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X-Ray Structure of a Reaction Intermediate of L-2-Haloacid
Dehalogenase with L-2-Chloropropionamide1
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The crystal structure of a complex prepared by soaking a single crystal of the S175A mutant
of L-2-haloacid dehalogenase from Pseudomonas sp. YL in a solution containing a poor
substrate, L-2-chloropropionamide, has been determined by X-ray analysis at 2.15 A
resolution with a crystallographic R factor of 19.8%. The present analysis has revealed the
structure of the reaction intermediate trapped in the crystal. In the intermediate, the
substrate moiety lacking chlorine is covalently bound to the carboxyl group of D10, and
adopts the pro-D-configuration at the C2 atom. The amide group of the substrate is
hydrogen-bonded with the hydroxy group of S118. The methyl group bound to the C2 atom
exists in a hydrophobic pocket which is important for recognition of the alkyl group of the
substrate. The guanidino group of R41 has reasonable orientation for halogen-abstraction.

Key words: L-2-chloropropionamide, crystal structure, haloacid dehalogenase, reaction
intermediate.

L-2-Haloacid dehalogenase [EC 3.8.1.2] from Pseudo-
monas sp. YL (L-DEX YL) catalyzes the hydrolytic dehalo-
genation of an L-2-haloacid to produce the corresponding
D-2-hydroxyacid. We have identified essential residues for
this enzyme catalysis by site-directed mutagenesis and
mass spectrometry. In the enzyme, the carboxyl group of
D10 acts as the nucleophile that attacks the C2 atom of the
substrate to form an ester intermediate, which is subse-
quently hydrolyzed by a water molecule (1). In addition to
D10, residues T14, R41, S118, K151, Y157, S175, N177,
and D180 play essential roles in the catalysis (2). We have
proposed that Si 18 is the binding site for the carboxylate
group of the substrate (2). The tertiary structure of the
enzyme we determined has revealed that all of these
residues constitute the active center around nucleophile
D10 (3).

In order to clarify the reaction mechanism of L-DEX YL
at the atomic level, we have crystallized several mutants of
the enzyme which are effective for trapping complexes
formed at each step of the reaction process. At present,
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crystals of the SI75A mutant, which are isomorphous with
those of the wild type and thus useful for this purpose, have
been obtained under the same conditions as those for the
wild type. Mass spectrometric studies have suggested that
SI75A has the ability of ester intermediate formation but
lacks the ability to hydrolyze the ester. Its crystal structure
has been found to be virtually identical to that of the wild
type, with an average C r.m.s. deviation of 0.20 A (Li,
Y.-F. et al., unpublished result). We soaked the crystals in
various kinds of L-2-chloropropionate (CPA) solutions in
order to prepare crystals of a complex, but the attempts
were unsuccessful. In each of the CPA solutions, the
crystals cracked immediately and were dissolved even
after cross-unking with glutaraldehyde. CPA is the best
substrate for the enzyme, while L-2-chloropropionamide
(CPN) is an extremely poor substrate, the k^JKm value
being 4.9X 10~5 9"'-mM"', which is about 2,600,000 times
lower than that for CPA; the Atat and Km values for CPN
were 0.0088 s"1 and 180 mM, respectively, under the
standard assay conditions, while they were 47 s"1 and 0.37
mM for CPA, respectively (4). As a consequence, we have
succeeded in trapping a reaction intermediate by means of
CPN and the S175A mutant as follows.

A S175A crystal of 0.30x0.28x0.20 mm was cross-
linked with 5% glutaraldehyde for 5 h, and then soaked in
10 mM DL-2-chloropropionamide for 10 days at 4'C. The
crystallographic data were: space group C2, cell dimen-
sions of a=91.00A, 6 = 62.78 A, c=52.0lA, and /3 =
122.5', and one subunit per asymmetric unit. X-Ray
diffraction data of the soaked crystal were collected at 20*C
with a Rigaku R-AXIS DC, using CuKa radiation produced
with a double focusing mirror system and a Rigaku RU-300
rotating anode X-ray generator operated at 40 kV and 100
mA. The crystal-to-detector distance was 80.0 mm. The
crystal was mounted with b- axis parallel to the rotation
axis of the goniometer. One frame of the oscillation image
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was recorded on an imaging plate with an oscillation range
of 2.6* and an exposure time of 10 min A total of 70 frames
covered a rotation range of over 180*. Data processing was
performed up to 1.8 A resolution using the R-AXIS EC
software package to obtain 16,631 unique reflections from
36,643 observations with an Rmerte value of 5.7% and a
completeness of 91.1%.

The previously reported subunit structure of the wild-
type L-DEX YL at 2.5 A resolution (3) was used as the
starting model to locate the present protein subunit at an
appropriate position with the rigid-body refinement pro-
gram of X-PLOR (5). Further refinement of the model was
carried out with the simulated annealing protocol of X-
PLOR, followed by positional and individual temperature
factor refinements. The regions exhibiting conformational
changes were checked on the basis of the 2F0 — Fc and Fo —
Fc difference electron density maps, and rebuilt manually
with the TURBO-FRODO program (6). The omit map
clearly showed that the substrate moiety is connected with
the car boxy 1 oxygen of D10 (Fig. 1). In the last stage of the
refinement, a model of the dechlorinated substrate moiety
was built into the corresponding density. The nitrogen atom
of the substrate-derived amide was assigned to the peak
with lower electron density than that for the oxygen atom.
The model of the substrate moiety was included for further
refinement with water molecules picked up on the basis of
the 2FO-FC and F0-Fc maps. The refinement for 11,630
reflections at 8.0-2.15 A resolution was converged to
crystallographic R and R^e factors of 19.8 and 25.6%,
respectively. The r.m.s. deviations of bonds, angles, di-
hedral angles and improper angles from their ideal values
were 0.006 A, 1.24', 24.43', and 0.6', respectively.

The structure of the CPN intermediate consists of a
polypeptide chain of amino acid residues 3-222, a dechlo-
rinated substrate moiety, and 38 water molecules; the
N-terminal 2 residues and C-terminal 10 residues of the
polypeptide chain are missing probably because of dis-
order, as in the case of the wild type. The mean B-factors
for the main chain, side chain, entire molecule, and solvents
are 33.8, 36.6, 35.2, and 48.0 A2, respectively. The overall
structure of the polypeptide chain in the intermediate is
similar to those of the wild type and the S175A mutant.
Significant structural differences between the intermediate
and the others lie in the regions of D10-S20, Y91-D102,
and L117-R135, which are spatially close to one another.
These conformational changes are probably caused by the
formation of the ester intermediate. The C2 atom of the

substrate moiety is dechlorinated, covalently bonded with
the O*1 atom of nuleophile D10, and adopts the pro-D-
configuration. A mixture of D- and L-2-chloropropionamide
was used as the reagent for preparation of the CPN inter-
mediate. However, the enzyme is expected to selectively
react with L-2-chloropropionamide through the same
mechanism as that for L-2-haloacid with inversion of the C2

configuration. The amide group of the substrate moiety is
mainly stabilized through hydrogen-bonding with the
hydroxy group of Si 18 (Fig. 2). In the native enzyme, the
site of the amido group is occupied by a water molecule
hydrogen-bonded with S118. The situation of the amido
group in the CPN intermediate is very similar to that of the
water molecule in the substrate-free enzyme. In the forma-
tion of a Michaelis complex, the water molecule is probably
replaced by a substrate entering the active center. It has
also been found on structure analysis of L-DEX from
Xanthobator autotropicus GJ10 that the carboxyl group of
a substrate analog, formate, is hydrogen-bonded with the
side-chain hydroxyl of the conserved serine residue corre-
sponding to Si 18 of L-DEX YL (7). Therefore Si 18 is the
main residue for recognition of the carboxyl or amido group
of a substrate. The methyl group derived from CPN is
situated in the hydrophobic pocket comprising the side
chains of Y12, L45, F60, and W179, along with those of
Q44, K151, and N177. The hydrophobic pocket seems to
play an important role in the recognition of the alkyl group
of a substrate with the L-configuration.

In the CPN intermediate, the water molecules located in
the active center of the native enzyme are replaced by the
CPN moiety, while a new water molecule, Wat500, is
located between the carboxyl group of D10 and the side
chain of A175. This water molecule is hydrogen-bonded
with the two O' atoms of D10, the main chain and side-chain
nitrogen atoms of N177, and 0'1 of D180. We have found in
mass spectrometric studies that N177 and D180 as well as
SI75 probably participate in the second step of enzyme
catalysis: the activation of a water molecule for hydrolysis
of the ester intermediate (Li, Y.-F. et al., unpublished
result). If this is the case, Wat500 is probably the water
molecule that is utilized for hydrolysis.

Another new density peak, which is observed for neither
the wild type nor the Si75A mutant, has been found at a
position close to the guanidino nitrogen of R41 (3.29 A), and
to the side-chain amido nitrogen of N119 (3.56 A). From
the surrounding conditions, it has been suggested that the
density peak is probably attributable to the halogen anion

T14 Fig. 1. Stereoview of the Fo-Fc
omit-map of the active site in the
CPN intermediate of the S175A
mutant. A difference Fourier map
was obtained using the coordinates of
a model which has the side chain of
D10, the new water molecule and the
probable chloride anion omitted. The
map contoured at the 2.5 a level
shows the esterified side chain of D10
as well as the new water molecule,
labeled Wat500, and the chloride
anion, labeled Cl". Hydrogen-bonds
(2.4-3.5 A) are shown as dashed
lines. The figure was generated with
the BOBSCRIPT program (9).
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Fig. 2. Schematic diagram of hydrogen-bonding interactions
around the substrate-derived moiety in the active site of the
CPN intermediate. The Ci atom of the CPN moiety is covalently
bonded to the O'1 atom of D10. Hydrogen bonds are depicted as
dashed lines with the bond lengths. The figure was produced with the
LIGPLOT program (10).

released from the substrate, although it has not been so
easy to prove this crystallographically because of the
relatively high value of the average temperature factor of
the protein atoms and the low occupancy of the peak. The
guanidino group of R41 probably acts as a halogen abstrac-
tion residue; the side chain of R41 points to the C2 atom of
the substrate moiety, and no other basic residues which can
serve as the halogen abstraction site exist around the C2

atom. Arginine has been shown to be the binding site for
chloride of a chloride pump (8). Moreover, the density peak
appears in the vicinity of the amido nitrogen atom of the
substrate moiety (3.72 A) in the CPN intermediate, but
does not appear in an ester intermediate formed between
an alkanoic acid and the S175A mutant (Li, Y.-F. et al.,
unpublished result). This demonstrates that the positively
charged amido nitrogen, instead of the negatively charged
carboxyl oxygen, is required for the appearance of the new

peak that results from a negatively charged species. Thus,
we have assigned the new peak to a chloride anion which
interacts electrostatically with the positively charged
nitrogens of the guanidino group of R41, the side-chain
amido of N119, and the amido of the substrate moiety.
Detailed studies for identification of this peak are now in
progress.

We have shown by mass spectrometry that the catalysis
by L-DEX YL proceeds through an ester intermediate (i).
The present crystallographic study strongly suggests that
when D10 attacks the C2 atom of a substrate, the halogen
atom must be simultaneously abstracted from the sub-
strate by the guanidino group of R41 on the opposite side to
the D10 side chain.
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