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Abstract

The pH indicator dye-based colorimetric method and multivariate experimental design were used for the systematic
biochemical characterization of the broad-specificity enzymes haloalkane dehalogenases. Halogenated compounds for
characterization of the enzymes were selected using Principal Component Analysis. The substrates were characterised by 24
physico-chemical and structural descriptors. Thirty-four substrates were selected for testing out of 194 halogenated
compounds. Relative activities determined using the optimised colorimetric microplate assay were validated against the
catalytic constants determined by gas chromatography. The applicability of the assay was tested with F151L, F154L and
F169L mutants of the haloalkane dehalogenase from Sphingomonas paucimobilis UT26. q 2001 Published by Elsevier
Science B.V.
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1. Introduction

One of the goals of protein design and protein
engineering is to construct the enzymes with im-

Žproved activity and modified specificity Oxender
.and Fox, 1987; Cleland and Craik, 1996 . The intro-

duction of mutations into the genes, gene expression
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and protein purification take considerable effort and
it is desirable to extensively characterise constructed
mutants to detect even subtle changes in the speci-
ficity of the constructs. Kinetic experiments with a
few selected substrates are often used for the charac-
terization of the catalytic properties of engineered
enzymes. Such characterization can be sufficient for
enzymes with narrow specificity. However, the en-
zymes with broad substrate specificity need more
thorough characterization.

Haloalkane dehalogenases are microbial enzymes
acting on environmental pollutants and side-products
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Ž .of chemical syntheses Swanson, 1999 . Their activ-
ity and specificity is not optimal for industrial appli-
cation and numerous projects have been initiated to

Žengineer their catalytic properties Pries et al., 1994,
1995a,b; Schanstra et al., 1996; Holloway et al.,

.1998a; Hynkova et al., 1999; Schindler et al., 1999 .
Haloalkane dehalogenases have broad substrate

Ž .specificity Damborsky et al., 1997 and selection of
the substrates for their biochemical characterization
may not be straightforward.

Here we present the multivariate experimental
design of the screening set of substrates for the
characterization of mutant haloalkane dehalogenases.
Microplate colorimetric assay is used for semi-
quantitative testing of the activity with 34 different
halogenated substances.

2. Materials and methods

2.1. Construction, oÕerexpression and purification of
protein mutants

Mutagenesis of haloalkane dehalogenase from
Ž .Sphingomonas paucimobilis UT26 LinB was per-

formed using the principle of the LA PCR in vitro
Ž .mutagenesis kit TaKaRa Shuzo, Kyoto, Japan ,

according to the provided protocol except for using
Ž . ŽKOD K ing of DNA polymerase TOYOBO,

.Osaka, Japan . All of the nucleotide sequences of
mutants were confirmed by the dideoxy-chain termi-
nation method with an automated DNA sequencer
Ž .LI-COR model 4000L, Aloka, Tokyo, Japan . The

Ž Xoligo nucleotides used are as follows: F151Y 5 -
X. Ž XGGC CTG ATA CAG ATC GCG-3 , F154L 5 -
X.CGA GCG CAA GGC CTG AAA-3 and F169L

Ž X X.5 -TTG TTC GAC CAA AAC ATT GTC-3 . To
overproduce LinB mutants in Escherichia coli, plas-
mids for overexpression were constructed from
pAQN. In these plasmids, linB mutants were tran-

Ž .scribed by the tac promoter P tac under the control
of laclq. E. coli HB101 containing these plasmids
were cultured in 2 l of Luria broth at 378C. The
induction of the enzyme expression was initiated by
the addition of isopropyl-b-D-thiogalactopyranoside
to a final concentration of 0.5 mM when the culture
reached an optical density of 0.6 at 600 nm. The

cells were harvested and disrupted by sonication
Žusing a Sonopuls GM70 Bandelin, Berlin, Ger-

.many . The supernatant was used after centrifugation
at 100,000=g for 1 h. The crude extract was further

Žpurified on a Ni–NTA Sepharose column QIAGEN,
. ŽHilden, Germany . The His-tagged LinB Nagata et

.al., 1999 was bound to the resin in the equilibrating
Ž w xbuffer 20 mM potassium phosphate buffer pH 7.5

containing 0.5 M sodium chloride and 10 mM imida-
.zole . Unbound and weakly bound proteins were

washed out by the buffer containing 60 mM imida-
zole. The His-tagged enzyme was then eluted by the
buffer containing 160 mM imidazole. The active
fractions were pooled and dialysed against a 50 mM

w xpotassium phosphate buffer pH 7.5 overnight. The
enzyme was stored in a 50 mM potassium phosphate

w xbuffer pH 7.5 containing 10% glycerol and 1 mM
2-mercaptoethanol.

2.2. Microplate colorimetric assay

The colorimetric method of Holloway et al.
Ž .1998b for the detection of haloalkane dehalogenase
activity is based on the decrease of pH in a weakly
buffered medium. Change is caused by protons re-
leased during the enzymatic reaction:

Cl– CH –CH qH OŽ .2 3 2x

™HO– CH –CH qClyqHqŽ .2 3x

This method was optimised for use with a mi-
croplate reader and the enzyme LinB. The reaction
was performed in 5 ml vials closed with head-space
caps. The reaction buffer consisted of 1 mM HEPES
Ž .pH 8.2 , 20 mM sodium sulphate and 1 mM EDTA.
Phenol red was added to a final concentration of 25
mgrml. The halogenated compound was added to
apparent concentration of 10 mM to ensure that
dissolved fraction of the substrate is sufficient for the
maximum velocity of dehalogenation reaction. The
substrate-buffer solution was mixed vigorously for
30 s using a vortex mixer and equilibrated for 30
min at room temperature in an orbital shaker to

Ždissolve the substrate dissolved fractions and a sub-
strate losses by evaporation were checked by the gas

.chromatography . Each microplate well received 170
ml of the assay mixture and 40 ml of the enzyme

Žsolution protein concentration 20 mgrml; pH 7.8"
.0.03 . The absorbance was measured at 550 nm and
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258C for 3 min at intervals of 30 s using a Multiscan
Ž .RC 351 microplate reader Labsystems, Finland .

The slope of the plot of absorbance versus time was
used to quantify the rate of dehalogenation. Each
substrate was measured in eight replicates. The enzy-
matic dehalogenation was corrected for abiotic de-
halogenation which was tested in the reaction mix-
ture with the temperature-inactivated LinB enzyme.

2.3. Molecular descriptors

The structures of halogenated substrates were built
in the molecular modelling package InsightII version

Ž .95 MSI, USA and pre-minimised by molecular
mechanics. Full minimisation of the structures was

Table 1
Molecular descriptors used for the characterization of halogenated
substrates

Descriptor name Source

Molecular weight Handbook
Boiling point Handbook
Refractive index Handbook
Density Handbook
Molecular mass TSAR 3.1
Molecular volume TSAR 3.1

Ž .Moment of inertia 1 size TSAR 3.1
Ž .Moment of inertia 2 size TSAR 3.1
Ž .Moment of inertia 3 size TSAR 3.1

Ž .Principal axis of inertia 1 length TSAR 3.1
Ž .Principal axis of inertia 2 length TSAR 3.1
Ž .Principal axis of inertia 3 length TSAR 3.1

Ellipsoidal volume TSAR 3.1
Octanol–water partition coefficient TSAR 3.1
Total lipole TSAR 3.1
Molar refractivity TSAR 3.1
Shape flexibility index TSAR 3.1
Randic topological index TSAR 3.1
Balaban topological index TSAR 3.1
Wiener topological index TSAR 3.1
Sum of E-state indices TSAR 3.1
Total energy VAMP 6.0
Surface area VAMP 6.0
Mean polarizability VAMP 6.0
Heat of formation VAMP 6.0
Energy of the lowest unoccupied VAMP 6.0
molecular orbital
Energy of the highest occupied VAMP 6.0
molecular orbital
Dipole moment VAMP 6.0

Table 2
Halogenated substrates used for two-level factorial design in four

Ž .design variables scores

Number Substrate t t t t1 2 3 4

a64 2-iodobutane q q q q
71 2,3-dichlorobutane q q q q

Ž .148 1-bromomethyl cyclobutane q q q q
Ž .236 1-bromo-2-butene trans q q q q

a55 2-chloropropane y q q q
61 2-bromopropane y q q q

a67 1,2-dichloropropane y q q q
a84 1-bromo-2-methyl-propane y q q q

144 chlorocyclopropane y q q q
146 chlorocyclobutane y q q q
207 3-chloro-1-propene y q q q
208 3-bromo-2-methylpropene y q q q

a209 3-chloro-2-methylpropene y q q q
Ž .233 1-chloro-2-butene trans y q q q

57 2-chloropentane q y q q
63 2-bromopentane q y q q

a69 1,2-dichlorobutane q y q q
70 1,3-dichlorobutane q y q q
83 1-chloro-3-methyl-butane q y q q

a115 chlorocyclohexane q y q q
116 bromocyclopentane q y q q

a117 bromocyclohexane q y q q
118 bromocycloheptane q y q q

aŽ .119 1-bromomethyl cyclohexane q y q q
212 3,4-dichloro-1-butene q y q q

Ž .222 3-chloro-2- chloromethyl -1-propene q y q q
234 1-chloro-3-methyl-2-butene q y q q

a28 1-iodopropane q q y q
a47 1,2-dibromoethane q q y q

74 1,2-dibromobutane q q y q
223 2,3-dibromopropene q q y q

a5 1-chloropentane q q q y
a18 1-bromobutane q q q y

19 1-bromopentane q q q y
a29 1-iodobutane q q q y

30 1-iodopentane q q q y
39 1,4-dichlorobutane q q q y
40 1,5-dichloropentane q q q y

aŽ .111 bis 2-chloroethyl ether q q q y
Ž .213 1,4-dichloro-2-butene trans q q q y
Ž .214 1,4-dichloro-2-butene cis q q q y

229 4-bromo-1-butene q q q y
a48 1,3-dibromopropane q q y y

52 1-bromo-3-chloropropane q q y y
Ž .235 1,4-dibromo-2-butene trans q q y y

bŽ .238c 1,3-dibromopropene cis q q y y
bŽ .238t 1,3-dibromopropene trans q q y y

90 4-chloro-1-butanol q y q y
101 3-chlorobutyrate q y q y
142 4-chlorobutyrate q y q y

a72 1,2-dibromopropane q y y q

( )continued on next page
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Ž .Table 2 continued

Number Substrate t t t t1 2 3 4

75 1,3-dibromobutane q y y q
a76 2-bromo-1-chloropropane q y y q

a80 1,2,3-trichloropropane q y y q
96 1,3-dichloro-2-propanol q y y q
97 1,3-dibromo-2-propanol q y y q
105 2-bromopropionate q y y q
106 2-bromobutyrate q y y q

a154 1,2,3-tribromopropane q y y q
a155 1,2-dibromo-3-chloropropane q y y q

3 1-chloropropane y q q y
a4 1-chlorobutane y q q y

17 1-bromopropane y q q y
a38 1,3-dichloropropane y q q y

112 2-chloroethylvinylether y q q y
a149 2-chloroethylmethylether y q q y

a16 1-bromoethane y q y q
27 1-iodoethane y q y q
95 2-iodoethanol y q y q
114 epibromohydrine y q y q
133 bromoacetonitrile y q y q
145 bromocyclopropane y q y q
147 bromocyclobutane y q y q

Ž .210 1,3-dichloropropene cis y q y q
220 3-bromo-1-propene y q y q

a225 2,3-dichloropropene y q y q
bŽ .239c 1,3-dichloropropene cis y q y q

56 2-chlorobutane y y q q
62 2-bromobutane y y q q

a82 1-chloro-2-methyl-propane y y q q
a138 chlorocyclopentane y y q q

230 3-chloro-1-butene y y q q
85 1,4-dibromo-2-butanol q y y y

a141 4-bromobutyronitrile q y y y
143 4-bromobutyrate q y y y

a37 1,2-dichloroethane y q y y
88 2-chloroethanol y q y y
92 2-bromoethanol y q y y
113 epichlorohydrine y q y y

a137 1-bromo-2-chloroethane y q y y
Ž .211 1,3-dichloropropene trans y q y y

bŽ .239t 1,3-dichloropropene trans y q y y
89 3-chloro-1-propanol y y q y
102 2-chlorobutyrate y y q y

a140 4-chlorobutyronitrile y y q y
131 1-chloroacetone y y y q
86 3-chloro-1,2-propane-diol y y y y
93 3-bromo-1-propanol y y y y
98 chloroacetate y y y y
99 3-chloropropionate y y y y
100 2-chloropropionate y y y y
103 bromoacetate y y y y
104 3-bromopropionate y y y y
107 iodoacetate y y y y

a132 chloroacetonitrile y y y y

Ž .Table 2 continued

Number Substrate t t t t1 2 3 4

157 2-chloroacetamide y y y y
158 2-bromoacetamide y y y y

c54 1,3-diiodopropane

aSubstrates selected for testing by multivariate experimental
design.

bCompound in racemate 3-chloro-1,2-propane-diol-3-chloro-
1,2-propanediol.

cSubstrate excluded from the experimental design due to its
extreme properties, but added to the testing set.

achieved by BFGS algorithm and AM1 Hamiltonian
in the semi-empirical program MOPAC version 6.0
Ž .Stewart, 1990 . The keyword PRECISE was used
for minimisation. Molecular descriptors were calcu-
lated with the programs TSAR version 3.0 and

Ž .VAMP version 6.0 Oxford Molecular, Great Britain
after aligning the molecules according to their mo-
ments of inertia. The set of 24 calculated descriptors
was extended by 4 physico-chemical properties com-

Ž .piled from the Sigma-Aldrich Handbook Table 1 .
The complete data matrix used in multivariate ex-
perimental design consisted of 194 halogenated
compounds and 28 molecular descriptors. Data is
available at http:rrwww.chemi.muni.czr; jirir
DATASETSrdataset html.

2.4. MultiÕariate experimental design

Ž . ŽPrincipal Component Analysis PCA Wold et
.al., 1987 was applied to a data matrix with 194

halogenated substrates as objects and 28 molecular
Ž .descriptors as variables Table 1 . The compounds

Žshowing outlying behaviour in PCA diiodinated and
.long-chained , the compounds which are known not

to be substrates for the haloalkane dehalogenases
Žhalogenated on an sp2 carbon atom, polyhalo-
genated on a single carbon atom, fluorinated and

.aromatic and the compounds with unsuitable
Žphysico-chemical properties poorly soluble in water,

.extremely volatile and rapidly hydrolysing were
omitted from the data matrix. The new data matrix
used for the design consisted of 28 variables and 107

Ž .objects Table 2 . A set of four latent variables,
called scores, that summarize the original variables
in a data matrix were constructed and used as the
principal properties for 24 factorial design. Centering
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and autoscaling procedures were applied to the data
prior to PCA.

3. Results and discussion

3.1. Optimisation of the microplate dehalogenation
assay

Ž .The method of Holloway et al. 1998b was
adapted for rapid semi-quantitative screening of
haloalkane dehalogenase activity. The purified histi-
dine-tagged haloalkane dehalogenase from S. pauci-

Ž .mobilis UT26 Nagata et al., 1999 was used as a
biocatalyst. The volumes of the reaction mixture
Ž . Ž .200 ml and phenol red concentration 20 mgrml
used by Holloway et al. were kept constant, while
the volume of the enzyme solution was raised from 4
to 40 ml. The enzyme concentration was varied

Ž .between 3 used in gas chromatography assay and
30 mgrml. The length of the measurements was
varied between 10 and 45 min, while the time inter-
vals were varied between 30 s and 3 min. Low
protein concentration showed worse reproducibility,
while long measurement time resulted in the non-lin-
ear production of Hq ions for substrates with high

Ž .activity in later times of the assay Fig. 1 . This

non-linearity could be due to continuous evaporation
of the substrate andror its fast conversion to the
product. The enzyme concentration of 20 mgrml,
measurement time of 3 min and time intervals of 30
s provided the best results. The number of replicates
was also optimised. Initially, the biotic dehalogena-
tion was assessed in five wells and the control in
three wells. Three replicates for abiotic control were
found to be insufficient to get reliable results and
consequently both biotic and abiotic dehalogenation
were assayed in eight replicates. It has proven to be
difficult to obtain precise absolute values in the
measurements performed on different days presum-
ably due to slightly different testing conditions and
continuous inactivation of the enzyme with time.
Therefore, all activities were related to the reference
compound 1-chlorobutane, which is being included
in every measurement.

The optimised spectrophotometric assay was vali-
dated against steady-state kinetic constants. The ac-
tivities of LinB with 17 halogenated substrates were
determined by the pH method and compared with the
catalytic constants k determined using the gascat

Ž .chromatography Fig. 2 . The value of Spearman’s
correlation coefficient calculated for 17 data points is
0.84 at p-level 0.00003, indicating significant corre-
lation between the results from semi-quantitative

Ž .Fig. 1. Decrease of pH over time by the dehalogenating activity of LinB. Tested substrates: 1-chlorobutane triangles ; 1,3-dichloropropane
Ž . Ž . Ž . Ž .empty circles ; 2-chloropropane crosses ; 1,2-dibromoethane squares ; and 1,2-dibromopropane filled circles . Note the non-linear
response for the highly active substrate 1,2-dibromoethane. The dotted line indicates the optimised measurement time providing a sufficient
number of data points within the linear region.
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Fig. 2. Comparison of the catalytic constants k determined by gas chromatography with relative activities determined using the microplatecat

colorimetric method. All values are recalculated with regards to activity determined for 1-chlorobutane.

spectrophotometric assay and quantitative gas chro-
matographic assay. Validation of the optimised spec-
trophotometric assay revealed the problems with the
substrates showing no activity with LinB. A false-
positive result was obtained with 2-chloropropane,
which cannot be dehalogenated by the LinB enzyme.
Current assay cannot reliably distinguish between the
substrates dehalogenated by low rates and the sub-
strates which are not converted by the enzyme at all.

3.2. Selection of compounds for testing

The purpose of multivariate experimental design
is to select from the database of potential substrates
the best representatives for experimental testing. The
starting database of potential substrates consisted of
194 halogenated compounds. These compounds were
characterised by 28 molecular descriptors quantify-
ing the size, the hydrophobicity and the electronic

Ž .properties of the molecules Table 1 . PCA revealed
several outlying compounds, e.g. long-chained or
di-iodinated, which were excluded from the design.
Several other substrates discussed in the methods
section were excluded from the initial data set. PCA
applied to this pre-selected data matrix yielded 10
statistically significant components altogether ex-
plaining 96% of the data variance. The first four
components used for experimental design explained
35%, 18%, 16% and 11% of the data variance,

respectively. The plot of the scores calculated for the
first two components is shown in Fig. 3. The first
component is primarily made up of descriptors char-
acterising the molecules in terms of their size while
the second component is made up of electronic
descriptors. The scores of the third and the fourth
principal component are presented in Fig. 4.
Physico-chemical descriptors compiled from the
chemical handbook together with the topological in-
dexes calculated using the program TSAR are the
major determinants of the third component. The
fourth component is difficult to assign to the particu-
lar group of descriptors. The score values extracted

Ž .from the PCA were converted to binomial qry
form and used for two-level factorial design in four

Ž 4.design variables 2 . The compounds for experi-
mental testing were selected in such a way as to
cover all possible combinations of plus and minus
signs and to span the property space defined by the

Ž .score plots Figs. 3 and 4 . The number of com-
pounds selected for experimental testing was accom-
modated to the number of wells in a plate and the
desired number of replicates. The list of 34 selected
compounds is provided in Table 2.

3.3. Characterization of haloalkane dehalogenase
mutants

The optimised colorimetric assay and the set of 34
substrates were used for characterization of the wild
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Fig. 3. PCA score plot with the score t plotted against the score t . The compounds selected for experimental testing are indicated by the1 2
Ž .filled symbols. The compounds in the region indicated by a dashed line carboxylic acids were omitted from the experimental design since

they were found unsuitable for experimental testing due to their low pH.

type enzyme LinB and its point mutants F151L,
F154L and F169L. The purpose was to test the
applicability of the assay for the systematic charac-
terisation of modified proteins. Investigated mutants

Žwere designed by computer modelling Damborsky
.and Koca, 1999 and constructed by site-directed

mutagenesis. The mutant F151L was characteristic
by its worse activity with all chlorinated substrates,

but improved activity with brominated and iodinated
Ž .ones Fig. 5 . The exception were the short-chain

Žbrominated substrates 1-bromoethane compound
. Ž .16 , 1,2-dibromoethane compound 47 and 1-

Ž .bromo-2-chloroethane compound 137 , which
showed reduced dehalogenation by this protein. The
mutant F154L showed improved activity with nearly

Ž .all compounds Fig. 5 . Diminished activity was

Fig. 4. PCA score plot with the score t plotted against the score t . The compounds selected for experimental testing are indicated by the3 4

filled symbols.
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Fig. 5. Comparison of the activity profiles for the wild type LinB, and its mutants F151L, F154L and F169L. All activities are related to the
Ž .activity of wild type enzyme with 1-chlorobutane 100% . Specific activities with 1-chlorobutane determined by gas chromatography are

y1 y1 Ž . y1 y1 Ž . y1 y1 Ž . y1 y1 Ž .11.2 nmol s mg wt , 6.43 nmol s mg F151L , 15.61 nmol sec mg F154L and 2.68 nmol sec mg F169L .

Ž .observed only with 1-iodopropane compound 28 ,
Ž .1,2-dibromopropane compound 72 , 1-bromo-2-

Ž .methylpropane compound 84 , 1,2,3-tribromopro-
Ž .pane compound 154 and 3-chloro-2-methylpropene

Ž .compound 209 . All these compounds are
propanesrpropenes and all but 1-iodopropane carry
substituent on Cb. The highest improvement in the
activity of F154L was observed for iodinated sub-

Ž .strates compounds 29, 54 and 64 . F169L differed

in its specificity from both previously discussed mu-
Ž .tants Fig. 5 . Worse catalytic activity was observed

with many chlorinated and brominated substrates
while improved activity was noted for all iodinated

Ž .substrates compounds 28, 29, 54 and 64 , 1-
Žbromoethane and 1-bromobutane compound 16 and

. Ž .18 , 1,2-dibromoethane compound 47 and 4-
Ž .bromobutyronitrile compound 141 . The effect of

mutation on the specificity of constructed mutant
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enzymes is apparently very different for the three
mutants exemplified in this study. Systematic charac-
terisation of the mutant enzymes with structurally
different substrates is the best way to evaluate the
impact of mutation on protein activity and speci-
ficity.

In summary, we have optimised the previously
developed colorimetric microplate method for activ-
ity testing with haloalkane dehalogenase LinB. Mul-
tivariate experimental design was used to systemati-
cally select the substrates for experimental testing.
This selection is specifically adjusted to characterise
the LinB enzyme and its mutants, but generated
molecular descriptors can conveniently be used for
the design suitable for other specificity-classes of
haloalkane dehalogenases. The applicability of the
assay for exhaustive and systematic characterization
of LinB mutants was confirmed with three single-
point mutants of this enzyme. The assay will be used
for future characterization of LinB mutants which
are in preparation.

Acknowledgements

This project was financially supported by the
ŽCzech Ministry of Education J07r98:143100005

.and LN00A016 . R. Turland, B.A. from the Interna-
tional Language School is acknowledged for help
with the linguistic revision of the manuscript.

References

Ž .Cleland, J.L., Craik, C.S. Eds. 1996. Protein Engineering: Prin-
ciples and Practise. Wiley, New York.

Damborsky, J., Koca, J., 1999. Analysis of the reaction mecha-
nism and substrate specificity of haloalkane dehalogenases by
sequential and structural comparisons. Protein Eng. 12, 989–
998.

Damborsky, J., Nyandoroh, M.G., Nemec, M., Holoubek, I., Bull,
A.T., Hardman, D.J., 1997. Some biochemical properties and
classification of a range of bacterial haloalkane dehalogenases.
Biotechnol. Appl. Biochem. 26, 19–25.

Holloway, P., Knoke, K.L., Trevors, J.T., Lee, H., 1998a. Alterna-
tion of the substrate range of haloalkane dehalogenase by
site-directed mutagenesis. Biotechnol. Bioeng. 59, 520–523.

Holloway, P., Trevors, J.T., Lee, H., 1998b. A colorimetric assay
for detecting haloalkane dehalogenase activity. J. Microbiol.
Methods 32, 31–36.

Hynkova, K., Nagata, Y., Takagi, M., Damborsky, J., 1999.
Identification of the catalytic triad in the haloalkane dehaloge-
nase from Sphingomonas paucimobilis UT26. FEBS Lett. 446,
177–181.

Nagata, Y., Hynkova, K., Damborsky, J., Takagi, M., 1999.
Construction and characterization of histidine-tagged

Ž .haloalkane dehalogenase LinB of a new substrate class from
a g-hexachlorocyclohexane-degrading bacterium, Sphin-
gomonas paucimobilis UT26. Protein Expression Purif. 17,
299–304.

Ž .Oxender, D.L., Fox, C.F. Eds. 1987. Protein Engineering. Alan
R. Liss, New York.

Pries, F., Kingma, J., Pentega, M., Van Pouderoyen, G., Jeron-
imus-Stratingh, C.M., Bruins, A.P., Janssen, D.B., 1994. Site-
directed mutagenesis and oxygen isotope incorporation studies
of the nucleophilic aspartate of haloalkane dehalogenase. Bio-
chemistry 33, 1242–1247.

Pries, F., Kingma, J., Janssen, D.B., 1995a. Activation of an
Asp-124™Asn mutant of haloalkane dehalogenase by hydro-
lytic deamidation of asparagine. FEBS Lett. 358, 171–174.

Pries, F., Kingma, J., Krooshof, G.H., Jeronimus-Stratingh, C.M.,
Bruins, A.P., Janssen, D.B., 1995b. Histidine 289 is essential
for hydrolysis of the alkyl-enzyme intermediate of haloalkane
dehalogenase. J. Biol. Chem. 270, 10405–10411.

Schanstra, J.P., Ridder, I.S., Heimeriks, G.J., Rink, R., Poe-
larends, G.J., Kalk, K.H., Dijkstra, B.W., Janssen, D.B., 1996.
Kinetic characterization and X-ray structure of a mutant of
haloalkane dehalogenase with higher catalytic activity and
modified substrate range. Biochemistry 35, 13186–13195.

Schindler, J.F., Naranjo, P.A., Honaberger, D.A., Chang, C.H.,
Brainard, J.R., Van der Berg, L.A., Unkefer, C.J., 1999.
Haloalkane dehalogenases: steady-state kinetics and halide
inhibition. Biochemistry 38, 5772–5778.

Stewart, J.J.P., 1990. MOPAC Manual v 6.0. Quantum Chemistry
Program Exchange.

Swanson, P.E., 1999. Dehalogenases applied to industrial-scale
biocatalysis. Curr. Opin. Biotechnol. 10, 365–369.

Wold, S., Esbensen, K., Geladi, P., 1987. Principal Component
Analysis. Chemometr. Intell. Lab. Syst. 2, 37–52.


