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ABSTRACT. Haloalkane dehalogenases catalyze cleavage of the cahladmgen bond in halogenated
aliphatic compounds, resulting in the formation of an alcohol, a halide, and a proton as the reaction products.
Three structural features of haloalkane dehalogenases are essential for their catalytic performance: (i) a
catalytic triad, (ii) an oxyanion hole, and (iii) the halide-stabilizing residues. Halide-stabilizing residues
are not structurally conserved among different haloalkane dehalogenases. The level of stabilization of the
transition state structure of3 reaction and halide ion provided by each of the active site residues in the
enzymes DhIA, LinB, and DhaA was quantified by quantum mechanic calculations. The residues that
significantly stabilize the halide ion were assigned as the primary (essential) or the secondary (less important)
halide-stabilizing residues. Site-directed mutagenesis was conducted with LinB enzyme to confirm location
of its primary halide-stabilizing residues. Asn38Asp, Asn38Glu, Asn38Phe, Asn38GIn, Trpl09Leu,
Phel51Leu, Phel51Trp, Phel51Tyr, and Phel69Leu mutants of LinB were constructed, purified, and
kinetically characterized. The following active site residues were classified as the primary halide-stabilizing
residues: Trpl25 and Trpl75 of DhIA; Asn38 and Trp109 of LinB; and Asn41 and Trp107 of DhaA. All
these residues make a hydrogen bond with the halide ion released from the substrate molecule, and their
substitution results in enzymes with significantly modified catalytic properties. The following active site
residues were classified as the secondary halide-stabilizing residues: Phel72, Pro223, and Val226 of
DhlA; Trp207, Pro208, and lle211 of LinB; and Phe205, Pro206, and lle209 of DhaA. The differences

in the halide stabilizing residues of three haloalkane dehalogenases are discussed in the light of molecular
adaptation of these enzymes to their substrates.

Haloalkane dehalogenases are bacterial enzymes thati-helices and shares structural homology with uteroglobin
catalyze hydrolytic dehalogenation of a broad range of (6).
halogenated compounds. Crystallographic studies provided pajoalkane dehalogenases use a three-step dehalogenation
structures for three different haloalkane dehalogenases:yechanism for cleavage of the carbemalogen bond and
DhIA* from Xanthobacter autotrophicu§J10 (), DhaA  formation of an alcohol, a halide, and a proton as the reaction
from Rhodococcusp. @), and LinB from Sphingomonas  yroduycts (Figure 1). The carbon atom attached to the leaving
paucimobilis UT26 (3). The active site of haloalkane pajogen is attacked by a nucleophile in a nucleophilic
dehalpggnases is Iocated.between two domains. The mairypstitution reaction (®), vielding an alky-enzyme in-
domain is formed by an eight-strandgesheet surrounded  ermediate. The released halide is stabilized by the residues
by o-helices and shares structural homology wat/f3- of the enzyme active site. The alkyénzyme intermediate
hydrolases 4, 5). The cap domain is composed of five s hydrolyzed in a nucleophilic addition reaction (Ad
yielding a tetrahedral intermediate that further undergoes
" Financial support from the Czech Ministry of Education (Grants  elimination reaction (E). Three structural features of haloal-
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*To whom correspondence should be addressed. FAX20-5- kane dehalogenases were recognized as essential for their

41129506. E-mail: jiri@chemi.muni.cz. catalytic performance: (i) a catalytic triad, (ii) an oxyanion
#Masaryk University. hole, and (iii) the halide-stabilizing residues @).
§ Tohoku University. L . .
1 Abbreviations: DhIA, haloalkane dehalogenase fiéamthobacter The catalytic triad composed of nucleophile, base, and acid

autotrophicuszJ10; DhaA, haloalkane dehalogenase fnodococcus  is present in all three structurally characterized haloalkane
erythropolisstrains Y2, m15-3, HAL, GJ70, NCIMB13064, and TB2;  dehalogenases. The essential role of the catalytic triad was

LinB, haloalkane dehalogenase fr&phingomonas paucimobili$T26; . . .
CBT, 1-chlorobutaneAEesrs es) difference in electrostatic interaction revealed by crystallographlcz,( 3, 7) and site-directed

energy between an amino acid residue and halogen in transition statemutagenesis studies9{11). Aspartic acid serves as a
and enzyme substrate structureAEas(er-es) difference in electrostatic  nucleophile, attacking the substrate molecule, and is located

interaction energy between an amino acid residue gnd halogen/halidej, a very sharp turn called the nucleophile elbow. Histidine
in enzyme-product and enzymesubstrate structures; ES, enzyme . .
substrate; TS, transition state; EP, enzymeoduct; E2 activation serves as a base, abstracting the hydrogen from the hydrolytic

energy;AH, reaction enthalpyke., catalytic constant. water. The catalytic acid (Asp in DhlA; Glu in LinB and
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Ficure 1: Reaction mechanism of haloalkane dehalogenases. Lrpis Pro
Reaction is initiated by the attack of nucleophile on the substrate
molecule, leading to the cleavage of carbtralogen bond, halide Val P H/N" 7 Tpios
release, and formation of the alkygénzyme intermediate. Alkyl Jj 2267/ CI"/

enzyme intermediate is hydrolyzed by activated water molecule
yielding the primary alcohol.
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orientation, and increases the basicity of nitrogen in the Pheizg = Leu
imidazole ring. N 263

Another catalytically important structural feature that is
conserved in all three haloalkane dehalogena®eaq well
as in all a/p-hydrolases 4) is the oxyanion hole. The
oxyanion hole is formed by two backbone nitrogen atoms. B Phege.  Valz
Amidic NH groups from tryptophan next to the nucleophile Proy
and from another residue located after str@3d(GIu56 in Tipaoy o\ é Pheisy  ppe,,,
DhlA, Asn38 in LinB, and Asn41l in DhaA) are hydrogen N /"~y Phe,s, Proyy
bonded to @, of the nucleophile, leading to an increase in ij\
the nucleophility of @, and stabilizing the negatively charged N Letyg AsPuy
transition state that occurs during hydrolysis. Hezu& Glnyye

Unlike residues of the catalytic triad and the oxyanion hole, HNS/H
the halide-stabilizing residues are not present on equivalent } ,/\/ 0‘
positions in different haloalkane dehalogenag&sTrpl125
and Trpl75 were identified as essential for stabilization of Asng I
halide ion in DhIA by crystallographic and fluorescence study G‘”m
(12), site-directed mutagenesisl¥-15) and quantum- T34 Asps His,, PHE273
mechanic calculationsl6). Trp125 of DhIA is conserved Trpio) ”
also in LinB (Trp109) and DhaA (Trpl107), while Trpl75 is
not conserved due to different architecture of the cap domain.

The objectives of this study were (i) to identify halide-
stabilizing residues in LinB and DhaA enzymes and (ii) to phcl
compare the efficiency of stabilization in different haloalkane Prog
dehalogenases. Comparison of the halide-stabilizing residues Pheys Q Phe;s,
in different enzymes is important for explaining their N
molecular evolution and for the proposal of mutations leading
to enzymes with enhanced activity. Alays
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Preparation of Actie Site ModelsCrystal structures of NgH ' NS o
haloalkane dehalogenases from Protein Databank served as 0* b § A o= Cysy
the input geometries for quantum mechanic calculations: Asnyf N
1EDE for DhIA (17), 1CV2 for LinB (3), and 1CQW for T ‘ Y/ \\S Glu3
DhaA (2). All ions and water molecules except catalytic Tley N
water were removed from the protein structures, and substrate Aspige
1-chlorobutane (CBT) was docked in protein active site using o107
the program AUTODOCK 3.018) and previously optimized  Figure 2: Schemes of the active sites of DhiA (A), LinB (B), and
parameters19). The program WHATIF 5.020) was used  DhaA (C) composed of 21 amino acid residues used for modeling
for adding the polar hydrogen atoms on protein structures. of enzymatic dehalogenation reaction. The enzymes are drawn in
Catalyic hisiines were ingly protonaled on 18 ac- 06 65 DL SR e L 20U o 2T
cordance with their catalytic function. Important active site clarity. The residues providing hydrogen bonds to the chlorpl)deyanlon
residues for quantum-mechanic calculations were selectedyre ynderlined.
by structural and sequential comparisons. Each active site
model consisted of 21 amino acids, the catalytic water, and consisted of Asn38, Aspl108, Trpl09, Glul32, llel34,
the molecule of substrate. The model of DhIA consisted of Phel43, Prol44, GIn146, Aspl47, Phel51, Phel54, Phel69,
Glu56, Aspl24, Trpl25, Phel28, Phel64, Prol68, Aspl70,Vall73, Leul77, Trp207, Pro208, lle211, Ala247, Leu248,
Phel72, Trpl75, Leul79, Val1l80, Phel90, Trp194, Phe222 His272, and Phe273 (Figure 2B) with total charg®. The
Pro223, Val226, Asp260, Leu262, Leu263, His289, and model of DhaA consisted of Asn4l, Aspl06, Trpl07,
Phe290 (Figure 2A) with total charge4. The model of LinB Glul30, lle132, Trpl41l, Prol42, Pheld4, Alal45, Phel49,

Hisyp  Tyrop
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Phel52, Phel68, Vall72, Cys176, Phe205, Pro206, lle209method with an automated DNA sequencer ABI PRISM 310
Val245, Leu246, His272, and Tyr273 (Figure 2C) with a (Applied Biosystems, Foster City). The oligonucleotides used
total charge—2. Single-point mutants of LinB were con- are as follows: Asn38Asp (BCAG CAC GGC GAT CCG
structed by the method of satisfaction of spatial restrains ACG-3), Asn38Glu (5-CAG CAC GGC GAG CCG ACG
implemented in the program MODELLER 6.021f using TCG-3), Asn38Phe (5CAG CAC GGC TTC CCG ACG
previously optimized parameter22). TCG-3), Asn38GIn (5CAG CAC GGC CAG CCG ACG
Modeling of Enzymatic Dehalogenation Reactidine TCG-3), Phel51Leu (53GGC CTG CAA CAG ATC GCG-
program MOPAC version 200@8) with the novel algorithm 3), Phel51Tyr (5GGC CTG ATA CAG ATC GCG-3,
MOZYME (24) and the external subroutine DRIVERY) and Phel69Leu (5TTG TTC GAC CAA AAC ATT GTC-
was used for mapping of the reaction pathway. Semiempirical 3'). The oligonucleotides used for the construction of
level of theory enabled inclusion of all first shell and many Trpl09Leu and Phel51Trp mutants were published earlier
second shell residues into the calculation. Applicability of (31). Plasmids for overexpression of mutant proteingin
semiempirical methods for modeling of&dehalogenation  coli were constructed from pAQNIlinB mutants were
reactions has been confirmed in previous studies 22, transcribed by théac promoter (Fac) under the control of
26). S\2 reaction step was modeled by shortening the laclin these plasmid<. coli IM109 containing constructed
distance between thes@f the nucleophile and Ccarbon plasmids were culturedi2 L of Luria broth at 37°C. The
of CBT attached to the chlorine atom. The distance was induction of the enzyme expression was initiated by the
shortened by 0.05 A with each driving step, and the system addition of isopropy|8-p-thiogalactopyranoside to a final
was fully optimized except the driven coordinate, heavy concentration of 0.5 mM, when the culture reached an optical
atoms of the protein backbone, and the hydrolytic water. All density of 0.6 at 600 nm. The cells were harvested and
calculations were carried out using AM1 Hamiltonian with disrupted by sonication using a Sonopuls GM70 (Bandelin,
Mulliken population analysis for charge distribution and Berlin, Germany). The supernatant was used after centrifuga-
BFGS geometry optimization algorithm. The following tion at 100 000x g for 1 h. The crude extract was further
optional keywords were used to control the calculation: purified on a Ni-NTA Sepharose column (QIAGEN, Hilden,
GEO-OK, MMOK, NOINTER, NOXYZ, and CHARGE. Germany). The His-tagged LinBY{) was bound to the resin
Data analysis was performed using the program TRITON in the equilibrating buffer (20 mM potassium phosphate
2.0b @7, 28). The activation energyef) of the reaction was  buffer [pH 7.5] containing 0.5 M sodium chloride and 10
approximated as the difference between the heat of formationmM imidazole). Unbound and weakly bound proteins were
of the enzyme-substrate (ES) and the transition state (TS) washed out by the buffer containing 45 mM imidazole. The
structures, while the change of enthalyH) was calculated ~ His-tagged enzyme was then eluted by the buffer containing
as the difference between heat of formation of the ES and250 mM imidazole. The active fractions were pooled,
enzyme-product (EP) structures. The electrostatic interaction dialyzed against a 50 mM potassium phosphate buffer [pH
energies ) were calculated as the sum of all ateatom 7.5] overnight, and stored in a 50 mM potassium phosphate
interaction energies between each amino acid and chlorinebuffer [pH 7.5] containing 10% glycerol and 1 mM 2-mer-
atom of CBT (released chloride ion respectively), according captoethanol.
to Coulomb law using the geometries and partial charges Kinetic Characterization of Mutant ProteinCatalytic
obtained from MOPAC calculations. activity of wild-type LinB and its mutants was assessed by
Modeling of Halide Stabilizatiorilotal interaction energies  determination of the substrate and product concentrations
between the halide ion and individual active site residues using a gas chromatograph (Trace GC 2000, ThermoQuest)
and their pairs (Trp175 and Trp125...Trp175 pair of DhIA; equipped with the flame ionization detector and the capillary
Tyrl75 and Trpl125...Tyrl75 pair of Trp175Tyr mutant of column DB-FFAP 30mx 0.25 mm x 0.25um (J&W
DhlA; Asn38 and Asn38..Trpl09 pair of LinB) were Scientific, Folsom). Dehalogenation was performed in 25 mL
calculated at semiempirical and ab initio level of theory. Reacti-Flasks closed by Mininert Valves in a shaking water-
Starting geometries were taken from the crystal structuresbath at 37°C. The reaction mixture consisted of enzyme
with bound halide ion at the highest available resolution: preparation (4 mg/L) and varied concentrations of the
2DHD, the structure of DhIA with covalently bound chlo- substrate CBT (0:£6.4 mM). The reaction was stopped by
roethyl, resolution 2.0 A7); 1B6G, the high-resolution  addition of methanol at three different times. The data were
structure of DhIA, resolution 1.2 A20); 1BEE, the structure ~ measured in triplicates, and the steady-state catalytic constant
of Trp175Tyr mutant of DhIA, resolution 2.6 ALg), and (keap Was calculated using the computer program EZ-Fit
the high-resolution structure of LinB, resolution 0.9 A version 1.1 (author: F. W. Perrella).
(Oakley et al., unpublished results). Program MOPAC2000
and method AM1 were used for semiempirical calculations. RESULTS
Program Gaussian98@) and methods B3LYP and MP2 Identification of Halide-Stabilizing Residues by Quantum
with 6-31++G** basis set were used for ab initio calcula- Mechanic CalculationgCarbon-halogen bond cleavage was
tions. modeled in the active sites of DhIA, LinB, and DhaA
Construction and Purification of Mutant ProteinMu- enzymes using semiempirical quantum mechanic calcula-
tagenesis of haloalkane dehalogenase LinB was performedions. This theory enabled inclusion of all residues essential
using the LA PCR in vitro mutagenesis kit (TaKaRa Shuzo for proper modeling of & dehalogenation reaction into
Co., Kyoto, Japan) according to the provided protocol, except single calculation and identification of residues involved in
for using Pyrobest DNA polymerase (TaKaRa), whose halogen/halide stabilization. Calculated activation barriers of
fidelity is very high. All of the nucleotide sequences of S\2 reactions in DhIA, LinB, and DhaA were 21, 19, and
mutants were confirmed by the dideoxy-chain termination 20 kcal/mol, respectively. Calculated enthalpies wef,
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Ficure 3: Electrostatic interaction energies for the selected equivalent amino acid residues of DhIA (white), LinB (black), and DhaA
(grey). The energy differences between a transition state (TS) and an engyhstrate (ES) are on the panel A, while the energy differences
between an enzymeproduct (EP) and an enzymsubstrate (ES) are on panel B. The residues providing hydrogen bonds to the chloride
anion are underlined.
—13, and—15 kcal/mol, respectively. These values suggest DhaA. Repulsion of about-1.5 kcal/mol in TS and+3.7
that the reaction course is similar for all three studied kcal/mol in EP is due to its negative charge, which makes
enzymes. The differences in the energies among enzymesinfavorable interactions of this residue with the chloride
are within an error of calculation conducted with structures anion. The distance between 6f Glu56 and Ct is about
prepared by a molecular docking. Estimated changes in5.5 A (Table 1). This residue is rotated out of the active
electrostatic interaction energies between halogen/halide andsite. Equivalent residues in LinB (Asn38) and DhaA (Asn41)
each of the active site residues during the reaction courseshow significant attraction with Eeisyrs-gs)= —3.7 and—4.8
were used to obtain quantitative information about the role kcal/mol andAEesep-es) = —7.9 and—7.5 kcal/mol. Both
of each amino acid residue for stabilization of transition state Asn38 and Asn41 are pointing toward the active site cavity.
and products of @ reaction. Electrostatic interactions were Higher stabilization of Cl in EP is both due to enlarged
suggested to play key role in stabilization of halide ions by partial negative charge on the halide ion and shorter distance
haloalkane dehalogenases in both experimehgat {4, 32— between NH and CI during the reaction (Table 1). The
34) and theoretical studied®, 22, 26, 35—39). AEesyrs-Es) distance shortened from 2.6 A in ES down to 2.0 A in EP
quantifies the stabilization of the transition state, while of Asn38 and from 2.6 A in ES to 2.0 A in EP of Asn41
AEeisier-es) quantifies stabilization of the product, on a per- due to repositioning of their side chains. This is in part an
residue basis. Figure 3 showsEqsirs-es) (panel A) and artifact of the calculation conducted with incomplete protein
AEesier-es) (panel B) values for equivalent amino acid structure. Inclusion of additional second shell residues was
residues of DhIA, LinB, and DhaA. The residues showing not however computationally feasible. Nevertheless, distance,
significant changes in electrostatic energies, except theorientation and interaction energies all indicate the presence
nucleophile, are discussed in the following text. The nucleo- of a hydrogen-bond between Asniland CI.
phile is not discussed because its side-chain is covalently Trpl125-Trp109-Trpl07.A tryptophan residue located
modified during the reaction. next to the nucleophile is strictly conserved in all currently
Active Site Residues Glu56-Asn38-Asndlu56 of DhlA known haloalkane dehalogenasdg)( This residue holds
makes very different electrostatic interactions with the the substrate molecule bound to the active site in the proper
halogen moiety compared to Asn38 of LinB and Asn41l of orientation for nucleophilic attack. Furthermore, it plays a
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Table 1: Distances (in A) between Selected Residues and Halogen/Halide in Modeled Etstystrate (ES), Transition State (TS), and
Enzyme-Product (EP) Structures

DhIA ES TS EP LinB ES TS EP DhaA ES TS EP
Glu56—Co 5.4 6.0 5.6 Asn38NoH 2.6 2.6 2.0 Asn4:NoH 2.6 25 2.0
Trp125-NeH 2.8 3.3 2.0 Trp109NeH 3.7 3.7 2.3 Trp10#NeH 3.1 3.4 2.1
Phel72-CeH 3.1 2.8 2.8 Phel43C¢H 5.4 5.2 6.4 Trpl4:CyH 5.8 55 6.2
Trpl75-NeH 2.7 2.6 1.9 Phel51CeH 2.8 2.7 3.6 Phel49CeH 3.5 3.1 3.8
Leul79-CoH 5.0 5.2 51 Phel69C¢H 3.0 2.8 3.8 Phel68C¢H 35 2.9 3.9
Phe222-CgH 4.8 5.2 4.3 Trp20#CpH 3.6 3.8 2.5 Phe265CSH 3.1 3.6 25
Pro223-CaH 2.9 3.5 2.6 Pro208CaH 3.2 3.3 2.9 Pro206CaH 3.2 3.3 3.1
Val226-CyH 3.0 3.0 2.8 lle21+CoH 2.8 2.7 2.9 11le209-CoH 2.8 2.7 2.9
Asp260-Cy 10.6 9.9 10.9 Glu132Co 115 11.2 12.3 Glu136Co 115 11.1 11.7
His289-Ne 7.2 6.4 7.0 His272Ne 6.5 6.3 7.3 His272Ne 6.2 6.3 6.8

very important role for stabilization of TREeisyrs-es) —1.1, Cs. The rest of the side chain is oriented out of the active

—1.1, and—1.9 kcal/mol) and EPAEeisyep-es) —5.1, —4.7 site, and the stabilizing role of these residues is significantly

and—5.0 kcal/mol). Distances betweenH\of Trp and CI independent of the residue type. Phe222 differSHsier-s)

were shortened to 2.0, 2.3, or 2.1 A in EP (Table 1). from Trp207 and Phe205+0.3 vs—1.3 and—1.3 kcal/mol),

Geometry and attractive interactions indicate the presencewhich is probably due to the different position of Cih

of a hydrogen bond between the chloride ion and tryptophan different dehalogenases (Table 1).

in all three enzymes. Pro223-Pro208-Pro206.Proline is another strictly con-
Phel72-Phel43-Trp141.Phel72 differs from Phel43 served residue of haloalkane dehalogenad€s (t is in

and Trp141 in its efficiency to stabilize Chaving AEgisier-es) direct contact with the halogen atom of the substrate and

= —0.8 kcal/mol compared te+0.1 and—0.2 kcal/mol. halide ion released during the dehalogenation reaction.

Phel72 appears to be important for stabilizing the halide ion Significant difference imM\Egisiep-es), @among the prolines of

(but not TS) in DhIA (6, 22), while equivalent residues in  DhIA versus LinB and DhaA, is caused by different position

LinB and DhaA do not provide such stabilization. Phe172 of Cl~ in EP. GH in Pro223 is much closer to €(2.6 A)

in EP is located much closer to Clhan Phe143 or Trp141  than GH of Pro208 (2.9 A) and Pro206 (3.1 A).

(2.8 Avs 6.4 and 6.2 A; Table 1). Val226-1le211—11e209. Aliphatic residues Val226, lle211,
Trpl75-Phel5%Phel49.Trpl75 is the second most and 1le209 point toward the halogen/halide by their side
important residue for stabilization of halide ion in DhIA but chains. The distances between their nearest hydrogen and
has no analogue in LinB and DhaA. Stabilization of TS is halogen/halide were changing only slightly during the
similar in all three proteins wittAEgisyrs-es)= —0.7,—0.4, reaction (always between 2.7 and 3.0 A in all three enzymes)

and—0.8 kcal/mol. However, a large increase in electrostatic providing interactionsAEgisiep-es) —1.1, —0.9, and—0.9
interaction between Trp175 and halide ion upon its releasekcal/mol.

from CBT (AEeisier-es) —4.4 kcal/mol) is not observed with Asp266-Glu132-Glul30.Second acids of the catalytic
Phel51 and Phel49. Increased stabilization is due totriad play a critical role during the catalytic cycle of the
repositioning of Trpl75 (Table 1) that was noted in former haloalkane dehalogenases. Although they are located far from
studies 16). In contrast, the stabilizing role of Phel51 and chloride anion (Table 1), they show strong repulsion
Phel49 decreases during formation of the chloride anion (AEesier-es) +4.4, +4.1, and+4.4 kcal/mol) in all three

(AEaisier-es) —0.2 and—0.5 kcal/mol), which is due to the
strong attraction of Cl by Asn38 and Asn41l, respectively.
Repositioning of Ct in LinB and DhaA is apparent from
the change in distances: from 2.8 A (ES) through 2.7 A
(TS) to 3.6 A (EP) for Phe151 and from 3.5 A (ES) through the catalytic triad and are strictly conserved among all

3.1 A (TS) to 3.8 A (EP) for Phe149 (Table 1).

Leul79-Phel69-Phel68.Examination of AEesyrs-es)

enzymes. Substitution of the catalytic acid by an electro-

neutral residue, providing a more favorable interaction with

the halide ion, is not possible for mechanistic reasons.
His289-His272-His272.Histidines are the members of

haloalkane dehalogenaset)). They show repulsion with
chlorine/chloride but, like the above-discussed catalytic acid,

values for Phel69 and Phel68 reveals that these residuesannot be modified for mechanistic reasons.
act similarly as Phel151 and Phe149 discussed in the previous Validation of Primary Halide-Stabilizing Residues of LinB
paragraph. Also, the distances between these residues anty Site-Directed Mutagenesi$heoretical analysis of the
the halogen atom are similar (Table 1). The distance betweenelectrostatic interaction energies revealed that the active site
Phe169 and chlorine/chloride changed from 3.0 A (ES) of DhIA contains two primary halide-stabilizing residues,
through 2.8 A (TS) to 3.8 A (EP), and the distance between Trp125 and Trp175, and three secondary halide-stabilizing
Phe168 and chlorine/chloride changed from 3.5 A (ES) residues: Phel72, Pro223, and Val226. One out of two key
through 2.9 A (TS) to 3.9 A (EP). These residues serve stabilizing residues of DhIA, tryptophan next to the nucleo-
mainly for the stabilization of TS. After formation of the phile (Trp125), is also conserved in LinB (Trp109) and DhaA
negative charge on Cland its strong attraction by Asn38 (Trp107), while the second tryptophan is not conserved and
and Asn4l, respectively, the distance rises, and halideits role can be taken over either by one of the phenylalanines
stabilization by Phe169 and Phel68 is only marginal. Leu179in equivalent position within the protein structure (Phel51
of DhIA is more tha 5 A from the chloride, and its  or Phel69 in LinB, Phe149 or Phe168 in DhaA) or by the
AEgisiep-gs) IS close to zero. asparagine showing high interaction energy in the quantum
Phe222-Trp207—Phe205These residues are close enough mechanic calculations (Asn38 in LinB, Asn4l in DhaA).
to interact with CI' by weak interactions of hydrogens on Secondary halide-stabilizing residues in LinB are Trp207,
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Table 2: Theoretical and Experimental Characteristics of LinB important for the stabilization of halogen in TSAEeisrs-es)

Proteins = 0.7 kcal/mol) than for the stabilization of halide in EP
AAEass eof AAEasercof Ko (AAEgsyer-es) = 3.8 kcal{mol). Thgse_ results confirm thg
protein [kcal/mol] [kcal/mol] [s key role of Trp109 for halide stabilization and the catalysis.
Wi 0 0 134 Phel51Leu, Phel51Trp, and Phel51Tymree different
Asn38Asp 6.1 12.6 ND amino acids were introduced in position 151 of LinB. If
Asn38Glu 5.9 11.7 ND Phel51 is a primary stabilizing residue, then inefficient halide
Asn38Phe 0.7 4.0 ND stabilization and low activity would be expected for
ﬁrs;fgﬁ'gu g'% é‘lg Ng Phel51Leu mutant. Theoretical calculations however re-
Phel51Leu 03 0.1 4.12 vealed that all three substituted residues provided sufficient
Phel51Trp -0.2 -0.8 1.67 stabilization AAEeisyrs-es) ranging from—0.2 to 0.3 kcal/
Phel51Tyr 0.2 0.2 173 mol andAAEsiep-es) ranging from—0.8 to 0.2 kcal/mol),
Phel69Leu 0.2 -0.2 0.42

and kinetic analysis confirmed good activity for all three
_@Differences in electrostatic interaction energies between mutant and mutants. In fact, three mutants showed higher activity with
wild-type enzyme: Activity not detectable. CBT than the wild-type enzyme. Mutations apparently
influenced not only § step but also other catalytic steps
Pro208, and lle211, while analogous residues in DhaA are of LinB.
Phe205, Pro206, and 11e209. In silico and experimental site- Phel69LeuMutation Phel69Leu did not affect stabiliza-
directed mutagenesis of LinB was conducted to confirm the tion (AAEeisyrs-gs) = 0.2 kcal/mol andAAEgsygp-es) —0.2
presence of primary halide-stabilizing residues in this protein. kcal/mol), showing the differences in interaction energies
Substitutions in the primary residues are expected to resultfrom wild-type enzyme within an error of calculation. Kinetic
in the proteins with significantly changed activities. characterization of Phel69Leu mutant revealed lower, but
The following substitutions were introduced into LinB significant, activity with CBT. It can be concluded that
structure: Asn38Asp, Asn38Glu, Asn38Phe, Asn38GIn, neither Phel51 nor Phel69 serves as the primary halide-
Trpl09Leu, Phel51Leu, Phel51Trp, Phel51Tyr, and stabilizing residues of LinB.
Phel69Leu. The N2 reaction step was modeled for each  Estimation of Stabilization Efficiency of Primary Halide-
mutant using the same approach as previously described forStabilizing Residues by Quantum Mechanic Calculations.
the wild-type enzymes. The values dEgsrs-es) and Site-directed mutagenesis experiments confirmed that LinB
AEeisiep-es) were calculated for each mutant and compared and DhaA possess different primary halide-stabilizing resi-
with values obtained for the wild-type enzyme. Interaction dues than DhIA. Halogen/halide is stabilized by a Trp...Trp
energies listed in Table 2 quantify the difference in halide pair in DhIA but an Asn...Trp pair in LinB and DhaA. It
stabilization between the mutant and wild-type enzymes; i.e., can be expected that the efficiency of stabilization provided
positive values oAAEgsyrs-es) and AAEeisyer-es) indicate by the pair of primary residues will have significant impact
worse stabilization by mutant compared to the wild-type on the catalytic performance of an enzyme by influencing
enzyme and vice versa. Each mutant was also constructedthe different steps of the catalytic cycle. Stabilization of the
purified, and kinetically characterized (Table 2). halide ion in crystal structures of haloalkane dehalogenases
Asn38Asp, Asn38Glu, Asn38Phe, and Asn38Gime was studied by semiempirical and ab initio quantum me-
mutants Asn38Asp and Asn38Glu showed lower stabilization chanic calculations. Total interaction energies between the
of chlorine in TS than the wild-type enzyme by about 6 kcal/ halide ion and amino acids serving as the primary halide-
mol. Effect of mutation on chloride stabilization in EP was stabilizing residues, as well as their pairs, were calculated
disfavored by about 12 kcal/mol. This very large change in (Table 3). Absolute values of total interaction energy
the interaction energies is due to introduction of negative calculated using semiempirical and ab initio methods are not
charge in the structure (note that Glu is present in the directly comparable, but the stabilization effects of different
equivalent position in DhlA). No catalytic activity was amino acid residues can be compared among methods. Input
measured for these mutants. Mutation Asn38Phe reducedgeometries were taken from the experimental structures,
stabilization of halogen in TS by 0.7 kcal/mol and stabiliza- solved to high resolution when available, to ensure their high
tion of halide in EP by 4 kcal/mol. Reduction in stabilization accuracy. Besides high-resolution structures of wild-type
is not so pronounced as that in previously discussed enzymes of DhIA and LinB in a complex with chloride ion,
mutations Asn38Asp and Asn38Glu. Still, this mutant did the alkyl enzyme intermediate of DhIA and Trpl75Tyr
not show any activity in the experiment. Substitution of mutant of DhIA were also included in the calculations (Table
Asn38 by structurally and physicochemically similar GInin  3). Trends in stabilization among residues were the same
Asn35GIn mutant reduced stabilization of halogen in TS only irrespective of the method used for the calculation: (i)
by 0.2 kcal/mol and stabilization of halide in EP by 1 kcal/ interaction energies of free enzymlalide ion complex and
mol. Even this mutant however did not show any activity alkyl—enzyme intermediatehalide ion complex are the
with CBT, suggesting that geometry of the halide-binding same, (ii) stabilization efficiency of different amino acid
site must be preserved very precisely in LinB. Even extension residues is in the order Trp= Asn > Tyr, and (iii)
of the side chain by a single carbon atom completely stabilization efficiency of the primary halide-stabilizing
diminished activity of LinB confirming the essential role of residues is in the order Trp...Tep Trp...Asn> Trp...Tyr.
Asn38 in the catalysis. Experimentally deriveKy values for chloride ions follow
Trpl09Leu.One single-point mutant in the position 109 the same trendKq for chloride and DhIA 41) is 75 mM
of LinB was constructed providing a catalytically inactive (pH 8.2, 30°C); Kq for chloride and LinB (Prokop et al.,
protein. Modeling of the reaction showed that Trp109 is less unpublished results) is 805 mM (pH 8.6, 32); andK, for
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Table 3: Total Interaction Energies (in kcal/mol) between Primary Halide-Stabilizing Residues and Halide in X-Ray Structures

method/basis set Ttp Trp® Tyre Asn? Trp...Trgt Trp...Tr@ Trp...Ty€ Asn...Trg
AM1 —22.8 —21.7 —4.8 —14.3 —35.7 —37.0 —19.3 —28.9
B3LYP/6-31++G** —21.9 —21.5 —6.0 —17.9 —36.4 —37.4 —22.6 —33.8
MP2/6-3H+G** —25.8 —25.2 —-8.3 —20.2 NA® NA® NA® NA®

aGeometry from DhIA structure with covalently bound chloroethyl (PDB ID 2DHDReometry from high-resolution structure of DhIA (PDB
ID 1B6G). ¢ Geometry from Trpl75Tyr mutant structure of DhlA (PDB ID 1BEEGeometry from high-resolution structure of LinB (Oakley et
al., unpublished) Not applicable (system is too large).

chloride and Trp175Tyr DhlAX4) is >1000 mM (pH 8.2, recent evolutionary origin4(7, 50). Its high mobility could

30 °C). be part of molecular adaptation for destabilization of the
enzyme-product complex during the halide release, which

DISCUSSION is the rate-limiting catalytic step of DhIAS().
Practical application of haloalkane dehalogenases in GluS6 is together with Asp124 and Asp260 the only

chemicals. A number of mutagenesis studies have alreadySUch must be present in the active site, the presence of Glu56
been conducted with these enzymes, but obtained enhancelS Somewhat surprising because it makes unfavorable repul-
ments of the catalytic rates were on 1 order of magnitude at Sion with halogen/halide. We propose that Glus6 is another
best (L9, 33, 44, 45). Even directed evolution experiments adaptation of DhIA for destabilization of enzymproduct
with good potential for broad exploitation of the sequence complex. Although its side chain is pointing out of the active
space have not been more successful so & 47). site, it was found to rotate occasionally into the active site
Pikkemat and Jansse#i7) proposed that the difficulties with ~ avity (49, 52). Negative charge on Glu56 may serve as the

enhancement of the catalytic performance of DhIA may arise @dditional force for expulsion of the halide from deeply

evolutionary optimum. What is this “evolutionary optimum” small and buried for effgctive binding and desolvation of its
in structural terms, and why is it so difficult to improve the natural substrate 1,2-dichloroetharge §3).
catalytic performance of DhIA by modification of its Trpl25 is conserved in all three dehalogenases, while
structure? Pre-steady-state kinetic characterization of single-Trp175 and Glu56 are not. The asparagine in the position
point mutants of DhIA revealed that enhancement of the rate structurally equivalent to Glu56 is taking the role of Trp175
for one catalytic step results in reduced rate for another stepin LinB and DhaA as predicted earlier by Newman et 2). (
(14, 33, 48). In particular, formation of the enzymesubstrate ~ and Marek et al.J). This proposal was confirmed here by
complex, cleavage of the carbehalogen bond and halide site-directed mutagenesis. Mutagenesis experiments also
release seems to be kinetically inter-linked. This is under- ruled out the possibility that the function of Trpl75 is
standable, considering that (i) good binding and high fulfilled by its structural equivalents Phe151 and Phe169 of
stabilization of the halogen atom in a substrate molecule is LinB. We conclude that the Trp125...Trp175 pair in DhIA
favorable for the process leading to the formation of a is functionally equivalent to the Asn38...Trp109 pair in LinB
Michaelis complex, (i) high stabilization of the developing and the Asn41...Trp107 pair in DhaA (so-called primary
charge on the halogen atom in TS of2Sis favorable for halide-stabilizing residues; Figure 4). Both primary halide-
the reaction, but (iii) high stabilization of the halide ion in stabilizing residues of LinB and DhaA are rigid9), and
the enzyme active site after the reaction is unfavorable for the active sites of these enzymes do not contain any
the halide release. Three above-discussed catalytic steps argegatively charged residues except nucleophile and the
related also structurally because the same amino acid residuesatalytic acid, suggesting that destabilization of enzyme
of the active site are involved in halogen/halide binding. product complex is not facilitated by the same mechanisms
Identification of these residues in three different haloalkane as in DhlA. Halide release in LinB and DhaA should be faster
dehalogenases (Figure 4) and comparison of their stabiliza-than in DhIA because (i) their active sites are more open to
tion efficiency are described here as part of our effort to the solvent and (i) stabilization of the halide ion by the
improve catalytic performance of haloalkane dehalogenasesAsn...Trp pair is weaker compared to that by the Trp...Trp
by the rational approach. pair. Recent pre-steady-state kinetic analysis of LinB con-
Trp125 and Trpl75 are well-known halide-stabilizing firmed that halide release is not a limiting step for the
residues of DhIA based on previous experimental and catalytic cycle of this enzyme (Prokop et al., unpublished).
theoretical studiesl@—16). Their role for the transition state There are additional residues in haloalkane dehalogenases
and halide stabilization is also clearly supported by the with significant changes in electrostatic interactions during
calculations presented in this report. The interaction energythe reaction course. These residues do not make a hydrogen
between Trpl75 and halogen moiety increases during thebond with the halide ion, they are not essential for catalysis
reaction course due to change in distance between the halideind are therefore reported here as secondary halide-stabilizing
ion and the tryptophan. Repositioning of Trp175 during the residues: Phel72, Pro223, and Val226 in DhIA; Trp207,
dehalogenation reaction was noted in previous quantumPro208, and lle211 in LinB; and Phe205, Pro206, and lle209
mechanic calculationd 6) and is supported by the flexibility =~ in DhaA (Figure 4). Phel72 in DhIA has no obvious
of this residue in molecular dynamics simulatio8,(49). equivalent in DhaA and LinB. The role of Phel72 for
Trpl75 is positioned in a flexible region of DhiA9) of catalysis of DhlA was extensively studied by site-directed
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Ficure 4: Stereoview of the halide-stabilizing residues of DhIA (A), LinB (B), and DhaA (C). The halide ions are shown as balls. The
primary halide-stabilizing residues providing hydrogen bonds to the chloride anion are underlined.

mutagenesis, pre-steady-state kinetics and protein crystal-and its substitution by an amino acid with larger side chain
lography 33) as well as by quantum mechanics calculations would prevent efficient binding of the halogen atom between
(22) and quantitative structurdunction relationship analysis  two primary halide-stabilizing residues. Val226 of DhIA,
(54). These studies clearly confirmed participation of this 1le211 of LinB, and 11e209 in DhaA stabilize halide ion by
residue in stabilization of TS of the carbohalogen bond  their side chains. Val226Gly, Val226Ala, and Val226Leu
cleavage and stabilization of halide ion. The mutant Phe172Trpof DhIA were constructed and characterized by Schanstra et
showed reduced rate ofy3 reaction, but enhanced halide al. (55). Observed differences in catalytic rates of the mutant
release in experiment with 1,2-dichloroethane and 1,2- proteins were attributed to interaction of Val226 with the
dibromoethane. Substitution of Phel72 by 16 different amino above-discussed Trp125 and Phel72. On the basis of current
acids provided four mutants with high activity (Phel72Trp, study, we propose that changes in the catalytic rates could
Phel72Tyr, Phel72His, and Phel72Met) and many otheralso be related to intrinsic properties of the side chain of
protein variants with detectable activity. These results supportresidue introduced to position 226 and its interaction with
our proposal that this residue is important, but not essentialthe halogen/halide. The residues lle211 in LinB and lle209
for the catalysis of DhIA. Trp207 of LinB and Phe205 of of DhaA are suitable targets for future mutagenesis experi-
DhaA interact with halide ion by their main chain atoms. ments.

This interaction cannot be easily probed by site-directed
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