost equal. Moreover, (R)-
(+)-2-chloropropionate competitively inhibits the enzymatic
dehalogenation of (S)-(-)-2-chloropropionate, and vice versa.
On the basis of these results, it is proposed that both
enantiomers share a common active site ofDL-DEX 113.

Two properties of this enzyme make it unique. First, it
acts on the chiral carbons of both enantiomers, although the
amino acid sequence ofDL-DEX 113 is similar only to that
of D-2-haloacid dehalogenase fromPseudomonas putidaAJ1
that specifically acts on (R)-(+)-2-haloalkanoic acids (3).
Some of the residues (23.5%) are completely conserved

between these two enzymes, while there is no sequence
similarity betweenDL-DEX 113 andL-2-haloacid dehaloge-
nases. Second, other dehalogenases studied previously have
an active site carboxylate group that attacks the substrate
carbon atom bound to the halogen atom, leading to the
formation of an ester intermediate, which is subsequently
hydrolyzed (Figure 1A). The reaction catalyzed byDL-DEX
113, on the other hand, proceeds without formation of an
ester intermediate.18O tracer studies (4, 5) indicated that
solvent directly attacks theR-carbon of 2-haloalkanoic acid
to displace the halogen atom (Figure 1B).

We have shown that chlorine kinetic isotope effects (KIEs)
can provide valuable insight into mechanisms of various
dehalogenases (6, 7). Herein, we present the results of
chlorine KIEs on the dehalogenation of both stereoisomers
of 2-chloropropionate, which enabled us to shed new light
on the mechanism ofDL-DEX 113.

MATERIALS AND METHODS

Enzyme and Chemicals.DL-DEX 113 was purified from
recombinantEscherichia coliJM109 harboring p4b-1, con-
structed for overproduction of the enzyme as described
previously (2). The cells were grown at 37°C in Luria-
Bertani medium containing 100µg/mL ampicillin. When the
OD600 reached 3.0, IPTG (final concentration of 0.2 mM)
was added, and cultivation was continued for 3 h. The cells
were harvested by centrifugation, rinsed twice with 50 mM
potassium phosphate buffer (pH 7.0), and stored at-80 °C.
The cells collected from the 1 L culture were suspended with
40 mL of 50 mM potassium phosphate buffer (pH 7.0) and
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disrupted by sonication. The soluble fraction was obtained
after centrifugation at 4500g for 20 min. Ammonium sulfate
was added to the soluble fraction to 40% saturation, and the
precipitate was removed by centrifugation at 4500g for 30
min. The supernatant solution was applied to a Butyl
Toyopearl 650M column (TOSOH, Tokyo, Japan), and
elution was carried out with a linear gradient from 30 to 0%
saturation of ammonium sulfate in 50 mM potassium
phosphate buffer (pH 7.0). The enzyme activity was mea-
sured by determination of the amount of chloride ions
released from (R)-(+)- or (S)-(-)-2-chloropropionic acid as
described previously (2). The active fraction was pooled,
dialyzed against 50 mM potassium phosphate buffer (pH 7.0),
and concentrated by ultrafiltration. The preparation was
shown to be homogeneous by SDS-polyacrylamide gel
electrophoresis. The specific activity of the enzyme is 42
units/mg.

(R)-(+)-2-Chloropropionic acid and (S)(-)-2-chloropro-
pionic acid (>99% pure, Fluka) were used as the substrates.
Bis-tris-propane was obtained from CalBiochem and from
Fluka. Mercuric(II) thiocyanate (pure for analysis, pure p.a.)
was purchased from Fluka and ferric ammonium sulfate from
LPP-H “OCh” (Lublin, Poland). Nitric acid (pure p.a.),
NaOH (pure p.a.), silver nitrite (pure p.a.), NaHCO3 (pure
p.a.), KH2PO4 (pure p.a.), and Na2HPO4 (pure p.a.) were
supplied by POCh (Gliwice, Poland). Concentrated sulfuric
acid (suprapure) was obtained from Merck. These materials
were used without further purification. Water was purified
by the Nanopure II system (Barnstead). D2O (>99.8%) was
obtained from Armar Chemical.

Kinetic Assays.For chloride kinetic isotope effect mea-
surements, the 2-chloropropionic acid (final concentration
of 20 mM) was dissolved in 100 mL of chloride ion-free
100 mM bis-tris-propane buffer and the pH of the solution
was brought to 9.5 by addition of nitric acid and controlled
using an MA235 pH/ion analyzer (Mettler Toledo). The
mixture was thermostated at 37°C, and then the reaction
was initiated by addition of 7.25 units (100µL) of DL-DEX
113. The progress of the reaction was determined by
monitoring chloride concentration using a spectrophotometric
assay. The absorption spectra were recorded using a PC-
controlled PU 8710 (Philips) or Cary 300 Conc (Varian)
UV-vis spectrophotometer in a 1 cmcuvette semi-micro
high form, with two clear sides (Kartell) with a resolution
of 0.1 nm. The method was based on colorimetric measure-
ment of the iron(III) thiocyanate complex which resulted
from reaction of chloride with mercuric(II) thiocyanate to

give HgCl2 and thiocyanate, which then combined with Fe-
(III) ( 8). The procedure was adjusted to our conditions and
concentration range. At appropriate times, predefined on the
basis of calibration of the procedure with known amounts
of reactant, 50.0µL aliquots of the reaction mixture were
taken and injected into 80µL of a 0.25 M solution of iron-
(III) ammonium sulfate in an 8.5 M nitric acid solution with
80 µL of a saturated solution of mercuric(II) thiocyanate in
ethanol. The mixture was shaken and diluted with 840µL
of H2O in a cuvette and mixed again. Exactly after 4 min,
the absorbance was measured in a spectrophotometer against
water at 460 nm.

At the required fraction of conversion, reaction mixtures
were quenched by addition of concentrated nitric acid until
the final solution pH reached 1-2 and chloride was
precipitated with silver nitrate. The precipitate was centri-
fuged for 3 min at 5000g, washed with 20 mL of water, and
centrifuged again. The washing procedure was repeated three
times, and AgCl was left to dry in a desiccator in the dark;
it was subsequently used for the isotopic analysis of chloride.
For chlorine isotopic analysis of the reactant, samples (∼10
mg) were placed in combustion tubes filled with hydrogen
peroxide and combusted. Combustion products were eluted
with a 30% aqueous ethanol solution. AgCl was precipitated
with silver nitrite and purified by the procedure described
above.

For solvent kinetic isotope effect measurements, to 4 mL
of a solution of 2-chloropropionic acid with an initial
concentration in the range of 0.8-24 mM with a buffer
concentration of 50 mM [pH (pD) 9.5] and a temperature of
37 °C, 10µL of the enzyme solution was added (see above).
A standard correction for the pD reading of the standard glass
electrode was added (9). At the required time intervals (1-3
min), reactions were quenched by addition of 0.4 mL of iron
ammonium sulfate in nitric acid. The spectrophotometric
determination of concentrations was performed as described
above.

Chlorine Isotopic Analysis and KIEs.The isotopic ratios
(R ) I37/I35) were measured by the FAB-IRMS (fast atom
bombardment isotope ratio mass spectroscopy) technique
developed in our laboratory as described previously (10)
using a modified, hybrid model MI 1201E mass spectrometer
(PO Electron). Samples (∼5 mg) of silver chloride (per
measurement) were placed on the tip of clean silver plates
that had been washed with nitric acid, water, and acetone,
and the plates were heated gently to melt the sample.
Precautions not to exceed 480°C and to keep the dimensions

FIGURE 1: (A) Two-step dehalogenation involving formation of the enzyme intermediate usually encountered in bacterial dehalogenases.
(B) Proposed mechanism of dehalogenation catalyzed byDL-DEX 113.
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of the samples constant (∼0.2 mm thick and 4 mm in
diameter) were taken. The silver plate with the adherent solid
sample was mounted on the tip of the direct insertion probe.
Xenon atoms of 6 keV hitting the surface of the probe at an
incidence angle of 45° were used for ionization. The negative
ions formed in this way were accelerated through a 5 kV
potential and detected in the Faraday cup collector system.
The spectra contained almost exclusively chloride peaks at
m/z 35 and 37.

The observed chlorine isotope effects were calculated from
the equation

wherek35/k37 is the chlorine kinetic isotope effect,f is the
fraction of the reaction, andRi values are isotopic ratios of
the product after the fraction of reactionf (Rf) and of the
reactant before the reaction is started (R0).

SolVent KIEs.Solvent kinetic isotope effects were obtained
from the nonlinear regression analysis of eq 2, which
describes Michaelis-Menten kinetics with statistical estima-
tors being directlyVmax/KM andVmax:

whereυ is the initial rate and [S] the reactant concentration.
Table 2 lists values obtained at pL 9.5 and 37°C. Experi-
ments in light and heavy solvent in the pL range of 8-10
confirmed that these results are obtained around the maxi-
mum on the pL profile (data not shown).

Chlorine KIE Calculations.Structures of reactants and the
transition state were obtained at the DFT level using the
MPW1K (11) theory level in the LACV3P** basis set (12)
and the Poisson-Boltzmann (PB) solvation model (13) as
implemented in Jaguar (12). After optimization, the isotopic
vibrational analysis was performed and transition states were
identified by one imaginary frequency, corresponding to a
transition from reactants to products (having only real

harmonic vibrational frequencies). The structure of 2-chlo-
ropropionate was optimized using water parameters. In lieu
of the three-dimensional structure ofDL-DEX 113, the model
of the transition state in the active site included 2-chloro-
propionate, an attacking water molecule, and an aspartate
residue that was placed within hydrogen bonding distance
behind the water molecule acting as the general base proton
acceptor (Figure 2). Solvent parameters for THF, which is
considered a reasonable model for the active sites of
enzymes, have been used (14).

Intrinsic chlorine KIEs were calculated from the Bigeleisen
equation (15) using ISOEFF98 (16):

whereu ) hν/kBT (h and kB are Planck’s and Boltzman’s
constants, respectively andT is the absolute temperature),n
is the number of atoms, andνi values are the frequencies of
normal modes of vibrations. A superscript* indicates the
properties of the transition state, and subscripts 35 and 37
identify the isotopic species. One-dimensional Wigner cor-
rection for tunneling (17) has been included as suggested
recently also for heavy-atom isotope effects (18). It turned
out to be negligible (<1.0002) in reactions studied here.

RESULTS AND DISCUSSION

Although DL-DEX 113 catalyzes the hydrolysis of both
stereoisomers of 2-chloropropionic acid, the corresponding
chlorine kinetic isotope effects (KIEs) are different. For (S)-
(-)-2-chloropropionate, we have found (Table 1) a very large

Table 1: Experimental Values of the Chlorine KIEs for (R)-(+)-
and (S)-(-)-2-Chloropropionates

f (I37/I35)S(-) (k35/k37)S(-) (I37/I35)R(+) (k35/k37)R(+)

0 0.32237a 0.32215a

0.164 0.31980 1.0080
0.145 0.31953 1.0089
0.122 0.31981 1.0079
0.138 0.31972 1.0082
0.156 0.31927 1.0106
0.197 0.31933 1.0106
0.17 0.31936 1.0104
0.175 0.31935 1.0104

mean 1.0105( 0.0001b 1.0082( 0.0005b

a Average of three separate measurements.b Standard deviation.

Table 2: Summary of the Solvent Deuterium Kinetic Isotope
Effectsa

S R

Vmax 1.48( 0.10 0.87( 0.27
Vmax/KM 0.78( 0.09 0.90( 0.13

a Standard deviations are reported.

k35/k37 ) ln(1 - f)/ln(1 - fRf/R0) (1)

υ )
[S]

1
Vmax/KM

+
[S]

Vmax

(2)

FIGURE 2: Models of the transition state in the active site.
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isotope effect of 1.0105( 0.0001. This value is at the edge
of the range for chlorine KIEs on dehalogenations (19) and
in fact is the largest measured in enzymatic systems so far
(20). The isotope effect found for the (R)-(+)-isomer is, on
the other hand, considerably smaller and equal to 1.0082(
0.0005. Since there is kinetic evidence that both stereoiso-
mers bind to the same active site, the question arises of why
these isotope effects are different. There are two possible
explanations which are discussed below on the basis of the
simplest kinetic model:

where E, S, and P are the enzyme, reactant, and product,
respectively, andki (i ) on, off, or cat) values are individual
rate constants of the reactant association with and dissociation
from the enzyme and forward reaction of the Michaelis
complex, respectively. The observed kinetic isotope effect
is related to the so-called intrinsic isotope effect (here the
isotope effect on the rate constantkcat) by the equation

in which chlorine KIEs (k35/k37) are denoted by37k, for brev-
ity using the Northrop notation (21). Thekcat/koff ratio is called
forward commitment to catalysis (or commitment for short).
The assumption used in the derivation of eq 5 is that the
binding step does not contribute to the isotopic fractionation,
which is reasonable in the case of chlorine KIEs (22).

Inspection of eq 5 indicates that two scenarios lead to
different chlorine KIEs for the stereoisomers. In the limiting
case, when the commitment approaches zero the observed
KIE approaches the value of the intrinsic KIE. If this were
the case forDL-DEX 113, it would mean that the intrinsic
KIEs for the enantiomers are different and equal to the
experimentally observed KIEs. At the other extreme, the
intrinsic chlorine KIEs for both enantiomers could be equal
and the difference in the observed KIEs results from different
commitments.

DL-DEX 113 is homologous withD-2-haloacid dehaloge-
nase and not homologous with enzymes that use the (S)-
(-)-enantiomer. It is thus possible that one of the enantiomers
is oriented in the active site pocket differently than the other,
and therefore some interactions with the protein residues that
influence the magnitude of the intrinsic KIE may be different
for the two enantiomers. However, the alternative explanation
that the larger of the chlorine KIEs is practically equal to
the intrinsic value and the other is smaller due to a
commitment cannot be ruled out. To differentiate between
these two mechanisms, we have measured solvent deuterium
isotope effects for reactions of both stereoisomers.

Solvent isotope effects, collected in Table 2, were obtained
by direct fitting of the experimental results to eq 2. Available
methods that can be used to assay the progress of dehalo-
genation suffer from the fact that they cannot be used in the
continuous way. The obtained solvent isotope effects carry,
therefore, significant statistical uncertainty. In such cases,
the proper statistical treatment becomes an important issue.
Since we are interested in isotope effects onVmax/KM and
Vmax, these two quantities (rather thanVmax andKM used in

the Michaelis-Menten equation in its typical form) were
treated as statistical estimators. As can be seen, the solvent
isotope effect onVmax/KM for the (R)-(+)-stereoisomer is
slightly smaller (closer to unity) than the one obtained for
the (S)-(-)-substrate. This parallels the relationship between
chlorine KIEs for these two substrates. Together, these
observations suggest the presence of a step that precedes the
dehalogenation step and is partly rate-limiting underVmax/
KM conditions in the case of the (R)-(+)-substrate.

Generally, fractionation factors for the transition states of
proton transfer reactions are significantly inverse, leading
to normal solvent KIEs. Thus, at the first glance reported
here, solvent isotope effects onVmax/KM are somewhat
puzzling. Inverse solvent isotope effects onVmax/KM can be
associated with the direct nucleophilic attack of the hydroxide
ion (23), which is, however, not the case in theDL-DEX
113 reaction. Another explanation of the inverseDVmax/KM

seems to be the assumption that in the transition state the
proton from the attacking water molecule is practically fully
transferred to the general base and the fractionation factors
from the transition state are overbalanced by the fractionation
from substrates. This explanation, however, requires the
fractionation factor of the reactant to be significantly inverse.
A reasonable candidate for the role of general base would
be a cysteine. However,DL-DEX 113 has only one cysteine
residue at position 177 that is not conserved amongDL-DEX
enzymes from various species; e.g.,DL-DEX from Methy-
lobacteriumsp. CPA1 has no cysteine at all. Furthermore,
the enzyme is not inactivated by the treatment of various
cysteine-modifying reagents such asp-chloromercuribenzoic
acid and iodoacetamide. These observations suggest that it
is very unlikely that cysteine plays a catalytically important
role in DL-DEX 113. An inverse solvent KIE may originate
in binding. Thus, an alternative explanation of the observed
isotopic pattern of chlorine and hydrogen is that the deha-
logenation step is preceded by a kinetically coupled process
that is sensitive to deuterium substitution. This interpretation
has been offered by Stein and Trainor (24), who found a
pattern of solvent KIEs [DVmax ) 1.58 ( 0.07 andD(Vmax/
KM) ) 0.65 ( 0.05] for elastase inhibition that leads to
dehalogenation, which is essentially the same as the one
found in this work for the (S)-(-)-isomer. The exact nature
of the noncovalent binding process that can lead to inverse
solvent isotope effects remains obscured and controversial
(9).

To investigate the origin of the isotopic fractionations, we
have modeled overall and intrinsic KIEs. Our previous site-
directed mutagenesis studies suggest that the water molecule,
which acts as the nucleophile, is activated by an aspartate
or glutamate that also is the acceptor of the proton. Thus,
we have built models of the ES complex and the transition
state for the dehalogenation step that included an aspartate
residue, a water molecule, and the substrate. The reduced
polarity of the enzyme active site was mimicked by using
the continuum solvent model with the dielectric constant of
7.5. The calculations were performed at the DFT level using
the MPW1K functional. In our previous theoretical studies
(25, 26) on a simple SN2 reaction, in which the chlorine is
being displaced, we have shown that DFT methods give
values of the chlorine KIE closest to the experiment. The
structure of the optimized transition state is illustrated in
Figure 2, and its major geometrical features are listed in

E + S {\}
kon

koff
ES98

kcat
E + P (4)

37(Vmax/KM)obs)
37kcat + kcat/koff

1 + kcat/koff
(5)
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Table 3. As can be seen, the proton in the flight is still on
the water molecule in the transition state, although the O-H
bond is elongated by∼0.03 Å from its equilibrium distance.
The values for the intrinsic KIEs were obtained from ES
and transition state harmonic vibrations. Theoretical values
for the isotope effects underV/K conditions were obtained
using the same transition state structure and reactants (water
molecule and 2-chloropropionate) in aqueous solution mod-
eled using the PB continuum solvent model with parameters
for water. The agreement of both overall chlorine and solvent
deuterium KIEs obtained on the basis of this model with
values obtained experimentally for the (S)-(-)-isomer is very
good. It should be noted that the inverse value of the solvent
deuterium KIE comes from a step that precedes dehaloge-
nation, which supports the conclusions of Stein and Trainor
and indicates that such an inverse value may originate from
isotopic fractionation of a single water molecule upon its
transfer from bulk solution to the nonpolar active site of the
enzyme.

The isotopic data collected in this work allow us to gain
some more information about the mechanism. The equation
analogous to eq 5 for the deuterium isotope effects is given
by

and includes kinetic isotope effects on all individual rate
constants. Assuming that the observed chlorine KIE for the
(S)-(-)-isomer is practically equal to the intrinsic chlorine
KIE from the observed value for the (R)-(+)-isomer, we can
evaluate the value of the commitmentkcat/koff to be equal to
∼0.28. Using this value together with the calculated intrinsic
Dkcat from Table 3 and the observed value of the solvent KIE
for the (R)-(+)-isomer, we can rewrite eq 6 to the form

Additionally, the relation betweenDkon and Dkoff can be
evaluated from both experimental (DVmax/KM andDVmax) and
theoretical (DVmax/KM andDkcat) values of deuterium isotope
effects for the (S)-(-)-isomer. The corresponding values are
0.53 and 0.66, respectively. Using the mean value of 0.59,
we can solve for isotope effects on all individual rate
constants. The resulting values are 1.67 forDkon and 2.83
for Dkoff. Although these numbers are not very precise due
to the accumulation of statistical errors, they shed some light
on the source of the inverse solvent deuterium isotope effect.

Interpretation of solvent isotope effects in theVmax regime
is much simpler. For the (S)-(-)-substrate, the solvent KIE

on Vmax is much larger than that onVmax/KM, indicating that
the overall rate-limiting step is shifted from the dehaloge-
nation to a step that follows it. In the case of the other
stereoisomer, solvent KIEs on these two kinetic parameters
are equal, suggesting that the dehalogenation is both the first
irreversible and rate-determining step in the overall catalysis.

On the basis of experimental values of chlorine and solvent
deuterium KIEs for both enantiomers of 2-chloropropionate,
several conclusions can be drawn.

Very large experimental values of chlorine KIEs together
with DFT results support our previous finding that dehalo-
genation proceeds via a direct nucleophilic attack of an
enzyme-activated water molecule.

Values of experimental KIEs slightly smaller for the (R)-
(+)-enantiomer than for the (S)-(-)-enantiomer indicate that
a step preceding the dehalogenation is partly rate-limiting.
A small commitment of∼0.3 indicates that free energies of
activation for the decomposition of the ES complex in the
forward and reverse direction are within 1 kcal/mol. The
exact nature of this preceding step (or steps) will probably
remain unknown until the three-dimensional structure of the
DL-DEX 113 becomes available. The isotopic fractionation
pattern indicates, however, that it should be characterized
by sizable isotope effects with the one in the dissociation
direction being substantially larger, leading to the overall
inverse deuterium isotope effect under theVmax/KM condi-
tions.

In the case of the (S)-(-)-enantiomer, a step after dehalo-
genation is the overall rate-determining step, while in the
case of the (R)-(+)-enantiomer, the dehalogenation is both
the first irreversible and overall rate-determining step.

The differences in energetics of the reactions of both
enantiomers of 2-chloropropionate catalyzed by theDL-DEX
113 dehalogenase resulting from the conclusions given above
are summarized in Figure 3. We conclude that the reaction
paths differ in energetic barriers of the steps preceding and
following the dehalogenation step; for the (R)-(+)-enanti-
omer, the preceding barrier is higher and the following barrier
is lower than for the (S)-(-)-enantiomer.
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