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Haloalkane dehalogenase converts haloalkanes to their
corresponding alcohols. The 3D structure, reaction mechan-
ism and kinetic mechanism have been studied. The steady
state k.5 with 1,2-dichloroethane and 1,2-dibromoethane
is limited mainly by the rate of release of the halide ion
from the buried active-site cavity. During catalysis, the
halogen that is cleaved off (G}) from 1,2-dichloroethane
interacts with Trp125 and the Clg interacts with Phel72.
Both these residues have van der Waals contacts with
Val226. To establish the effect of these interactions on
catalysis, and in an attempt to change enzyme activity
without directly mutating residues involved in catalysis, we
mutated Val226 to Gly, Ala and Leu. The Val226Ala and
Val226Leu mutants had a 2.5-fold higher catalytic rate for
1,2-dibromoethane than the wild-type enzyme. A pre-steady
state kinetic analysis of the Val226Ala mutant enzyme
showed that the increase irkg,; could be attributed to an
increase in the rate of a conformational change that
precedes halide release, causing a faster overall rate of
halide dissociation. Thekg, for 1,2-dichloroethane conver-
sion was not elevated, although the rate of chloride release
was also faster than in the wild-type enzyme. This was
caused by a 3-fold decrease in the rate of formation of the
alkyl-enzyme intermediate for 1,2-dichloroethane. Val226
seems to contribute to leaving group (GJ or Br ) stabiliza-
tion via Trpl25, and can influence halide release and
substrate binding via an interaction with Phel72. These
studies indicate that wild-type haloalkane dehalogenase is
optimized for 1,2-dichloroethane, although 1,2-dibromoe-
thane is a better substrate.

The dehalogenase reaction is initiated by binding of the sub-
strate in the Michaelis complex, followed by nucleophilic attack
of Asp124 on the carbon atom to which the halogen is bound,
which leads to the formation of an alkyl-enzyme intermediate
(Verschuereret al, 1993b; Priest al, 1994a). This covalent
intermediate is subsequently hydrolyzed by an activated water
molecule, with His289 acting as a general base catalyst, leading
to enzyme and products (Verschuestral,, 1993b; Priegt al,,
1995). Recent studies have shown that halide release occurs after
cleavage of the covalent intermediate and alcohol release, and
that it is the slowest step in the reaction sequence during the
conversion of 1,2-dichloroethane and 1,2-dibromoethane
(Schanstrat al,, 1996a).

The active-site cavity is buried inside the protein. It is lined
with the catalytic triad residues Asp124, His289 and Asp260, as
well as four phenylalanines, two tryptophans, two leucines, a
valine and a proline (Figure 1; Verschuesrdral,, 1993a). In the
course of the reaction, the substrate also interacts with several
of the noncatalytic triad active-site residues. In the Michaelis
complex, the chlorine atom (I which is cleaved off from 1,2-
dichloroethane, is located between the hydrogens bound to the
indole nitrogens of Trpl125 and Trpl75 (Verschuertnal,
1993b). Replacing these two tryptophan residues with GIn
reduces both the apparent affinity of the enzyme for substrate
and the affinity for halides (Kennext al,, 1995). In the X-ray
structure of the wild-type alkyl-enzyme, the halide ion that is
cleaved off from the substrate was still found between the two
Trp residues, whereas they@ies in the plane of the Phe172 side
chain and may be stabilized by interactions with the hydrogen
atoms at the § and G, of this residue (Verschuerest al,,
1993b). Replacing phenylalanine 172 by a tryptophan resulted
in a dehalogenase mutant with a lower substrate binding and
alkylation rate, indicating possible involvement of this residue
in substrate binding and/or transition state stabilization during
C-X cleavage (Schanstedal., 1996b). After hydrolysis of the
alkyl-enzyme, the halide ion remains bound between the two
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active site (Figure 1).
As we have found for the mutation of Trp125 and Phel72 in
haloalkane dehalogenase (Keneéal., 1995; Schanstret al,,

Haloalkane dehalogenase is one of the few enzymes with 996b), the mutation of residues involved directly in an enzym-
known 3D structure involved in the biodegradation of xeno-atic reaction will, in general, drastically change the specificity

biotic compounds (Verschuerest al., 1993a). Furthermore,

and reaction rate (Gerlt, 1994), whereas the mutation of amino

the reaction and kinetic mechanism of the enzyme have beecids interacting with these residues can have more subtle effects

studied in detail (Verschuerest al,, 1993b; Prie®t al, 1994a,
1995; Schanstret al, 1996a). TheXanthobacter autotrophicus

on the specificity and reactivity. In haloalkane dehalogenase,
Val226 is not involved directly in the dehalogenase reaction but

strain expressing haloalkane dehalogenase is used for bibasvanderWaals contacts with Phel72and Trp12540226—

remediation of groundwater polluted with the ‘natural’ sub- Ng; Trp125 3.2 A;

strate 1,2-dichloroethane (Stucki and &hul995). Although

Val226-G Phel72 3.8 A; Figure 1).
Valine 226 itself is located in the wall of the active-site cavity

applicable in these systems, improvement of the catalytibut does not seem to interact directly with 1,2-dichloroethane
performance and expanding the substrate range of the organisinring the reaction, except that the,@ay interact with the g
would increase the feasibility of such techniques for bioremediof the substrate in the Michaelis complex (Verschuestal,

ation purposes.
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1993b). Phel72 and Trpl25 are both located very close to the
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Fig. 1. Stereoscopic representation of the active site of halide-bound haloalkane dehalogenase (pH 6.2, 2 days soaked in 10 mM 1,2-dichloroethane;
Verschuereret al,, 1993b) with the helix-loop—helix structure. For clarity, Phe128, Leu262 and Leu263 were omitted (drawn using MOLSCRIPT,; Kraulis,
1991).

halogen that is cleaved off, and slight changes in their positiofProtein expression and purification

might thus influence the halide binding site. _The enzymes were expressed and purified as described previ-
To establish the importance of the interactions of Val226 Wlthous|y (Schanstrat al, 1993). For DEAE cellulose chromato-

Trpl25 and Phel72, and in an attempt to change the activity raphy, TEMAG buffer [10 mM Tris—sulfate pH 7.5, 1 mM

the enzyme without directly mutating catalytic residues, Val22 DTA, 1 mM 2-mercaptoethanol, 3 mM sodium azide and 10%

was mutated to glycine, alanine and leucine. The results ShOW//v) glycerol] was used, while PEMAG buffer [10 mM sodium

that the addition or removal of one methyl group at the sid hosphate, pH 6.0, 1 mM EDTA, 1 mM 2-mercaptoethanol

chain of residue 226 is allowed without extreme changes in thg \\v sodium azide and 10% (\}/v) glycerol] was used for

enzyme activity for the natural substrate 1,2-dichloroethang, oy japatite chromatography. The enzyme was concentrated

For 1,2-dibromoethane, however, the Val226Alaand Val226Ley i, oy Amicon ultrafiltration cell using a PM10 filter and stored

mutants had a 2.5-fold higher catalytic rate than the wild-typ n TEMAG at 4°C

enzyme, and a pre-steady state kinetic analysis of the Val226Ala ’

enzyme showed that this could be attributed to more rapid halideehalogenase assays and protein analysis

release, which was caused by an increased rate of enzyme isDehalogenase assays were performed using the colorimetric

merization that precedes halide dissociation. detection of halide release as described by Keuetrad; (1985).

The experimental error of thie., values was<15%. Protein
Materials and methods concentrations were determined with Coomassie brilliant blue
Materials using bovine serum albumin as a standard. The concentration of

Halogenated compounds were obtained from Janssen Chimi@4lrified enzyme was determined spectrophotometrically using
(Beerse, Belgium) or Merck (Darmstadt, German§ji,O €280 = 4.87X10*M~*cnt*(Schanstra and Janssen, 1996). Solv-
(99.8% v/v) was purchased from Merck or Isotec Inc.ent klne_tlc isotope effects were determined with su_bstrate dis-
(Miamisburg, Ohio). The synthetic oligonucleotides weresolved in?H,O. Assays were performed as described above
(from 5 to 3): pval226Ala, TACGTAAGTTTCCCAAGAT-  Using increasing concentrations®f,0.

GGCCGCGCAACGC, with theSnaBlI restriction site in bold TheK, value was determined by measuring alcohol or halide
italic and the mutated codon in bold; pVal226Gly, GTACy- production in 4.5 ml incubations containing various concentra-
GCAAGYTTTCCCAAGATGGGCGCGCAACGC, with the tions of the substrate dissolved in 50 mM Tris—sulfate buffer,
mutated codon in bold; and pVal226Leu, GTACGCAAGTTTC- pH 8.2, and a suitable amount of enzyme. Samples were incub-
CCAAGATGCTGGCGCAACGC, with the mutated codon in ated for 15 min at 30°C. The amount of substrate converted in
bold; they were obtained from Eurosequence BV (Groningenthe incubation period did not exceed 10% of the amount present
The Netherlands). at the beginning of the experiment. The amount of alcohol
produced was determined by gas chromatography. Halide pro-
duction was determined colorimetrically as described previously
(Keuning et al, 1985).K,, values were calculated from the
rates of alcohol and halide production by a nonlinear regression

for th ducti f single-stranded DNA hansstaal. analysis using the Michaelis—Menten equation and the program
10593)6\,5;2 uus(;('jotr; gvesrlggperessﬁﬂ eedehaloge(ﬁf&?:aeriﬁwié Enzfitter (Leatherbarrow, 1987). The experimental error of the

colistrain BL21(DES3) (Studiestal, 1990) E.colistrains IM101 K values was<25%.
(Promega) and BW313 (Kunkel, 1985) were used for the producPre-steady state kinetic experiments

tion of single-stranded DNA for sequencing and site-directedsiopned-flow fluorescence was used to study the kinetics of
mutagenesis, respectively. halide binding and substrate conversion. The experiments were
DNA manipulations performed on an Applied Photophysics model SX17MV instru-
Standard DNA manipulations were performed as described bgentfitted with a Xe arc lamp with excitation at 290 nm. Fluores-
Sambrooket al. (1989). Mutants were constructed using thecence emission from Trp residues was followed through a 320
method developed by Kunkel (1985). Sequences were confirmeatn cut-off filter supplied with the instrument. All reactions were

by dideoxy chain termination sequencing (Sarefeal., 1979). performed at 30°C, and the reported concentrations are those in
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Plasmid pGELAF, an expression vector based on pET-3d
(Studieret al,, 1990) with the dehalogenase gedél®) under
the control of the T7 promoter and an additional f(19rigin
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the reaction chamber. Each trace shown is the average of three The complete dehalogenase reaction can be describec

or four individual experiments. Scheme | (IA, bromide; IB, chloride). This is the combined
Rapid-quench-flow experiments were performed at 30°C on  scheme for substrate conversion (Sehahsti@6a) and

a rapid-quench-flow instrument (RQF-63) from KinTek Instru- halide release identified by kinetic studies (Schanstra and

ments (Johnson, 1992). The experiments were carried out by  Janssen, 1996). For both chloride and bromide, the upy

loading the enzyme in one sample loop (8Pand substrate in  route, starting withk,, is the most important route for halide

the second sample loop (50). The reaction was started by  release. Its most essential feature is that actual halide release

rapidly mixing the two reactants and then quenching with 120s a rapid equilibrium step (&, which is preceded by a slow

pl0.4 M H,SOy (final concentration) after time intervalsranging  isomerization skepdf in the case of halide bindinkg),

from 2 ms to 4 s. The quenched mixture was ejected directhand is followed by a rapid isomerizatiokg( k_, for binding).

into 1.5 ml ice-cold diethylether containing 0.05 mM 1-bro- In scheme 1, both formakigratid hydrolysis K;) of the

mohexane as the internal standard. After thorough extractiomlkyl-enzyme intermediate (ER-X) are considered to be

the diethylether layer was separated from the water layer and irreversible because no product of the reverse reaction and

neutralized by adding $#£O;. The extract was transferred to inhibition of enzyme activity by alcohol was found (Schanstra

a 2 ml autosampler vial for automated gas chromatographiet al, 1996a). Eis the normal native enzyme, whereas iE

analysis. All reported concentrations were in the reaction line ofhe kinetically observed conformational isomer to which halide

the rapid-quench-flow instrument. ions can rapidly bindxXEs the kinetically observed collision
Before stopped-flow fluorescence and rapid-quench experzomplex in which halide is weakly bound to the native enzyme

ments, the enzyme was dialyzed for at least 3 h agaigsfMA  (Schanstra and Janssen, 1996).

(50 mM Tris—sulfate, pH 8.2, 1 mM EDTA, 1 mM 2-mercapto- Rate and equilibrium constants for halide binding under

ethanol and 3 mM sodium azide) or againggFDA (50 mM pseudo first-order conditions were obtained by numerical

Tris—sulfate, pH8.2,1 mM EDTA, 1 mM dithiothreitoland 3mM simulation of Scheme IA and B. Under these pseudo first-

sodium azide). §;EDA was used for rapid-quench experiments  order conditions, the overall rate of halide ré&lgasee(

with 1,2-dibromoethane because 2-mercaptoethanol interferetie rate of conversion of [EX to F, was extracted from these

with 2-bromoethanol during gas chromatographic analysis. All rate constants by simulation with Gepasi.

halide and substrate solutions were prepared jEMA or Experimental apparent steady state dissociation constants

TsoEDA. Halide binding was measured with enzyme dissolvedKy) (for halide binding were determined from the steady

in TsgEMAG buffer [TsgEMA buffer supplemented with 10% state fluorescence levels reached at the end of the stopped-

(v/v) glycerol]. Glycerol was added because it improved the fluorescence transients. Calculation was performed by nonlir

reproducibility of the stopped-flow fluorescence transients buear regression fitting in Sigmaplot (version 2.0; Jandel Scient-

did not affect the kinetics of binding. Glycerol (6%) did not ific) of the equatiBp- F)/Fy = T X[X)/([X] + Kg), where

affect the binding kinetics of the wild-type enzyme (Schanstrar is the observed fluorescence at halide concentrationKX],

and Janssen, 1996). is the apparent dissociation constarf, anthe fraction of

Gas chromatography the total fluorescence that is quenched at’px} Ky. Apparent

All samples were analyzed on a Chrompack 438S gas chromatgissociation constants were also calculated from the kinetic
graph equipped with a model 911 autosampler and a CPWax 5¥'d €quilibrium constants given in Scheme IA and B. Using
CB column (length, 25 m; diameter, 0.25 mm; Chrompack € Simplifying assumptions that, >> k; andks >> K,
Middelburg, The Netherlands), using an ECD detector for thé"€ apparent dissociation constant determined by fluorescence
detection of brominated compounds and an FID detector for th@Uenching is given by = Kg [ki/(k; + k_7)] for Scheme 1A
detection of chlorinated compounds. The carrier gas wastN  and byKq = (ko/k_g) for Scheme IB.

70 kPa. The temperature program was 3 min isothermal at 45°C, Rates and equilibrium constants for substrate conversion
followed by an increase to 250°C at a rate of 10°C/min. were derived by numerical simulation of Scheme Il (Schanstra

- . et al, 1996a), which is a simplified version of Scheme I.
Kinetic data analysis

Rapid-quench and stopped-flow fluorescence data were sim k1 k2 k3 kx
lated by numerical integration using the computer prograrrE +RX k-1 E.RX ERX EX E+X (
Gepasi, designed by P.Mendes (Mendes, 1993; Gepasi for M ROH

Windows, version 2.0, release 2.08). The Gepasi output was

imported into the spreadsheet program Quattro-Pro 5.0 for MS2cheme Il
Windows (Borland international Inc.). Both programs were run I : .
simultaneously under MS-Windows on a 486 personal computer. Under initial velocity steady state conditions,

Keat = Kokaky/(Koks + Kok, + Kk,

X
Ks /
EIAX‘k/4/k-:E”‘X 5 E”ﬁ* K = kake(K1 + ko)/(ka(Koks + koky + ksky))

E| (1A) and
, k
: NEI.X'st _
KealKm = kiko/ (K1 + ky).

w koo ke ks !
Bl RXS SELRX——EIR X D Ef'x Ks;( " These equations were derived using the determinant method
ROH | , JEIX===EI (Huang, 1979). The rate of halide release as determined by a
i %4 X e k.:\f ) pre-steady state analysis of substrate conversion is depicted
Ei.X \k El by k,, whereas the rate of halide release as determined from
° halide binding under pseudo first-order conditions is depicted
Scheme I. by Ky

55



J.P.Schanstraet al.

Results 1 2 3 4

Construction and characterization of the mutant enzymes

The Val226Ala mutant was constructed by Kunkel mutagenesis
using wild-type single-stranded DNA as the template. Screen-
ing for a Val226Ala mutant was performed by testing for an
additionalSnaBl restriction site which was introduced because
it was presentin the mutagenic oligonucleotide. The Val226Gly
and Val226Leu mutants were obtained by Kunkel mutagenesis
using as the template the dehalogenase gene of an inactive
deletion mutant (one nucleotide deleted in the codon for
Val226) which also carried an addition&naI restriction oo
site. This mutant was obtained accidentally in the previous
mutagenesis round. After mutagenesis, screeningEfaoli - M
BL21(DE3) transformants producing active dehalogenase was
carried out with a pH indicator plate assay and 1,2-dibromoe-
thane as the substrate (Schansétaal, 1993). Colonies
producing active dehalogenase were checked for loss of
the SnaBl restriction site which was not present in the
oligonucleotides used to construct the Val226Gly and Val226Fig. 2. Expression of wild-type haloalkane dehalogenase and Val226 mutant
Leu mutants o vt e s b sevchamane o Lo "
TQ examm_e the effect (_)f the mUtatl_O_n_ of valine _226 t(_) \(;v?ld-lype dehalogenase; lane 2, 27):)/0 Val226Ala dehaloygenase; Iané 3, 205%
glycine, alanine and leucine, the activities and Michaelisya226Leu dehalogenase; lane 4, 28% Val226Gly dehalogenase. The arrow
constants were determined. The mutant and wild-type enzymesiicates the position of haloalkane dehalogenases.
were expressed iB.coli BL21(DES3) at a temperature of 17°C
to avoid expression of the mutant proteins in inclusion bodies:
An analysis of the cell-free extracts with SDS—-PAGE showedrable I. Specific activities (5 mM substrate) and affinities of wild-type and
that the expression levels of wild-type and all mutant protein%mﬂant haloalkane dehalogenase in cell-free extraces.aili BL21(DE3)
L . . ransformants
were similar (Figure 2). The dehalogenase mutant with the

highest catalytic activity was Val226Ala (Table I). The specific 1,2-Dichloroethane 1,2-Dibromoethane

activity for 1,2-dibromoethane was ~2.5-fold higher in this — .

mutant than in the wild-type enzyme. The Val226Leu mutant o Stﬂ’/ec'f'c oty Km SUp/euflc activity

had a similar elevated specific activity with 1,2-dibromoethane (mM)  (U/mg) “m) (Umg)

but a significantly lower activity for 1,2-dichloroethane than vai226 (wid ~ 0.53 1.7 10 1.2

the Val226Ala mutant and the wild-type enzyme. The specifigype)

activity of the Val226Ala mutant for 1,2-dichloroethane was Val226Gly >20 0.03 770 11
Val226Ala 15 15 35 2.8

similar to that of the wild-type enzyme. In all mutants ,, 55 o 14 022 180 29
the Michaelis half-saturation constants for both substrates
increased. Thus, the addition or removal of one methyl group

at the side chain of residue 226 is allowed without extremgSchanstra and Janssen, 1996). The conversion of 1-bromo-2-
changes in enzyme activity. The mutant with the highestthloroethane also displayed a solvent kinetic isotope effect, in
activities, Val226Ala, was subjected to a more thoroughboth mutant and wild-type enzyme. To determine why the

kinetic analysis. mutant enzyme had a higher catalytic rate than the wild type

Steady state kinetic analysis of Val226Ala dehalogenase with _1,2-dibr0moethane but_not_ with 1,2-dichloroethane, the
Purified enzyme (4 g) was isolated from a 10 | culture Ofklnetlcs of substrate conversion in the Val226Ala enzyme were

E.coli BL21(DE3) expressing the mutant protein. Tk, of Studied using pre-.stea.dy state .klnetlc tec-hnlques.
the purified Val226Ala enzyme with 1,2-dibromoethane wasPre-steady state kinetic analysis of 1,2-dibromoethane
2.5-fold higher than that of the wild-type enzyme (Table II), COnversion
confirming the activity found in cell-free extracts. Thg;of  To identify the rate-determining step(s) in 1,2-dibromoethane
the mutant with 1,2-dichloroethane also seemed to be slightlgonversion by mutant enzyme, a rapid-quench-flow experiment
higher. In addition, the mutant enzyme converted 1-bromo-2-  with substrate in excess over enzyme was carried ol
chloroethane 2-fold faster than the wild-type enzyme. ThigFigure 4A). A nearly linear production of 2-bromoethanol in
substrate was converted exclusively to 2-chloroethanol, with time was observed, indicating that the rate constant of a ste
no indication for the formation of 2-bromoethanol (below the preceding hydrolysis of the alkyl-enzyme intermediate or the
detection limit of the gas chromatograph). However, the rate of the hydrolysis step itself was very close to the stead:
Michaelis constants of all three substrates were 1.5- to 3-foldtatek.,. The steady state production rate of 2-bromoethanol
higher than with the wild-type enzyme (Table II). was 8:30.5 s, which was identical to the steady stétg

A clear solvenfH,0 kinetic isotope effect on the catalytic of the mutant enzyme for 1,2-dibromoethane derived from
rates of both 1,2-dichloroethane and 1,2-dibromoethane conver- measurements of halide production ratesT¢hi2 $1).
sion was found with the mutant enzyme (Figure 3). ThisThe slow step was not cleavage of the C—Br bond because, in
indicates that for both substrates at high substrate concentration a single turnover experiment with enzyme in exde§s (460
the rate-determining step is still at the end of the reactiorover substrate (25QM), the substrate decrease and product
sequence, as found before with the wild-type enzyme increase curves crosse@Mt %@is indicated that alkyl-
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Table Il. Steady state kinetic parameters of purified Val226Ala and wild-type haloalkane dehalogenase

1,2-Dichloroethane 1,2-Dibromoethane 1-Bromo-2-chloroethane

Km kcat kca{Km Km kcat kca{Km Km kcat kca{Km

(mMm) sH (M71s? (mM) (s* (M71s? (mM) (s? (M~ts?
Wild type 0.53 3.3 6.X10° 0.010 3.0 3.K10° <0.07 3.2 -
Val226Ala 1.5 3.8 2.510° 0.033 8.2 2.%10° 0.097 6.9 7.x10*

4 ower value could not be measured because of the detection limit of 2-chloroethanol by gas chromatography.

route of Scheme IA, in which the rate is limited mainly
by the unimolecular enzyme isomerization preceding actual
release. This stepk( in Scheme IA) had a rate of 5&

6 sl The actual release of the bromide ion is a rapid
equilibrium step (i, Scheme 1A). Compared with the wild-
type enzyme, there is a 7-fold faster overall release rate of
bromide K., Table Ill), mainly caused by faster enzyme
isomerization.

Stopped-flow fluorescence experiments of substrate conver-
sion can provide important information about the rate of
substrate entrance because the intrinsic protein fluorescence of
the dehalogenase is also partially quenched on binding of the
substrate. When excess enzyme was rapidly mixed with 1,2-

| dibromoethane, a fluorescence progress curve, corresponding
0.8 1.0 to a single enzyme turnover, was obtained (Figure 4C).
Doubling the substrate concentration mainly increased the

0.25 !

| |
00 02 04 06

fraction ?H,0

Fig. 3. Solvent?H,0 kinetic isotope effects on substrate conversion by
Val226Ala and wild-type haloalkane dehalogenase. The observedate (
as a fraction of the rate observedlid,O (V) was determined at different
2H,0/*H,0 ratios for 1,2-dichloroethand®), 1,2-dibromoethanel{), and
1-bromo-2-chloroethan&\ conversion by Val226Ala dehalogenase and for
1-bromo-2-chloroethanex() conversion by the wild-type enzyme. All
substrate concentrations were 5 mM.

amplitude and rate of the first part of the fluorescence transient,
which is related to substrate import and accumulation of the
Michaelis complex.

Combination of the steady state and pre-steady state data
allowed the extraction of rate constants for the conversion of
1,2-dibromoethane by the Val226Ala mutant (Table V) using
numerical simulation of Scheme II. The steady skaigandK,
calculated from these rates are close to the values determined

experimentally. The slowest step in the conversion of 1,2-
enzyme accumulated and the rate of its formation was fastefibromoethane was hydrolysis of the alkyl-enzyme, but the
than the rate of hydrolysis (Figure 4B). The slow step mustate of this step was similar to that found with wild-type
thus be hydrolysis of the alkyl-enzyme intermediate. Theenzyme. The increase kg, was caused mainly by the increase
higherk,; of the Val226Ala mutant compared with wild-type in the rate of bromide releask], from 4 to 43 si. This rate
enzyme was then most probably caused by an increased raigis close to the overall rate of bromide releakg)(found
of halide release, which is the main rate-limiting step in theby a stopped-flow analysis of bromide binding under pseudo
wild-type enzyme. This was studied separately. first-order conditions (Table Il).

The kinetics of bromide binding and release were measure . . .
by stopped-flow fluorescence quenching experiments und rre—steady state analysis of 1,2-dichloroethane conversion
pseudo first-order conditions. All fluorescence transients’he solvent kinetic isotope effect found on the steady state
obtained in the concentration range 2—800 mM could be fittediate of 1,2-dichloroethane conversion in the Val226Ala mutant
by single exponentials (data not shown). To calculate the ratéigure 3) suggested that either hydrolysis of the alkyl-enzyme
and equilibrium constants for halide binding, the observedntermediate or release of the halide ion out of the active-site
binding rate constants4,J obtained from the single exponen- cavity was rate limiting for this substrate. A stopped-flow
tials were plotted against the bromide concentrations usefluorescence analysis of chloride binding under pseudo first-
(Figure 5A). Thek,ps decreased from 56-5at 2 mM KBr to  order conditions showed that the overall rate of chloride release
30 st between 25 and 40 mM KBr, followed by an increase (Kqf) in the Val226Ala mutant had increased to 70(Figure 5B
in the ky,s With an increasing bromide concentration aboveand Table Ill), which is 5-fold faster than in the wild-type
40 mM KBr. At bromide concentrations600 mM, thek,,s  enzyme. Th&gysvalues used to calculate this rate were obtained
started to level off somewhat. by fitting fluorescence transients with single exponentials over

As with the wild-type enzyme, this complex dependence othe complete concentration range (20-800 mM NaCl). The
kopsON bromide concentration can be explained by the presenadependence of thé,,s on the chloride concentration was
of two parallel routes for bromide binding and release (Schemsimilar to that found with the wild-type enzyme (Scheme IB).
IA). The rate and equilibrium constants of this scheme for the From this high rate of chloride release and the solvent
Val226Ala enzyme were derived in a similar way to the wild- kinetic isotope effect ork., it was concluded that the slow
type enzyme using numerical simulation (Table Ill). The datastep in 1,2-dichloroethane conversion is most probably also
indicated that bromide release will mainly follow the upper  hydrolysis of the alkyl-enzyme intermediate. If this is true,
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(2-800 mM) by Val226Ala haloalkane dehalogenasgg. (B) Idem, for
Fig. 4. Rapid-quench and stopped-flow fluorescence analysis of chloride binding @, 20—-800 mM) with Val226Ala haloalkane dehalogenase

1,2-dibromoethane conversion by Val226Ala haloalkane dehalogenase. The(6 HM). T_he sqlld_llnes are thg best f.'ts to S_qhgme IA and B for brom@e
solid lines are the best fits of the data obtained by simulation of Scheme |1 &nd chloride binding, respectively, with equilibrium and rate constants in
using rate and equilibrium constants given in Table W) Experiment in Table 1lI.

which the production of 2-bromoethan@®) was followed in time, with
1,2-dibromoethane in excess (10 mM) over enzyme (48)). The rate of
steady state alcohol production was &30.5 s, as determined from the

slope of the plot. B) Single turnover experiment of 1,2-dibromoethane depletlon was caused by a slow association rate of substrate

conversion with enzyme (460M) in excess over substrate (25M), and enzyme or by a slow rate of formation of the alkyl-enzyme
2-bromoethanol productior®) and 1,2-dibromoethane decrea&®).(The intermediate. The lower limit of the rate of association of
dashed line is the simulated concentration of the alkyl-enzyme intermediategpstrate and enzyme, as setkyK, (2.5 mMt st for the

(E°R-X) in time. () Stopped-flow fluorescence analysis of Val226Ala mutant; Table II; Fersht, 1985; Johnson, 1986)

1,2-dibromoethane conversion. (a) Single turnover wifMs enzyme and . .
5 UM 1,2-dibromoethane; (b) fluorescence transient obtained after mixing Suggested that under single turnover conditions (0.5 mM 1,2-

6 UM enzyme with 10uM 1,2-dibromoethane. dichloroethane) the rate of substrate binding into the Michaelis
complex could be rate limiting. Therefore extra input was
necessary from a stopped-flow fluorescence analysis of 1,2-
one would expect a lag in alcohol (2-chloroethanol) formationdichloroethane conversion (data not shown). The hghfor
in an experiment with substrate in excess over enzyme. This 1,2-dichloroethane allowed only multiple turnover experiment
lag was indeed observed (Figure 6A), but a slow rate operformed at high substrate concentrationd 6 mM substrate
formation of the alkyl-enzyme intermediate and a slow rate  gud@&nzyme). The stopped-flow traces only gave informa-
of alkyl-enzyme hydrolysis are indistinguishable in such antion about the rate of substrate binding;)( because no
experiment. A single turnover experiment with enzyme in amplitude corresponding to forms of the enzyme occurring
excess over substrate also provided no discrimination betweefter substrate binding was obtained. Based on these stopped-
the two rates in 1,2-dichloroethane conversion in this mutant  flow experiments, it was concluded that thekjateasf
(Figure 6B) because it is not clear if the slow rate of substrat¢4.5 + 1.0) X103 uM-1 s,
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Table Ill. Rates and equilibrium constants of halide binding to Val226Ala and wild-type haloalkane dehalogenase

Ky k4 ke K k7 k7 Kg ko Ko KP Kg calc® ko
(s? (s? (sh sh Y sh (mM) sh (MMt (mM) (mM) sH
KBr
Wwild type 9+ 1 >900 >300 3.0+05 06+01 11020 15*0.6 £ - 10+ 1 8 9.6
x10°
Val226Ala 58+ 6 >5800 >600 6+ 2 11+ 2 350+ 20 22*1.0 - - 67+ 8 67 69
X103
NaCl
Wwild type 145+ 0.5 >1450 >300 3.0+ 03 - - - 0.66+ 0.03 85+ 05 75+5 78 15
(x1079)
Val226Ala 65+ 5 >6500 >1600 16*+ 3 - - - 4.5+ 0.4 24+ 0.3 180+ 19 188 70
(X109

Bromide binding data were obtained by numerical simulation of Scheme IA and chloride binding data by numerical simulation of Scheme IB (see fits in
Figure 5}.

aild-type values taken from Schanstra and Janssen (1996).

bExperimentally obtained apparent dissociation constant.

CApparentKy calculated from the obtained rate and equilibrium constants when assuming that the equilibria betjve¢fEfrand §-X [~ ] E;-X in

Scheme IA and B are strongly to the left.

doverall halide release rates at [X] 0 mM (see Materials and methods).

€-) Not applicable for scheme used in fit.

Table IV. Haloalkane dehalogenase kinetic constants

kl k—l k2 k3 kx kcat cald’ Km cald’
(uMt s s (G G G s (™)
1,2-Dibromoethane
Wild-type 0.75+ 0.10 >20 >130 10+ 40+ 15 2.8 4.3
Val226Ala 0.41+ 0.01 45+ 10 60+ 20 12+ 3 43+ 10 8.1 35
1,2-Dichloroethane
Wild type 9+ 1 (X109 20+ 5 50 + 10 14+ 3 8+ 2 4.6 0.7x10°
Val226Ala 45+ 1 (X109 25+ 5 14+ 1 9+2 50+ 10 4.9 3.X10°

The data given represent the best fit for all of the kinetic and equilibrium data given in this ffitgen Figures 4 and 6).
aild-type data are from Schanstes al. (1996a).
bThe steady statk,,; andK, values calculated from the derived rate constants for a four-step mechanism (Scheme Il) (see Materials and methods).

Combination of the steady state and pre-steady state data The properties of the Val226Ala mutant confirmed th
and numerical simulation of Scheme Il yielded a set of rateobservation that halide release is the main rate limiting
constants for 1,2-dichloroethane conversion by the Val226Alatep in the wild-type enzyme (Schanstra and Janssen, 1996;
mutant (Table 1V). The steady state, and K, values Schanstrat al, 1996a). Release of the charged halide ion out
calculated from the rates were in agreement with experimentsf the buried active-site cavity occurs via two parallel routes
ally determined values. As with 1,2-dibromoethane conversionScheme IA and B) in both wild-type and mutant enzyme. In
hydrolysis of the alkyl-enzyme intermediate is the main ratethe most important route, the actual release is preceded by a
limiting step during 1,2-dichloroethane conversion by Val226-slow unimolecular isomerization stegk,( upper route in
Ala enzyme (9 s). The rates of halide release, as determinedScheme IA and B). An increase in the rate of this isomerization
by the analysis of substrate conversidg) @nd by measuring step is the main cause for the faster rate of overall halide
chloride binding under pseudo first-order conditiorg), release in the Val226Ala mutant compared with the wild-type
were in good agreement. Whereas chloride export had becomnahzyme. We have hypothesized for the wild-type enzyme that
much faster in the mutant, the rate of C—Cl bond cleavagehis isomerization is a conformational change of a part of the
was reduced from 50°5in the wild-type enzyme to 145in cap domain of the dehalogenase that is needed to allow water
the Val226Ala mutant, resulting in only a small increase into enter the buried active-site cavity and solvate the halide ion

steady statéa (Schanstra and Janssen, 1996). In the Val226Ala mutant, this
) ] proposed conformational change is faster, and therefore Val226
Discussion itself, or Trp125 and Phel72, which have van der Waals

The mutation of residues involved directly in enzyme catalysisontacts with Val226 (Figure 1), might have interactions that
often results in catalytically inactive mutants. This paperare lost during this proposed conformational change.

describes an analysis of the effect of the mutation of Val226 Valine itself seems to interact marginally with substrate and

in haloalkane dehalogenase, the side chain of which interacfgroducts during 1,2-dichloroethane conversion (Merschueren
with the aromatic ring of the supposed catalytically importantet al,, 1993b). This can contribute to the increas&jpin the
residues Trpl25 and Phel72. Val226Ala mutant (see below), but cannot explain the increase
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stabilized mainly by a salt bridge (Lys261-Asp170) between
A q the main domain and cap domain of the enzyme, by a hydrogen

2250 L bond between helices 4 and 5 (Thrl73-Val165) and by the
hydrophobic interactions of the buried residues Phe161, Phel164
and Phel72 (Priest al, 1994b). Such buried residues serve

1500 - as structural anchors and resist translocation (Hehal,

1993; Matthews, 1995). Furthermore, Phel72 (H5) and Phel164
(H4) are situated in a tilted-T orientation, where the positive
750 - edge of Phel64 can interact with the negative face of Phel72
(Figure 1). Especially in the hydrophobic inside of proteins,
| , | | such an interaction can contribute to protein stability (Singh
\ and Thornton, 1985; Serranet al, 1991; Andersoret al,
00 02 04 06 08 10 1993). Furthermore, helices 4 and 5 were found to be ‘hot
spots’ for mutations during the selection of spontaneous
haloalkane dehalogenase variants with elevated activity
towards longer halogenated alkanes. The elevated activity was
attributed to an increased flexibility in this part of the cap
domain or an increased size of the active-site cavity (Pries
et al, 1994b). Therefore, we propose that the repositioning of
Phel72 in the Val226Ala mutant has led to an increase in the
flexibility of this part of the cap domain and a faster rate of
conformational change that is required for halide release.
Although the most important effect of mutating Val226 was
the increased rate of halide release, leading to a hikfagior
1,2-dibromoethane, other effects were observed. The bimolecu-
lar rate constant for the association of substrate and enzyme
time (sec) and the rate of formation of the alkyl-enzyme intermediate
decreased in the Val226Ala mutant with both 1,2-dichloro-
Fig. 6. Rapid-quench-flow analysis of 1,2-dichloroethane conversion by ~ €thane and 1,2-dibromoethane. This may be because of an
Val226Ala haloalkane dehalogenas@) Production of 2-chloroethano() altered interaction of the halogen with Trp125 as this residue
after m|X|ng excess 1,2-dichloroethane (11 mM) with haloalkane d”'ectly binds the |eav|ng group (Verschuere‘naly 1993b,C'

dehalogenase (740M) in the rapid-quench-flow instrument. The steady ;
state alcohol production rate was 3t80.2 s, as determined from the last Kenneset al, 1995). Val226 and Phe172 may also be involved

part of the graph (0.1-1.0 SB) Single turnover with enzyme (1.1 mM) in  iN SU_bStrate_ binding by pf(?}/idi_ng a tight hydro_phObi_C cavity,
excess over substrate (5Q81), 2-chloroethanol productior®) and 1,2- and in transition state stabilization by proper orientation of the

dichloroethane decreas@x. The dashed Iine i§ the simulatgd poncentration R group of the substrate via an interaction with th@ and
of the alkyl-enzyme intermediate (E-R-X) in time. The solid lines are the - cJ; of the substrate before and during alkylation. This seems
best fits to t_he data obtalne_d by ;lmulatlon with Scheme Il using the rate io be more important for substrates with a.Ghan for
and equilibrium constants given in Table IV. . g ' Bt

substrates with a By as indicated by the intermedialtg, for

the substrate 1-bromo-2-chloroethane in both wild-type and
in the rate of halide release. Trp125 is involved directly inmutant dehalogenase. 1-Bromo-2-chloroethane is exclusively
halide binding, in the binding of the halogen moiety of the converted to 2-chloroethanol.
substrate, and in stabilization of the leaving group during The Val226Ala mutation did not significantly alter the
nucleophilic substitution by Aspl24 (Verschueren al, rate of dealkylation for both 1,2-dichloroethane and 1,2-
1993b,c; Kennest al,, 1995). It is, however, not likely that a dibromoethane, indicating that other regions (i.e. His289 activ-
repositioning of Trpl25 caused by the Val226Ala mutation  ating the nucleophilic water molecule, oxyanion hole) are not
influences the rate of the proposed conformational changsignificantly altered in the mutant. This ‘uncoupling’ between
because the replacement of Trp125 by phenylalanine resulted the rates of alkylation and dealkylation in haloalkane deh:
in a mutant with a similak;, for 1,2-dibromoethane to the ogenase is allowed because these two processes are not mirror
wild-type enzyme (Kennest al, 1995). The presence of a  images of each other, unlike acylation and deacylation in the
solvent kinetic isotope effect showed that the rate-limiting stegserine proteases.
in this mutant was still at the end of the reaction (Kennes For both 1,2-dibromoethane and 1,2-dichloroethane, thi
et al, 1995), and stopped-flow fluorescence halide bindingncrease in rate of halide release was accompanied by a
studies on this Trp125Phe mutant showed that there was no reduction in the rate of carbon—halogen bond cleavage, result
significant increase in the rate of halide release (G.H.Krooshofn lower specificity constants. Thus, interactions in the active
J.J.Schuringa and D.B.Janssen, unpublished data). Thus, it is  site of the dehalogenase link an increase in the rate of hal
unlikely that the faster rate of the conformational changerelease to a decrease in the rate of substrate binding and
in the Val226Ala enzyme is caused by an altered position carbon—halogen bond cleavage. The kinetic mechanism of tt
of Trp125. wild-type enzyme appears to be optimized for 1,2-dichloro-

Phel72 interacts with the,Gnd C}, of the substrate during ethane conversion in the sense that there is an optimal balance

conversion (Verschuereet al, 1993b) and is a member of a between the rates of steps that cannot be changed independently
helix (H4, 159-166)—loop—helix (H5, 171-181) structure that  (Benner, 1989). 1,2-Dichloroethane is the growth substrate o
covers the active site of the dehalogenase and shields it fromhich the X.autotrophicusstrain that produces the enzyme
the solvent (Figure 1). This helix-loop—helix structure is  was isolated (Jarefsehy 1985). For a substrate such as
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1,2-dibromoethane, improvement can obtained by increasing
the rate of bromide release, whereas improvement of the
kinetic constants for substrates where the rate-limiting step
is carbon—halogen bond cleavage (i.e. 1,2-dichloropropane,
dichloromethane; Schanstra and Janssen, 1996) can possibly
be obtained by decreasing the flexibility of the active-site cavity.
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