
Abstract 1,2,3-Trichloropropane (TCP) is a highly

toxic, recalcitrant byproduct of epichlorohydrin man-

ufacture. Haloalkane dehalogenase (DhaA) from

Rhodococcus sp. hydrolyses the carbon–halogen bond

in various halogenated compounds including TCP, but

with low efficiency (kcat/Km = 36 s-1 M-1). A Cys-

176Tyr-DhaA mutant with a threefold higher catalytic

efficiency for TCP dehalogenation has been previously

obtained by error-prone PCR. We have used molecular

simulations and quantum mechanical calculations to

elucidate the molecular mechanisms involved in the

improved catalysis of the mutant, and enantioselecti-

vity of DhaA toward TCP. The Cys176Tyr mutation

modifies the protein access and export routes. Substi-

tution of the Cys residue by the bulkier Tyr narrows

the upper tunnel, making the second tunnel ‘‘slot’’ the

preferred route. TCP can adopt two major orientations

in the DhaA enzyme, in one of which the halide-

stabilizing residue Asn41 forms a hydrogen bond with

the terminal halogen atom of the TCP molecule, while

in the other it bonds with the central halogen atom.

The differences in these binding patterns explain the

preferential formation of the (R)- over the (S)-enan-

tiomer of 2,3-dichloropropane-1-ol in the reaction

catalyzed by the enzyme.
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Introduction

Trihalogenated propanes are toxic synthetic hydro-

carbons that have been released into the biosphere,

generally as trace pollutants of agricultural products

and industrial wastes. 1,2,3-Trichloropropane (TCP),

formed as an undesirable side-product during the

chemical production of epichlorohydrin and 1,2-

dichloropropene, occurs as a water contaminant [1].

TCP is highly recalcitrant and resistant to biological

degradation, even though thermodynamic calculations

show that aerobic mineralization of TCP could pro-

vide sufficient energy to sustain microbial growth [2]

and biological degradation of trihalogenated propanes

can be catalyzed (albeit inefficiently) by haloalkane

dehalogenase enzymes. Therefore, information on the

biological degradation of TCP and the enzyme

kinetics involved should be useful for assessing its

likely durability, for developing possible ways to

accelerate its elimination from different environ-

ments, and for exploring ways whereby TCP could be
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recycled during the commercial production of epox-

ides [3].

The haloalkane dehalogenases (EC 3.8.1.5) are

microbial enzymes that belong to the a/b-hydrolase

superfamily [4–6] and catalyze the conversion of

haloalkanes to the corresponding alcohols and a

halide ion by a hydrolytic mechanism. The natural

haloalkane dehalogenase that has the highest known

activity toward TCP is the DhaA enzyme isolated

from the soil bacterium Rhodococcus rhodochrous

sp. NCIMB 13064. However, its catalytic efficiency is

quite low (kcat/Km = 36 s–1 M–1), preventing its use in

practice [7]. DhaA (or RrDHL) consists of a main

a/b-hydrolase fold domain and a helical cap domain

[6]. The active site is an occluded cavity located

between these two domains, and is connected to the

surface by two export routes: an upper tunnel and a

‘‘slot’’. The catalytic triad Asp106-His272-Glu130 is

positioned in the active site. The cleavage of the

carbon–halogen bond involves two steps and pro-

ceeds via a covalent alkyl–enzyme intermediate. The

carboxyl oxygen of the nucleophilic amino acid

Asp106 attacks the carbon carrying a halogen sub-

stituent, cleaving off the halogen by an SN2 substi-

tution mechanism. Two primary halide-stabilizing

amino acids, Asn41 and Trp107, are involved in the

stabilization of the transition state and binding of the

leaving halide ion. In the second reaction step, a

catalytic water molecule activated by the His272

hydrolyzes the covalent alkyl–enzyme intermediate

by an AdN mechanism. The corresponding primary

alcohol, halide ion and proton are the products cre-

ated during the reaction [8].

A directed evolution method called error-prone

PCR has been used by Bosma et al. [7] to generate

DhaA mutants, including the Cys176Tyr (M1-DhaA)

mutant, which showed three times higher catalytic

efficiency toward TCP (kcat/Km = 100 s–1 M–1) com-

pared to the wild-type enzyme (WT-DhaA). Molecular

modeling was then used to obtain information on the

effect of mutations on catalytic properties. Molecular

docking analysis predicted three different orientations

of TCP in the active site that have been denoted

binding modes BM1, BM2 and BM3 (Fig. 1), and

possible dehalogenation mechanisms of the Ca/Cb

carbon atoms were discussed [7].

Here we present a thorough analysis of the wild-type

and mutant enzymes using molecular dynamic (MD)

simulations and quantum mechanical (QM) calcula-

tions. The study provides insight into the molecular

mechanism underlying the enhanced catalytic activity

of M1-DhaA and the enantioselectivity of the DhaA

enzyme.

Methodology

In silico mutagenesis

The starting geometry of M1-DhaA was generated

from the crystal structure of free wild-type DhaA (WT-

DhaA; PDB entry 1CQV). The structures of side-

chains of mutated residues were modeled using the

program Deep View [9]. The Cys176Tyr mutation

resulted in two possible conformations of the Tyr176

side-chain that differed in torsions N–Ca–Cb–Cc and

Ca–Cb–Cc–Cd. A structurally and energetically feasible

rotamer of Tyr176 was determined by two 700-ps MD

simulations of DhaA, starting with Tyr176 in two dif-

ferent conformations.

MD simulations

Starting geometries for MD simulations were prepared

from crystal structures after necessary modifications.

Hydrogen atoms were added using the program

WHATIF [10], and His272 was Nd-protonated in

accordance with the reaction mechanism. The system

was neutralized by adding 18 Na+ counter ions using

GRID [11] and immersed in a rectangular water box

with a 10-Å wide layer of water molecules. The active

site was solvated in accordance with previous study

[12] demonstrating only small changes in active site

volume and capacity to accept only six water mole-

cules. The molecular docking placed the substrate to

the same positions as occupied by four active site

waters, which were subsequently removed leaving on

catalytic and stabilizing water in their crystallographic

positions. The protein–solvent system was optimized

prior to the simulation as follows. Minimization of the

enzyme hydrogens was followed by minimization of

the substrate, counter ions and crystal waters. Subse-

quently, the protein was frozen and solvent molecules

with counter ions were allowed to move during a 10-ps

MD run. The side-chains were allowed to relax in

several minimization runs with decreasing force con-

stants applied to the backbone atoms. After full

relaxation, the system was slowly heated to 300 K over

100 ps using a 2-fs time step and NpT conditions. All

the simulations were calculated under periodic

boundary conditions in the NpT ensemble (300 K,

1 atm) with 2 fs time steps. The particle-mesh Ewald

method was used to calculate electrostatic interactions

and a 9.0-Å cutoff was applied for Lennard–Jones

interactions. The SHAKE algorithm was applied to fix

all bonds containing hydrogen atoms. The SANDER

module of AMBER 6.0 with the Cornell et al. force

field [13] was used for all simulations. Partial atomic
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charges for TCP and esterificated Asp106 were deter-

mined using the restrained electrostatic potential pro-

cedure [14]. The required ab initio calculations were

carried out using the Gaussian98 program [15] at the

HF/6–31G(d) level of theory. MD simulations of the

following structures were carried out: (a) enzyme–

substrate complexes of WT-DhaA and M1-DhaA with

TCP in BM1, BM2 and BM3 (six 1 ns simulations) and

Fig. 1 The three binding modes of TCP (BM1, BM2 and BM3)
in the active site of DhaA predicted by molecular docking [7].
The corresponding reaction products from the three binding
modes are 1,3-dichloropropane-2-ol, (S)-2,3-dichloropropane-1-

ol and (R)-2,3-dichloropropane-1-ol, respectively. The catalytic
triad Asp106, His272, Glu130 and the primary halide-stabilizing
residues Trp107 and Asn41 are shown in stick form
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(b) the alkyl–enzyme intermediates of WT-DhaA and

M1-DhaA with esterificated Asp106 corresponding to

TCP in BM2 and BM3 (four 2 ns simulations). Results

of the MD simulations were analyzed using the Carnal

and Ptraj modules of the AMBER 6.0 package [16].

Decomposition analysis was performed using the Anal

module of the AMBER 6.0 package. The stability of

the simulations was verified by comparing radii of

gyration, root-mean-square deviations and B-factors

with previous values obtained from simulation with

free DhaA [12]. The occupation of each binding mode

during the simulations was quantified by calculating

Mahalanobis distances in configuration space [17]

between near attack conformation (NAC) [18] and the

actual orientation of TCP.

Semi-empirical QM calculations

The SN2 reaction step was studied by semi-empirical

calculations using the AM1 Hamiltonian [19] and the

following segment of the active site: Asn41, Asp106,

Trp107, Glu130, Ile132, Trp141, Phe149, Phe168,

Val172, Cys/Tyr176, Phe205, Pro206, Phe209, Val245,

Leu246, His272 and Tyr/Phe273. Two water molecules

from the active site were also included in the calcula-

tions. Average structures of TCP obtained from the

MD simulations of enzyme–substrate complexes in

various conformations were taken as the starting ori-

entations of TCP. Both Cl–C–C–Cl torsions appeared

in gauche and/or trans conformations during the MD

simulations, therefore the four averaged conformations

of TCP were used for the QM calculations. In total, 16

calculations were performed with permutations of two

protein variants (WT-DhaA and M1-DhaA) and two

binding modes of TCP (BM2 and BM3) in four torsion

conformations (gauche–gauche, gauche–trans, trans–

gauche and trans–trans). The reaction path was mod-

eled by shortening the distance between oxygen Od1 of

the nucleophilic Asp106 of DhaA and the attacked

carbon atom of TCP. The geometry was fully opti-

mized, except for the driven coordinate after each

0.05 Å-long driving step. Heavy atoms of the backbone

and oxygen from the catalytic water were fixed to

constrain the active site structure. The TRITON pro-

gram [20, 21] was used to prepare input and analyze

output files. The semi-empirical QM package

MOPAC2002 [22] with the external subroutine DRI-

VER [23] was used for mapping the reaction pathway.

All MOPAC calculations were carried out using the

AM1 Hamiltonian and the Broyden–Fletcher–Gold-

farb–Shanno, quasi-Newton algorithm geometry opti-

mization algorithm. MOZYME was used to speed up

SCF calculations.

Results

Dynamics of export routes

The energy decomposition method was used for par-

titioning electrostatic and van der Waals interaction

energy contributions to the interactions between the

mutated residue (Cys/Tyr176) and other residues in

WT-DhaA and M1-DhaA. Mutation Cys176Tyr gen-

erally has a minor influence on the interaction energies

of Cys/Tyr176 with most protein residues. However,

the mutation increased attraction between Cys/Tyr176

and Phe144, and decreased attraction between Cys/

Tyr176 and Leu173 or Lys175 (Table 1). Phe144,

Leu173 and Lys175 residues are located near Cys/

Tyr176 and collectively form the opening of the

so-called upper tunnel [12]. This observation prompted

us to investigate the structure and dynamics of this

tunnel in greater detail.

The diameter of the upper tunnel was calculated for

all enzyme–substrate and alkyl–enzyme intermediate

simulations (Table 2) using the program CAVER [24].

This program monitors changes in tunnel radius during

MD simulations and identifies preferred export routes.

The mean radius of the upper tunnel in WT-DhaA is

1.31 ± 0.01 Å (averaged through all WT-DhaA simu-

lations), while in M1-DhaA it is substantially smaller;

0.61 ± 0.01 Å (averaged through all M1-DhaA simu-

lations). The mean radius of the second tunnel of

DhaA, called the slot, is 0.80 ± 0.01 Å in both WT-

DhaA and M1-DhaA simulations (Fig. 2). The pro-

gram CAVER assigned the upper tunnel as the pre-

ferred export route in WT-DhaA, while the slot was

favored in M1-DhaA. This observation was consistent

with expectations since residue 176 points toward the

entrance tunnel (Fig. 2). The other main differences

noted between WT-DhaA and M1-DhaA were in the

dynamics of water molecules in the active site of the

alkyl–enzyme intermediate. Three water molecules

located near the entrance to the slot are exchangeable

with water molecules from the bulk solvent. Traffic of

water molecules between the slot, active site and upper

tunnel was observed in the simulation of WT-DhaA

Table 1 Interaction energies (in kJ mol–1) between the mutated
residue and other residues in the protein, showing the largest
differences between WT-DhaA and M1-DhaA

Mutated
residue

Interacting
residue

DhaA-WT DhaA-M1

Cys/Tyr176 Phe144 –0.8 –6.7
Leu173 –12.6 –7.5
Lys175 –128.4 –118.0
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(TCP in BM3). One water molecule entered the active

site via the slot (at 135 ps) and the same molecule left

through the upper tunnel (at 1,510 ps). Analogous

water traffic has been found in previous simulations of

free WT-DhaA [12], but not the movement of water

molecules through the upper tunnel of M1-DhaA.

TCP dynamics in the enzyme active site

Six MD simulations were conducted for WT-DhaA

and M1-DhaA complexes with TCP bound in three

different binding modes. The concept of NAC, i.e., a

configuration suitable for enzymatic reaction [18], was

used to characterize TCP behavior in the active site.

We used the Mahalanobis distance as a generalized

statistical distance in configuration space for quantita-

tive analysis of NACs. The NAC was defined by three

parameters: (a) the distance between the nucleophilic

oxygen of Asp106 and the attacked carbon of TCP, (b)

the angle between the nucleophilic oxygen of Asp106,

the attacked carbon and the leaving chlorine of TCP,

and (c) the sum of distances between the leaving

chlorine and side-chain nitrogens of the halide-stabi-

lizing residues Asn41 and Trp107. The distance

between the NAC of each binding mode and the actual

position of TCP in the MD trajectory was used to

monitor changes in binding mode during the simula-

tions. Rearrangement of TCP from BM1 to BM2 was

observed in both simulations starting from BM1, and a

switch from BM1 to BM2 occurred during the first

500 ps of the simulation (Fig. 3), while BM2 and BM3

were stable in all simulations (Table 3). The popula-

tions of NACs calculated for WT-DhaA and M1-DhaA

were very similar, indicating that the Cys176Tyr

mutation does not affect the reactivity of the respective

enzyme–substrate complexes.

The Cll–Ca–C–Cl torsion (torsion w) with the

attacked carbon (Ca) and leaving chlorine (Cll) adopted

gauche conformation during the simulations, while the

other torsion (Cl–C–C–Cl torsion /) varied between

trans and gauche conformations (Table 4). The torsions

w and / of BM2 appear in gauche(-) and gauche(+)

conformations, respectively, while BM3 torsions w and

/ prefer gauche(+) and gauche(-) conformations,

respectively (Fig. 1). The distance between the Asn41

amidic nitrogen Nd2 (which stabilizes the leaving chlo-

rine) and TCP’s central chlorine is influenced by the

sign of the gauche w torsion. This distance equals

4.5 ± 0.8 Å in BM2 [w = gauche(-)] and 6.6 ± 0.4 Å in

BM3 [w = gauche(+)]. The difference between binding

modes BM2 and BM3 may be related to the reactivity

of the respective complexes and explain the enanti-

oselectivity of DhaA enzymes (see next paragraph).

Reactivity of TCP in the enzyme active site

SN2 dehalogenation of TCP in the active site of DhaA

was studied using the AM1 method. The enzyme–TCP

complexes obtained from the docking were used as

starting geometries. All calculations that started from

BM1 yielded high activation barriers (Table 5). The

Ca1 carbon atom was identified as the most favored

center for the SN2 attack of TCP in BM2, leading to the

corresponding reaction product (S)-2,3-dichloropro-

pane-1-ol. On the other hand, the Ca2 carbon atom is

the likeliest electrophilic site for dehalogenation of

TCP in BM3, yielding (R)-2,3-dichloropropane-1-ol.

The dehalogenation of other carbons is not possible

due to high activation barriers (Ea) and lack of halide

stabilization, with unfavorable reaction enthalpy (DH).

The time-averaged structures from MD simulations

were subsequently used for AM1 calculations. Four

different TCP conformations observed in the simula-

tions were used as the starting geometries. The mean

activation barriers and reaction enthalpies significantly

differed between BM2 and BM3, but not between

WT-DhaA and M1-DhaA (Table 6). Activation bar-

riers for the dehalogenation reaction starting from

BM2 were significantly higher than for BM3, due to the

absence of a hydrogen bond between the halide-sta-

bilizing residue Asn41 and the leaving halogen (Fig. 4).

A correlation (with a Pearson correlation coefficient of

0.81) was observed between the activation barrier Ea

and the stabilizing effect of Asn41, reflecting the dis-

tance between Asn41 Nd2 and the leaving chlorine in

the transition state.

Discussion

The side-chain of Cys176 forms a bottleneck in the

upper tunnel of DhaA. The differences in the

Table 2 Mean radii (in Å) of the upper tunnel calculated from MD simulations (using the program CAVER)

Protein Enzyme–substrate complex Alkyl–enzyme intermediate
BM1 BM2 BM3 BM2 BM3

WT-DhaA 1.24 ± 0.06 1.12 ± 0.05 1.61 ± 0.05 1.14 ± 0.03 1.43 ± 0.02
M1-DhaA 0.63 ± 0.04 0.70 ± 0.05 0.54 ± 0.03 0.54 ± 0.02 0.62 ± 0.02

J Comput Aided Mol Des (2006) 20:375–383 379

123



Fig. 2 a Visualization of
residue 176 in WT-DhaA
(Cys) and M1-DhaA (Tyr).
The upper tunnel is the most
favorable path in WT-DhaA,
while the slot is the more
easily accessible path in the
mutant. The side-chain of Tyr
points toward the upper
tunnel located between
helixes a4, a5¢, and a5 of the
cap domain [12], leaving the
slot as the only export route
from the active site to the
protein’s exterior. Proteins
are represented in cartoon,
tunnels in mesh surface and
the side-chain of residue 176
in stick formats. b Population
of the most preferable paths
in snapshot structures from
MD trajectories of WT-DhaA
and M1-DhaA. Access
tunnels are represented by
mesh surface. Balls represent
the gorges of the most
preferable access paths
colored by the radii of the
gorges: the red part of the
spectrum denotes narrow
gorges and blue spectrum
wider gorges. Both the upper
tunnel and slot are populated
in WT-DhaA, while the slot is
the sole preferred path in M1-
DhaA
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WT-DhaA and M1-DhaA MD simulations show that

the radius of this tunnel is significantly narrowed by the

Cys176Tyr mutation and, consequently, another

opening to the active site, called the slot, becomes the

preferred access or export route in M1-DhaA.

The exchange of ligands between the bulk solvent and

the enzyme’s active site appears to be significantly af-

fected by this change. Previous D2O solvent kinetic

isotope effect experiments, in which the dehalogen-

ation of TCP by WT-DhaA was explored [25], revealed

that the rate-determining step lies before cleavage of

the alkyl–enzyme intermediate, i.e., substrate-binding

or carbon–halogen bond cleavage is the rate-limiting

step. QM calculations of carbon–halogen bond cleav-

age (the SN2 step) did not provide any indications that

the activation barriers differed between WT-DhaA

and M1-DhaA. Thus, the Cys176Tyr mutation proba-

bly improves the efficiency of the enzyme by increasing

the rate of substrate binding. The underlining mecha-

nism could be existence of energetically favorable

binding site located adjacent to the face of the catalytic

histidine near the entry to the main tunnel. This

binding site was observed for the crystal structure of

LinB (a haloalkane dehalogenase involved in the

degradation of c-hexachlorocyclohexane by Sphingo-

bium japonicum UT26) in its complex with the sub-

strates 1,2-dichloroethane and 1,2-dichloropropane, as

well as with the product molecule 1-butanol [26].

Binding of various ligands to the same site can be

Fig. 3 The Mahalanobis distance in configuration space indicat-
ing the distance between the actual orientation of TCP in MD
simulations and the NAC conformations of BM1 (black line) and
BM2 (red line). The TCP rearranges from BM1 to BM2 within
480 ps in the WT-DhaA simulation and remains bound in BM2,
while it rearranges from BM1 to BM2 within 380 ps in the
M1-DhaA simulation and remains bound in BM2 between 530
and 810 ps. The Mahalanobis distance value fluctuating under
the value 11 (0.01 v2-quantile, with three degrees of freedom,
dashed line) corresponds to TCP bound to the correspondent
binding mode

Table 3 The occupation of NAC (in %) for the starting binding
modes BM2 and BM3

BM2 BM3

WT-DhaA 92.2 97.9
M1-DhaA 89.8 95.2

Table 4 The population of four TCP conformations (in %)
represented by w and / torsions in enzyme–substrate complexes
during MD simulations

Torsion w Torsion / WT/
BM2

M1/
BM2

WT/
BM3

M1/
BM3

Gauche Gauche 73.7 71.5 34.8 49.8
Gauche Trans 20.4 19.0 63.2 49.1
Trans Gauche 5.7 9.5 1.9 0.6
Trans Trans 0.2 0.0 0.1 0.5

Table 5 Activation energies, Ea, and reaction enthalpies DH (in
kJ mol–1) of the SN2 dehalogenation reaction calculated for
binding modes BM1, BM2 and BM3 of TCP in WT-DhaA
predicted by molecular docking

BM1 BM2 BM3
Attacked atom Ea DH Ea DH Ea DH

Ca1 349.8 –2.5 89.5 –51.9 149.8 –19.2
Cb 398.3 –6.3 374.9 –9.2 348.5 21.3
Ca2 133.1 –64.9 178.2 28.0 100.8 –58.6

Table 6 Activation energies, Ea, and reaction enthalpies DH (in
kJ mol–1) of the SN2 dehalogenation reaction started from time-
averaged MD structures

BM2 BM3
Enzyme type Ea DH Ea DH

WT-DhaA 117.6 –22.2 108.8 –49.0
M1–DhaA 115.5 –18.8 100.4 –61.9

The energies were calculated as weighted mean values of ener-
gies corresponding to four different TCP conformations with
respect to the population of the TCP conformations obtained
through MD simulations (see Table 4)
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found also in the structures of other protein–ligand

complexes [27, 28] including the complex of LinB with

dehalogenation product of TCP (PDB ID 2BFN).

Ligands passing through the main tunnel of LinB and

DhaA must come into contact with this site. Redi-

recting ligands from the main tunnel to the slot pre-

vents their binding to this local energetic minimum.

We note that Cys176 in DhaA is analogous to Leu177

of LinB, which was substituted by all possible amino

acids via site-directed mutagenesis in a study by

Chaloupkova et al. [29]. Resulting protein variants

with modified tunnel radii showed significant differ-

ences in their catalytic properties. We predict that

catalytic rate of TCP conversion by DhaA mutant can

be further improved by geometric optimization of the

slot. Experimental validation of this proposal by using

targeted directed evolution experiments is ongoing in

our laboratory.

Computer simulations enable real-time monitoring

of the spatial distribution of a ligand molecule inside

an enzyme’s active site. The TCP molecule bound in

BM1 was unstable in all MD simulations and swit-

ched from BM1 to BM2 within the first 500 ps of

simulation. Furthermore, QM calculations indicated

that the activation energy of the SN2 reaction starting

from BM1 is very high. Thus, the probability of

chemical reaction occurring from BM1 is close to

zero under normal conditions. The instability of BM1

and the high activation barrier explains why the

secondary alcohol (1,3-dichloropropane-2-ol) has

never been observed as the dehalogenation product

of TCP [7]. In contrast, the high stability of the en-

zyme–substrate complexes, the low activation energy

and favorable reaction enthalpy of the SN2 reaction

step during the MD simulations starting with TCP in

BM2 and BM3 confirm that carbon–halogen cleavage

can proceed effectively from both BM2 and BM3

modes. The reaction product corresponding to BM2

is (S)-2,3-dichloropropane-1-ol, while (R)-2,3-dichlo-

ropropane-1-ol is the reaction product of TCP start-

ing from BM3. The SN2 reaction step has higher

activation energy and less favorable enthalpy when

TCP is bound in BM2 compared to BM3, irrespective

of the protein variant. The less favorable reaction

conditions for BM2 are due to weaker stabilization of

the leaving chlorine by Asn41, which forms a com-

petitive interaction with the middle chlorine of TCP.

The difference in the reactivities of the substrates

starting from BM2 and BM3 explain the experi-

mentally observed preferential formation of (R)-2,3-

dichloropropane-1-ol over (S)-2,3-dichloropropane-1-

ol by DhaA-WT [7].
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