The importance of reactant positioning in enzyme
catalysis: A hybrid quantum mechanics/molecular
mechanics study of a haloalkane dehalogenase

Edmond Y. Lau*, Kalju Kahn*, Paul A. Bash', and Thomas C. Bruice**

Department of Chemistry and Biochemistry, University of California, Santa Barbara, CA 93106; and 'Department of Molecular Pharmacology and Biological

Chemistry, Northwestern University Medical School, Chicago, IL 60611-3008
Contributed by Thomas C. Bruice, July 3, 2000

Hybrid quantum mechanics/molecular mechanics calculations us-
ing Austin Model 1 system-specific parameters were performed to
study the Sn2 displacement reaction of chloride from 1,2-dichlo-
roethane (DCE) by nucleophilic attack of the carboxylate of acetate
in the gas phase and by Asp-124 in the active site of haloalkane
dehalogenase from Xanthobacter autotrophicus GJ10. The activa-
tion barrier for nucleophilic attack of acetate on DCE depends
greatly on the reactants having a geometry resembling that in the
enzyme or an optimized gas-phase structure. It was found in the
gas-phase calculations that the activation barrier is 9 kcal/mol
lower when dihedral constraints are used to restrict the carboxy-
late nucleophile geometry to that in the enzyme relative to the
geometries for the reactants without dihedral constraints. The
calculated quantum mechanics/molecular mechanics activation
barriers for the enzymatic reaction are 16.2 and 19.4 kcal/mol when
the geometry of the reactants is in a near attack conformer from
molecular dynamics and in a conformer similar to the crystal
structure (DCE is gauche), respectively. This haloalkane dehaloge-
nase lowers the activation barrier for dehalogenation of DCE by
2-4 kcal/mol relative to the single point energies of the enzyme'’s
quantum mechanics atoms in the gas phase. Sn2 displacements of
this sort in water are infinitely slower than in the gas phase. The
modest lowering of the activation barrier by the enzyme relative
to the reaction in the gas phase is consistent with mutation
experiments.

H aloalkane dehalogenases catalyze the hydrolytic cleavage of
carbon-halogen bonds in aliphatic and aromatic haloge-
nated compounds. The haloalkane dehalogenase from the
nitrogen-fixing hydrogen bacterium Xanthobacter autotrophicus
GJ10 (DhlA) prefers 1,2-dichloroethane (DCE) as substrate and
converts it to 2-chloroethanol and chloride (1). A catalytic triad
consisting of Asp-124, His-289, and Asp-260 is the central
residue in the dehalogenation reaction (Scheme 1). On binding
DCE in the predominantly hydrophobic active site, it undergoes
Sn2 displacement of chloride by nucleophilic attack of Asp-124-
COO™ to form an ester intermediate at the rate of 50 = 10 s~!
(1, 2). The ester intermediate is subsequently hydrolyzed by an
activated water molecule. The dyad of His-289 and Asp-260 is
thought to be responsible for activating the water molecule (3).
This enzyme functions most efficiently at pH 8.2, likely because
the imidazole NE2 of His-289 needs to be unprotonated for the
hydrolysis reaction to proceed. Dehalogenases are of great
interest because they are able to react with halogenated mole-
cules under mild conditions (4). Many halogenated molecules
are pollutants, and bioremediation is a highly desirable method
for removing these harmful molecules from the environment.
Dehalogenases have not existed in nature for a long time and
have not yet evolved into optimal enzymes. For example, the
catalytic efficiency for DhIA is 4,550 M~ !s~! for DCE (5), as
compared with 5.6 X 107 M~!s™! for decarboxylation of oroti-
dine 5’-monophosphate by orithine 5’-monophosphate decar-
boxylase from yeast (6). A better understanding of the factors
that influence the dehalogenation reaction in these proteins

Asp260 His289

Scheme 1.

could eventually lead to an enzyme with improved catalytic
properties.

DhlIA consists of 310 residues and is a /B hydrolase protein.
The enzyme contains two domains: the main domain consists of
an eight-stranded B-sheet surrounded by a-helices and contains
the active site; the cap domain consists of five a-helices. This

Abbreviations: DhlA, haloalkane dehalogenase from Xanthobacter autotrophicus GJ10;
AM1, Austin Model 1; AM1-SSP, AM1-system specific parameters; QM/MM, quantum
mechanics/molecular mechanics; DCE, 1,2-dichloroethane; NAC, near attack conformer; TS,
transition state.
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enzyme is an excellent candidate for computational study be-
cause it is monomeric and the crystal structure has been solved
at high resolution (2). A hybrid quantum mechanics/molecular
mechanics (QM/MM) (7, 8) study was performed to determine
the activation barrier for the Sn2 displacement reaction of
chloride from 1,2-dichloroethane in this haloalkane dehaloge-
nase. We find that the enzyme makes only a small contribution
in lowering the activation barrier in the dehalogenation reaction
relative to the reaction in the gas phase when taking the lowest
energy path to the transition state (TS) from the near attack
conformer (NAC) of the ground state (9, 10). The reaction
barrier in the enzyme, however, is expected to be considerably
lower than that in water.

Methods

The accuracy of our QM/MM results depends on how well the
chosen Hamiltonian (energy function) reproduces the experi-
mental heats of formation of the molecules along the reaction
coordinate. To this end, the semiempirical Austin Model 1
(AM1) Hamiltonian (11) was recalibrated to reproduce the
energetics and geometries of molecules along the Sn2 reaction
path of the nucleophilic attack of acetate to 1,2-dichloroethane
(Table 1). The AM1 parameters were fitted to heats of forma-
tion, dipole moments, and minimum energy structures. The
dipole moments and structures were calculated by using GAUS-
SIAN 98 (12) at the MP2/6-31G(d) for the molecules and
MP2/6-31+G(d,p) for the complexes. The complexes were
partially optimized with the O--C distance fixed, and the non-
reacting carboxylate oxygen is between the hydrogens of the
reacting carbon of DCE (Fig. 14). This geometry for the
reactants is similar to that found in DhIA for a NAC. An
optimization of the AM1 parameters by using the Levenberg—
Marquet method was performed (13). Fifty minimization steps
were performed on the target molecules and complexes before
each optimization cycle. A set of AM1-system specific param-
eters [AM1-SSP; see supplementary material (www.pnas.org)],
which reasonably reproduced the heats of formation, dipole

Table 1. Heats of formation for reactants, complexes, and
products for the dehalogenation reaction of DCE by acetate,
kcal/mol

Molecule AM1 AM1-SSP Target
Reactants
Acetate —115.47 —122.36 —120.70*
DCE —33.12 -31.34 —29.98%
Complexes*
1.9A —135.50 —150.71 —152.36
TS —135.59 —150.86 —150.15
24 A —158.56 —164.52 —163.63
2.8A —160.55 —167.18 —167.74
3.0A —159.87 —-166.47 -167.26
3.2A —159.00 —165.44 —166.20
40A —155.73 —-161.39 —161.46
50A —-153.73 —158.70 —157.58
Products
2-Chloroethylacetate -110.08 -111.25 -111.128
Chloride anion —37.66 —54.93 —54.367
*Ref. 31.
TRef. 32.

*The heat of formation for these complexes was obtained by adding the ab
initio interaction energy for the complex to the experimental heats of
formation of acetate and DCE. The first column list the distance between the
attacking carboxylate oxygen to the reacting carbon (see Fig. 1A).

5The heat of formation was obtained from a CBS4 calculation (Ref. 33).

TRef. 34.
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Fig. 1. A shows the geometry of acetate and DCE as found in enzyme NAC
and used in the ab initio calculations of the interaction energies. B shows the

relative ab initio optimized geometries of the reactants obtained without
angular contraints.

moments, and geometries along the SN2 displacement of chloride
from DCE by acetate was obtained (Table 1).

The AM1-SSP were inputted into the program CHARMM (Ver.
27a2) for QM /MM calculations (14). Two-dimensional potential
energy surfaces for the Sny2 chloride displacement from DCE
were calculated by using the AM1-SSP Hamiltonian for acetate
interacting with DCE as a function of the bond making (O--C)
and bond breaking (C--Cl) in the gas phase. All atoms were
treated quantum mechanically The lengths of these two bonds
were constrained by using harmonic constraints with force
constants of 5,000 kcal'mol~-XA~2 for each constraint. Two
harmonic angular constraints were placed between DCE and
acetate. A constraint was placed on the angle formed by the two
carbons of DCE and the attacking oxygen of acetate (C—C--O)
to have an equilibrium value of 90° (see Fig. 14). The other
angular constraint was on the angle formed by the reacting
carbon in DCE and the attacking oxygen and carboxylate carbon
of acetate (C-+O—C) to have an equilibrium value of 120°. Both
angle constraints used a force constant of 25 kcal
mol~!-degree 2. These angular constraints were necessary to
ensure that the constrained O--C distance was the shortest
between acetate and DCE (see Fig. 1B). The potential energy of
the system was minimized by using a combination of steepest
descents (200 steps) and adopted basis Newton—-Raphson meth-
ods (500 steps). O-C was varied from 3.2 to 1.4 A, and C-+Cl was
varied from 1.8 to 2.6 A. The TS was determined by locating the
saddle point on the potential energy surface.

For QM/MM calculations, the van der Waals parameters
(supplementary material; see www.pnas.org) of the AM1-SSP
atoms were adjusted to reproduce ab initio interaction energies
(15) of DCE and acetate interacting with a water molecule over
a series of distances and geometries calculated at the MP2/aug-
cc-pVDZ level of theory and corrected for basis set superposi-
tion error by using the counterpoise method (16). In addition, a
specific van der Waals interaction between the leaving chloride
of DCE and the NE1 of Trp-125 and Trp-175 was used in the
calculation (& = —3.50 kcal/mol, o = 3.50 A). The energy of this
interaction was linearly scaled from 0 to —3.50 kcal/mol between
the C—Cl bond length of the leaving chloride in DCE from 1.8
to 2.2 A, respectively. This energy term was necessary to
reproduce the ab initio interaction energy between the
transition-state structure and indole used in calibrating the van
der Waals parameters.

For QM/MM calculations in the enzyme active site, two
coordinate sets with DCE in different positions were used (Fig.
2). The final coordinates from a previous molecular dynamics
(MD) simulation of the haloalkane dehalogenase containing the
transition-state structure with His-289 protonated at ND1 was
used for one set of coordinates (17). This coordinate set will be
denoted COMF1 in the text and corresponds to a NAC. For the
other conformer, the final coordinates from the above-
mentioned MD simulation were initially used. The DCE in the
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Fig. 2.
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Starting conformations of DCE in the active site of DhIA. A has the DCE is the same position as found in the crystal structure of the enzyme-substrate

complex (COMF2). Structure in B is the last coordinate set from a molecular dynamics simulation of DhIA starting with the same crystal structure (COMF1). The
conformation of DCE in both structures is gauche. The dashed lines show the interaction between OD2 of Asp-124 and C2 of DCE (OD2--C2).

active site was rotated by ~90°, placing the molecule in the same
position found in the crystal structure. This coordinate set is
denoted COMF?2 in the text. DCE is in a gauche conformer for
both starting structures (17). DCE is in the trans conformation
in the crystal structure (2). The trans conformation for DCE
would likely make nucleophilic attack by Asp-124 difficult
because a hydrogen from DCE would be directly between the
attacking carboxylate oxygen and the reacting carbon. A sphere
of TIP3P water 20 A in radius centered on the carboxylate of
Asp-124 was overlaid with the enzyme coordinates (18). Any

AH = —179.76 kcal/mol AH¢ = —153.80 kcal/mol

W18y ¢ v
e (1.95,2.25)
(A)
. (2.80,1.80)
: — v (1.95,2.25)

(B)

‘ " T
AH; = -167.08 kcal/mol AH¢ = -150.15 kcal/mol

Fig. 3. Gas-phase structures of DCE undergoing nucleophilic attack by
acetate. Structures in A have no dihedral constraints. Structures in B have
dihedral constraints to restrict the attacking geometry of acetate to one
similar to the enzyme. Parenthetical values are in angstroms and correspond
to the distance between the attacking carboxylate oxygen of acetate to the
carbon of DCE to the carbon of DCE and the leaving chloride (C--O, C~Cl).
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oxygen of a water molecule within 2.8 A of an enzyme atom was
deleted. A sphere 20 A in radius centered on the carboxylate
group of Asp-124 was removed from the enzyme. DCE and the
—CH,COOQO™ sidechain of Asp-124 were treated as QM atoms.
The QM/MM boundary was between CB (QM)-CA (MM) in
Asp-124. A link atom was placed on CB of Asp-124 to fill out the
valency (8). The final system consisted of 15 QM atoms and 4,237
MM atoms (222 waters). Quantum mechanical atoms here
treated by using AM1-SSP and MM atoms were treated by using
CHARMM parameters (19). Electrostatic interactions were cut off
at 12 A by using a shifting function, and the Lennard—Jones term
was cut off by using a switching function between 10 and 11 A
(14). Residues not attached to their preceding and following
residues were constrained by using harmonic constraints. The
methodology used for preparing the active site of the enzyme was
the same as used by Brooks and Karplus for their stochastic
boundary molecular dynamics study of lysozyme (20). Two-
dimensional QM/MM energy surfaces were calculated for the
Sn2 displacement reaction in the enzyme active site. The
QM/MM energy surface was generated as a function of two
distances; the attacking carboxylate oxygen of Asp-124 to the
carbon bonded to the leaving chloride (OD2--C2) and the bond
length of the carbon chloride bond (C2--CI2). Harmonic con-
straints with force constants of 5,000 kcal- mol~1-A~2 were used
to vary the distances. OD2--C2 was varied from 3.2 to 1.4 A, and
C2--CI2 was varied from 1.8 to 2.6 A. Typically, the potential
energy was minimized by using 100 steps of steepest descents
followed by 500 steps of adopted-basis Newton—Raphson
method.

Results and Discussion

The activation energies for DCE undergoing nucleophilic
attack by acetate in two different attack geometries in the gas
phase were determined with the AM1-SSP Hamiltonian. One
complex was energy minimized with the angular and distance
constraints described in Methods (Fig. 1B). The other complex
had additional dihedral constraints placed between acetate and
DCE, which orients the nonreacting oxygen of acetate to reside
between the two hydrogens of the reacting carbon of DCE (Fig.
1A4). Having the dihedral constraints between the acetate and
DCE forces the conformation of the attacking acetate to mimic
the reacting geometries of DCE and Asp-124 in the haloalkane
dehalogenase when going from NAC to TS. For both geometries,
the amount of bond breaking and bond making is the same in the
TS structure. The carboxylate oxygen of acetate to the carbon
bonded to the leaving chloride of DCE distance is 1.95 A, and
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the carbon chloride distance in DCE is 2.25 A (Fig. 3). The
lowest energy complexes differ between these two geometries. In
the calculations using only angular constraints between the
acetate and DCE, the energy difference between the lowest
energy structure and the TS is 26.0 kcal/mol. An activation
barrier of 26.0 kcal/mol is in good agreement with the value of
23.2 kcal/mol from MP2/6-31+G(d)//HF-6-31+G(d) calcu-
lations of the reaction of acetate with DCE in the gas phase from
this laboratory (21). The energy difference between the lowest
energy structure (NAC in this case) and TS when dihedral
constraints are included in the calculation is 16.9 kcal/mol. The
large difference in activation energy between the former and
latter conformation is because of the ability of the second
carboxylate oxygen of acetate in the former conformation to
interact with the other carbon of DCE (Fig. 3). The separation
between these two atoms is 2.80 A. This additional interaction
provides a greater stabilization energy for the complex.

The large difference in the activation energies when starting
with the most stable (gas phase-optimized) geometry and that
seen in the reactive conformer of the enzymatic reaction has
been seen in ab initio calculations of model compounds (cat-
echolate and trimethylsulfonium) representing the Sn2 trans-
methylation reaction occurring between catecholate and S-
adenosyl-L-methionine in catechol O-methyltransferase
(COMT) from rat liver (22, 23). In the model compound
reaction, one methyl group is transferred from trimethyl sulfo-
nium to the ionized oxygen of catecholate to form dimethyl
sulfide and O-methylcatechol (Scheme 2). Geometry optimiza-

?HS Hg

- CH(S ~CH,

OCHj3 \CH3

Scheme 2.

tion of catecholate with trimethylsulfonium formed a complex
with all three methyl groups of trimethyl sulfonium in close
contact with the ionized oxygen of catecholate (24). The asso-
ciated TS for this structure has the two nonreacting methyl
groups above the phenyl group of catecholate. The activation
energy from this geometry is 22 kcal/mol. When the geometry
of the reactants is constrained to that found in COMT, the
activation barrier decreases significantly (22). In the pseudo
enzyme reaction, only one methyl group from trimethyl sulfo-
nium is interacting with the ionized oxygen of catecholate, and
the other two methyl groups are directed away from the phenyl
group of catecholate in the ground-state and transition-state
structures. The activation energy from this geometry is ~3
kcal/mol. The large difference in activation energy between the
structures is because of having a more stable ground state in the
complex without constraints. COMT significantly reduces the
activation barrier for the transmethylation reaction by directing
the methylene groups bonded to the sulfur of S-adenosyl-L-
methionine away from the catecholate, thereby avoiding the
most stable structure. In addition, Zheng and Ornstein have
pointed out the ab initio calculated gas-phase ion-molecule
complexes obtained for model compounds used to study the
reaction in glutathione S-transferase play little role in the
enzymatic reaction (25).

To study the dehalogenation reaction in the active site of
haloalkane dehalogenase, we generated two-dimensional
QM/MM energy surfaces. The QM/MM energy surfaces were
created as a function of two distances; the attacking carboxylate
oxygen of Asp-124 to carbon bonded to the leaving chloride in DCE
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Table 2. Interactions between DhIA and DCE and side chain of
Asp-124, A

COMF1 COMF2
Interaction ES TS ES TS
Trp-125 HN—Asp-124 OD1 1.80 1.80 1.74 1.77
Glu-56 HN—Asp-124 OD1 1.91 1.94 1.89 1.90
Trp-125 HE1—DCE CI2 2.80 2.88 3.42 2.72
Trp-175 HE1—DCE CI2 2.71 2.48 2.47 2.53
Trp-125 NE1—Trp-175 NE1 6.88 6.84 7.07 6.68

(OD2-C2) and the leaving chloride to its associated carbon of DCE
(C2-ClI2). Two different coordinate sets were used to calculate the
energy difference from going from the ground state to the transi-
tion state (COMF1 and COMF?2, see Fig. 2). The lowest energy
structures for these two conformers differ in their location on the
energy surface. For COMF1, the lowest energy structure is at
OD2~C2 = 2.60 A and C2~CI2 = 1.80 A. The lowest energy
structure for COMF?2 is at OD2C2 = 3.20 A and C2-CI12 = 1.80
A. There is minimal difference between the active site of DhIA
when containing the lowest QM/MM energy structure and the TS
structure (Table 2). The largest change between these two struc-
tures is in the distance between the leaving chloride and Trp-125
and Trp-175. In the lowest energy structure of COMF1, the leaving
chloride is hydrogen bonding only to one tryptophan (Trp-175).
HEI1 of Trp-125is 3.42 A from the leaving chloride, consistent with
the crystal structure and PM3 calculations of the enzyme’s active
site (2, 26). In the molecular dynamics simulation of DhIA, the
leaving chloride is hydrogen bonded to HE1 of Trp-125 but not
Trp-175 in the ground state (17). In the ground state, the charge on
the chlorines of DCE is small (approximately —0.20 a.u.), which
likely allows the hydrogen bond between either tryptophan to form
and break easily. As charge builds up on the leaving chloride in the
TS, Trp-125 forms an additional hydrogen bond to the chloride. The
distance between HE1 of Trp-125 and the chloride reduces to 2.72
A. In the TS structure, the leaving chloride to HE1 distances of
Trp-125 and Trp-175 are almost equivalent. This is consistent with
the high-resolution crystal structure of DhIA containing chloride
and the molecular dynamics study of DhlA containing the transition
state (17, 27). When DCE is in the x-ray position (COMEF2),
interactions between the enzyme with DCE and Asp-124 are very
similar in the ground-state and the transition-state structures. For
DCE in either position in the active site, the nonreacting carbox-
ylate oxygen of Asp-124 (OD1) is hydrogen bonding with the
backbone amides (HN) for Glu-56 and Trp-125 (Table 2). The
distances between OD1 to HN are almost identical in the ground-
state and transition-state structures for both conformers. These
hydrogen bonds prevent OD1 from interacting with DCE.

The enzyme causes an earlier TS relative to the gas phase for
DCE in either position in the active site. In the enzyme, the TS
is reached when the OD2--C2 separation is 2.05 A (Fig. 4). The
TS for acetate and DCE in the gas phase has a O-C separation
of 1.95 A. A similar result was observed in an AM1 (standard)
study of the dehalogenation of DCE in the haloalkane dehalo-
genase (28). Damborsky et al. found that having only Trp-125
and Trp-175 in their calculations was enough to induce an earlier
transition state for DCE and Asp-124. The C2--CI2 distance in
the TS structure in the enzyme has contracted relative to the
gas-phase structure, 2.15 A and 2.25 A, respectively. The calcu-
lated activation barrier for the Sn2 displacement of the chloride
from DCE is 16.2 kcal/mol for COMF1 and corresponds to going
from the NAC to TS (Table 3). The activation energy is higher
for COMF2, 19.4 kcal/mol.

To determine the extent to which DhIA lowers the activation
barrier of the dehalogenation reaction, the coordinates of the
reactants (DCE and sidechain of Asp-124) were removed from
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Aspl124

Fig. 4. Transition-state structure for COMF1 in the active site of DhIA.
Dashed lines indicate hydrogen bonds formed between the enzyme and DCE
and side chain of Asp-124. The hydrogen- bonding arrangement in COMF2 is
similar to that depicted.

each energy-minimized enzyme coordinate set. The energies of
the Asp-124 sidechain (acetate) and DCE were determined from
single-point AM1-SSP calculations in the gas phase with the
conformation of the reactants in exactly the same position as in
the enzyme (Table 3). The energy difference of the COMF1
reactants from the lowest energy structure to the enzymatic TS
is 20.0 kcal/mol in the gas phase. The activation barrier in the
enzyme (16.2 kcal/mol) is 3.8 kcal/mol lower than the energy
difference between reactants and the enzymatic TS in the gas
phase. The amount of TS stabilization is less for COMF2. The
energy difference between the lowest energy structure and
enzymatic transition-state structure is 21.4 kcal/mol in the gas
phase. The energy difference of the reactants is lower by 2.1
kcal/mol in the enzyme relative to the gas phase.

The amount of stabilization energy provided by the enzyme is not
too surprising given the results of mutational studies of Trp-125 and
Trp-175 (5, 29). Single mutations of these two tryptophans to
glutamines showed that the catalytic efficiency (kca/Km) of DhIA
is ~100-fold lower for W175Q relative to W125Q for DCE. There
is only a ~40-fold difference in the catalytic efficiency between
these two mutants for 1,2-dibromoethane (5). In addition, the
binding constant (Ky,) is affected more by mutation to Trp-175 than
to Trp-125. DhIA shows only a small decrease in activity when
Trp-125 is replaced with phenylalanine. There is only a 3-fold
decrease in k¢ for DCE in the W125F mutant. Replacement of
either tryptophan with an aromatic residue shows no more than a
60-fold decrease in catalytic efficiency for DCE. Interestingly, kcat
for the wild-type enzyme and the W175Y mutant is the same for
1,2-dibromoethane. It is not necessary for the aromatic residue at
position 125 or 175 to be dipolar. The specific activity of mutants
WI125F and W175F of DhIA are no more than 20-fold less than the
wild-type enzyme for DCE (29). A usual number of aromatic
residues line the active site, and Trp-125 interacts with Phe-128 and

Table 3. QM/MM and AM1-SSP for the enzymatic and gas-phase
dehalogenation reaction, respectively, kcal/mol

ES Enzyme TS Difference

COMF1

Enzyme —202.8 —186.6 16.2

Gas phase -171.2 -151.2 20.0
COMF2

Enzyme —203.6 —184.2 19.4

Gas phase —-174.3 -152.9 21.4
Lau et al.

Phe222

Trp125
Trpl75
V %ﬂt Phe190
Phel28
Aspl24
Trp194
Fig. 5. Picture of aromatic residues in contact with Trp-125 and Trp-175 in

the active site of DhIA.

Phe-222 and Trp-175 interacts with Phe-190 and Trp-194 (Fig. 5).
It was pointed out by Krooshof et al. that the need for aromatic
residues at positions 125 and 175 could be necessary to retain the
structural integrity of the active-site cavity of DhIA (29). Mutants
with short polar sidechains likely disrupt these aromatic interactions
and change the active site. Replacement of Trp-125 or Trp-175 with
arginine leads to a nonactive enzyme (5, 29) Comparisons of
wild-type and W175Y DhIA containing an acetate in the active site
at pH 5 (Protein Data Bank nos. 1BEO and 1BEZ, respectively)
indicate the aromatic residues in the active site exhibit greater
mobility in the mutant even though their positions are essentially
unchanged with the wild type (29). The average B-factor for
residues Trp-125, Phe-128, Phe-190, Trp-194, and Phe-222 is 5.40 =
2.03 A for the wild- -type enzyme and 8.32 = 2.72 A2 for the W175Y
mutant. The acetate in the active-site cavity also has a much higher
average B-factor in the mutant enzyme (27.0 A2) relative to the
wild-type enzyme (15.8 A2).

Conclusions

The QM/MM energetics of this enzymatic dehalogenation
reaction in DhlA illustrate the importance of positioning of the
reactants in enzyme catalysis. The enzyme takes the lowest
energy path to the transition state by having the nonreacting
carboxylate oxygen of Asp-124 hydrogen bonded to the back-
bone amides of Glu-56 and Trp-125, thus this oxygen is not
able to interact with DCE to form a more stable complex and
increase the activation barrier. The importance of positioning
the reactants is central in the NAC concept (9, 10). Compu-
tational studies of the ring closure reaction of cyclic anhydrides
have shown the number of NACs formed in the molecule is
linearly related to the rate enhancement observed experimen-
tally (30). The enzyme is also able to lower the activation
energy further by 2-4 kcal/mol by forming hydrogen bonds
with Trp-125 and Trp-175 to the leaving chloride of DCE in the
transition state. A few kcal/mol lowering of the activation
barrier in the enzyme compared with the gas phase can be
compared with the reaction barrier in water of ~9 kcal/mol
greater than in the gas phase (21). Desolvating the reactants
in the enzymatic reaction results in a substantial energetic
advantage.
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