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ABSTRACT. Haloalkane dehalogenases are microbial enzymes that cleave a -€hdiogen bond in
halogenated compounds. The haloalkane dehalogenase LinB, isolate&giongomonas paucimobilis
UT26, is a broad-specificity enzyme. Fifty-five halogenated aliphatic and cyclic hydrocarbons were tested
for dehalogenation with the LinB enzyme. The compounds for testing were systematically selected using
a statistical experimental design. Steady-state kinetic con¥araadk...were determined for 25 substrates

that showed detectable cleavage by the enzyme and low abiotic hydrolysis. Classical quantitative-structure
activity relationships (QSARs) were used to correlate the kinetic constants with molecular descriptors
and resulted in a model that explained 94% of the experimental data variability. The binding affinity of
the tested substrates for this haloalkane dehalogenase correlated with hydrophobicity, molecular surface,
dipole moment, and volume:surface ratio. Binding of the substrate molecules in the active site pocket of
LinB depends nonlinearly on the size of the molecules. Binding affinity increases with increasing substrate
size up to a chain length of six carbon atoms and then decreases. Comparative binding energy (COMBINE)
analysis was then used to identify amino acid residues in LinB that modulate its substrate specificity. A
model with three statistically significant principal components explained 95% of the experimental data
variability. van der Waals interactions between substrate molecules and the enzyme dominated the
COMBINE model, in agreement with the importance of substrate size in the classical QSAR model.
Only a limited number of protein residues{8%) contribute significantly to the explanation of variability

in binding affinities. The amino acid residues important for explaining variability in binding affinities are

as follows: (i) first-shell residues Asn38, Asp108, Trp109, Glul32, lle1l34, Phel43, Phel51, Phel69,
Vall73, Trp207, Pro208, lle211, Leu248, and His272, (ii) tunnel residues Prol44, Aspl147, Leul77, and
Ala247, and (iii) second-shell residues Pro39 and Phe273. The tunnel and the second-shell residues represent
the best targets for modulating specificity since their replacement does not lead to loss of functionality by
disruption of the active site architecture. The mechanism of molecular adaptation toward a different
specificity is discussed on the basis of quantitative comparison of models derived for two protein family
members.

Haloalkane dehalogenases (EC 3.8.1.5) are microbialremoval of intermediates of chemical synthes®s &nd in
enzymes that cleave a carbelmalogen bond in halogenated biosensors. However, since haloalkane dehalogenases show
alkanes, cycloalkanes, alkenes, selected ethers, and alcoholew or no activity toward some industrially important
(1). Haloalkane dehalogenases act by a hydrolytic mechanismsubstrates, they are also targets for protein engineering
involving use of a water molecule as the only cosubstrate. studies.

The enzymes can be used for the protection of the environ-

o o X X Structurally, haloalkane dehalogenases belong toufie
ment, e.g., in bioremediation of contaminated aresif y g g todA

hydrolase superfamilj. The core of each enzyme is similar
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to their different substrate specificitie5)( Each of these
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and for construction of robust quantitative models:

@

categories has its own representative with known three- formulation of the class of similar compounds, (ii) multi-

dimensional structure: DhiArom Xanthobacter autotrophi-
cusGJ10 6), DhaA fromRhodococcus rhodochrotCIMB
13064 {7), and LinB fromSphingomonas paucimobili$T26

variate characterization and definition of design variables,

(i) selection of a training set of representative compounds,
(iv) experimental determination of kinetic constants, (v)

(8). The ratio of active site volumes for these three classical QSAR derivation, and (vi) construction of COM-
representatives (DhlA:DhaA:LinB) was determined to be 1:2: BINE models.
2.5 ). The distinct substrate specificities for the three classes Selection of Compounds for Testifidhe starting class of
of haloalkane dehalogenases are mainly due to differenceshalogenated compounds consisted of 196 chlorinated, bro-
in (i) the composition and geometry of the active site, (i) minated, iodinated, and fluorinated hydrocarbons compiled in
the halide-stabilizing residues, and (iii) the entrance tunnel our in-house database (http://loschmidt.chemi.muni.cz/peg/).
connecting the active site with the protein surface. Substances with physicochemical properties preventing reli-
Quantitative structureactivity relationship (QSAR) ap-  able determination of kinetic constants under laboratory
proaches relate experimental or calculated structural proper-conditions or containing a substructure known to resist
ties of organic molecules to their biological activities. QSAR catalysis by the haloalkane dehalogenases were excluded:
studies identify critical relationships between properties and (i) compounds in the gas state under laboratory conditions,
the geometric and chemical characteristics of a molecular (i) compounds for which the logarithm of the octareVater
system. A number of models have been developed for partition coefficient is greater than 4, and (iii) fluorinated
enzymatic and microbial catalysis (for reviews, see refs compounds, (iv) compounds with more than one halogen
9—-12). Most of the published models are only qualitative, bound to a single carbon atom, and (v) compounds bearing
as a major obstacle to the development of quantitative modelsa halogen substituent on an?sparbon atom. The set of
is the lack of uniformly measured data for large numbers of compounds entering the experimental design after this initial
compounds. This prerequisite is essential if a reliable preselection comprised 116 compounds.
statistical analysis is to be attempted to validate the resulting Multivariate Characterization and Definition of Design
model. Variables.The structures of the halogenated substrates were

Comparative binding energy (COMBINE) analysik3( built_ using the molecular modeling pz_ickage Insight 11,
is a technique for deriving QSARs from a set of three- Version 95 (Accelrys), and then prerefined by molecular
dimensional structures of enzymitigand complexes. COM- ~ Mechanics optimization. Full energy minimization of the
BINE analysis was originally applied to enzymimhibitor structures was achieved by the BFGS algorithm, as imple-
interactions in the drug design field, whereas its applicability mented in the semiempirical quantum mechanical program
to studying enzymesubstrate binding and to protein design MOPAC (18) using the AM1 Hamiltonian and PRECISE
has been tested more recently{17). Thus, a COMBINE stopping criteria. Molecular descr!ptors for muItwanaFe
model was constructed for DhIALg) that quantitatively charactenzaqon were calculated with TSAR coupled with
accounted for 91% (73% cross-validated) of the variance in VAMP, version 3.1 (Oxford Molecular). The set of 24
the apparent dissociation constants of 18 substrates and@lculated descriptors was complemented by four physico-
identified the residues contributing most significantly to the chemical properties compiled from the Sigma-Aldrich hand-
substrate specificity of this haloalkane dehalogenase. Later,POok (Table 1).
this model was further improved by the use of automated Selection of a Training Set of RepresentatCompounds.
molecular docking techniques and quantum mechanical Experimental design was used for selection of the training
calculations in the construction of the enzyrmeibstrate ~ Set. Principal component analysis (PCA) was applied to a
complexes 16). In this report, we simultaneously apply data matrix containing 116 halogenated compounds (objects)
classical QSAR techniques and COMBINE analysis to @nd 28 physicochemical descriptors (independent variables).

quantitatively analyze substrate specificity in the haloalkane The data were centered and scaled to unit variance prior to
dehalogenase LinB. PCA. Ten compounds detected as outliers in PCA were

excluded from the data set to improve data homogeneity.
Upon recalculation of the model, four latent variables (scores)
) o ) that summarize the original variables in the data matrix were

A chemometric strategy consisting of the following steps constructed and used as principal properties forfacorial
was applied for optimal selection of the substrates for testing design.
Determination of Kinetic Constants and Reaction Prod-

1 Abbreviations: AM1, Austin model 1; COMBINE, comparative  UCtS.Kinetic experiments were conducted with LinB purified
giﬁdgng enefggr;ﬂﬂk Cri]e?Sitﬁf Dthﬁ Taloa|kanef g;hakt)gtenaﬁ? from to homogeneity as described previoudl9,(20). Michaelis—

oaococcusl , Naloalkane denalogenase 1ron autotropnicus H H H Pnitialo .
GJ10; DIP, dipole moment: EST, sum of E-state indices: GC, gas Menten kinetic constants were estimated by initial-velocity _
chromatography; GEMS, gas chromatographynass spectrometry; megsurements. Gas chromatography was used for determi-
HF, heat of formation; LinB, haloalkane dehalogenase frém nation of substrate and product concentrations. A dehaloge-
pa“f‘;!".‘Obt'“iﬂbzg? logP, 'O%f’}ﬂthfl“ of tthe OCt"?‘”gwatFr Plart't'ot;‘_t . nation reaction was performed in 25 mL Reacti-Flasks closed
coertticient; , energy o € lowest occupled molecular orpital; P T .
MM, molecular mass; MR, molar refractivity; MV, molecular volume; by Mmmer? Valves' Ten m|_II|I|ters of glycine buffer (pH
MW, molecular weightn, refractive index; PC, principal component; 8.6) was mixed with seven different substrate concentrations.
PCA, principal component analysis; PLS, partial least-squares projection The highest concentration of substrate in the glycine buffer
to latent structures; POL, polarizability; QSAR, quantitative structure also served as an abiotic control. The reaction mixture was
activity relationship;Q?, cross-validated correlation coefficierR, - L .

y P:Q " equilibrated for 30 min in a shaking water bath at 37

molecular volume:surface rati?, correlation coefficient; SA, surface | eIt > ! )
area; TE, total energy; VIP, variable importance in projection. prior to initiation of the reaction. The enzymatic reaction

METHODS
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Table 1: Molecular Descriptors Used for Experimental Design and samples at 0, 20, and 30 min periods. The samples were

Model Construction

abbreviation descriptor name units source
MW molecular weight handbook
bp boiling point °C handbook
n refractive index handbook
D density g/mL handbook
MM molecular mass g/mol TSAR 3.1
MV1 molecular volume (tsar) TSAR 3.1
M1-3s moments of inertia-13 (size) ~ x103%°g/cn? TSAR 3.1
M1-3l principal axes of inertia43 A TSAR 3.1
(length)
EV ellipsoidal volume A TSAR 3.1
logP1 octanotwater partition TSAR 3.1
coefficient
LIP total lipole TSAR 3.1
MR molar refractivity TSAR 3.1
PHI shape flexibility index TSAR 3.1
RAN Randic topological index TSAR 3.1
BAL Balaban topological index TSAR 3.1
WIE Wiener topological index TSAR 3.1
EST sum of E-state indices TSAR 3.1
SA surface area A TSAR 3.1
POL1 polarizability (tsar) A TSAR 3.1
TE total energy eV TSAR 3.1
HF heat of formation kcal/mol TSAR 3.1
LUMO energy of LUMO eV TSAR 3.1
HOMO energy of HOMO eV TSAR 3.1
DIP total dipole debye TSAR 3.1
MV2 molecular volume (volsurf) A VOLSURF 2.0
S molecular surface A VOLSURF 2.0
R molecular volume:surface ratio A VOLSURF 2.0
G molecular globularity VOLSURF 2.0
W1-8 hydrophilic regions A VOLSURF 2.0
energy level +8
Iwl-8 integy moments 48 A VOLSURF 2.0
Cwil-8 capacity factors 8 A VOLSURF 2.0
Eminl—3 local interaction kcal/mol VOLSURF 2.0
energy minima £3
D12,13,23 local interaction energy VOLSURF 2.0
minimum distance 12,13,23
D1-8 hydrophobic regions 3 VOLSURF 2.0
at energy level £8
ID1-8 hydrophobic integy A VOLSURF 2.0
moments 18
HL1-2 hydrophilic-lipophilic VOLSURF 2.0
balances 1 and 2
A amphiphilic moment A VOLSURF 2.0
CP critical packing parameter VOLSURF 2.0
POL2 polarizability (volsurf) A VOLSURF 2.0
CME conformation minimum energy  kcal/mol MOPAC 6.0
EA electron affinity eV MOPAC 6.0
SE steric energy kcal/mol MOPAC 6.0
BL bond length of a €X bond MOPAC 6.0
BO bond order of a €X bond MOPAC 6.0
BS bond strain of a €X bond kcal/mol MOPAC 6.0
Qe partial charge on au MOPAC 6.0
atom X and C
HOMO,. HOMO density on MOPAC 6.0
atom X and C
LUMOy. LUMO density on MOPAC 6.0
atom X and C
EFDyc electrophilic frontier density MOPAC 6.0
on atom X and C
NFDy ¢ nucleophilic frontier density MOPAC 6.0
on atom X and C
RFDyc radical frontier density MOPAC 6.0
on atom X and C
ESD, ¢ electrophilic superdelocalizabilitgV-* MOPAC 6.0
on atom X and C
NSDy ¢ nucleophilic superdelocalizabiliteV—* MOPAC 6.0
on atom X and C
RSD ¢ radical superdelocalizability ev1! MOPAC 6.0
on atom X and C
logP2 octanotwater partition SAR 3.0
coefficient (sar)
Swil water solubility (based on logP)  mol/L SAR 3.0
Sw2 water solubility (based mol/L SAR 3.0

on logP and mp)

was initiated by adding 100L of the enzyme preparation.
The reaction progress was followed by withdrawing 0.5 mL Optimal orientations were selected by visual inspection of

mixed with 0.5 mL of methanol to terminate the reaction
and directly applied to a gas chromatography apparatus
equipped with a flame ionization detector (Hewlett-Packard
6890). The DB-FFAP capillary column [30 m 0.25 mm

x 0.25 um (J&W Scientific)] was used for separation.
Samples were injected by using a split technique (split ratio
of 50:1). The temperature program was isothermal and was
dependent on the character of the analyzed compdgnd.
andk.q values with their standard deviations were calculated
by the method of least squares with relative weighting using
LEONORA, version 1.0. The enzymatic reaction products
were identified by comparison of retention times of identical
standards, corresponding alcohols, or by mass spectrometry.
For gas chromatographymass spectrometry (GE&VIS)
analysis, the reaction mixture was extracted with A0®f
chloroform and injected into a GEMS system (Hewlett-
Packard 6890) equipped with a DB-5MS capillary column.
Split injection, isothermic analysis at 8C, and scan mode
atm/z 25—200 were used for evaluation of the mass spectra
of dehalogenation products.

Construction of Classical QSAR ModelBhe set of 28
descriptors used for the experimental design was comple-
mented with 54 descriptors computed with VOLSURF,
version 2.0 (Multivariate Infometric Analysis), which are
potentially useful for modeling of enzymesubstrate as-
sociation, 24 quantum mechanical descriptors computed with
MOPAC, version 6.041), for description of the dehaloge-
nation, and three descriptors computed with SAR, version
3.0 (BioByte), for description of substrate desolvation (Table
1). Water and DRY probes with eight energy levels were
used in the VOLSURF calculations, while the AM1 Hamil-
tonian and the PRECISE stopping criteria were used in
MOPAC calculations. The models were developed for
logarithmically transformed, constants by means of partial
least-squares projection to latent structures (PLS), as imple-
mented in SIMCA-P, version 10.0 (Ume-Tri). The data
matrix was mean-centered and scaled to unit variance prior
to PLS analysis.

Construction of COMBINE Modeld he crystal structure
of the LinB enzyme (PDB entry 1D07) was obtained from
the Protein Data Bank. Polar hydrogen atoms were added
using WHATIF version 5.022). His272 was singly proto-
nated on N in accordance with its catalytic function.
Nonpolar hydrogen atoms were added using AMBER version
5.0 (University of California, Berkeley, CA). The structures
of the enzyme-substrate complexes were prepared using an
automated docking procedure implemented in AUTODOCK
version 3.0 23). Grid maps were calculated for the atom
types present in the substrates using881 x 81 grid points
and a grid spacing of 0.25 A. A Lamarckian genetic
algorithm was employed for docking with a population of
50 individuals, a maximum number of 1.6 10° energy
evaluations, a maximum number of generations of 27 000,
an elitism value of 1, a mutation rate of 0.02, and a crossover
rate of 0.80. The local search was based on a pseudo-Solis
and Wets algorithm24) with a maximum of 300 iterations
per local search. Fifty docking runs were performed for each
enzyme-substrate complex. Calculated substrate orientations
from each run were clustered with the clustering tolerance
for the root-mean-square positional deviation set to 0.5 A.
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enzyme-substrate structures, paying attention to the spatial pounds for testing a difficult task. Proper selection of
position of atoms reacting during the dehalogenation reaction. potential substrates is important because data homogeneity
The geometry of the selected enzynsubstrate complexes  determines the robustness and validity of structativity
was optimized using AMBER version 5.0 and the Cornell models. Experimental statistical design is meant to optimize
et al. molecular mechanics force fiel25j. Before minimiza- selection of substrates for QSAR modeling by selecting the
tion, crystallographically resolved water molecules were substrates that represent a broad variety of chemical struc-
added to the enzymesubstrate complexes. Water molecules tures yet are not too different to prevent construction of a
making steric clashes with docked substrate molecules weremathematical model quantitatively describing relationships
deleted. One hundred steps of steepest descent were followethetween the structure and biological activity (or substrate
by conjugate gradient energy minimization until the root- specificity, as in the present case). PCA was used for
mean-square value of the potential energy gradient was lesscomparison of the halogenated compounds in terms of their
than 0.1 kcal mol* A=1. The nonbonded cutoff was set to  physicochemical and structural properties. PCA applied on
10 A, and a distance-dependent dielectric constant 4r;) a homogeneous data set of 106 halogenated compounds and
was employed. The enzymsubstrate interaction energy in 28 molecular descriptors resulted in four significant principal
the presence of the surrounding solvent together with the components each explaining 37, 16, 14, and 12% of data
change in desolvation energies of the substrate and thevariability, respectively. Score plots show clustering of the
enzyme upon binding was estimated. The approach for compounds according to their properties (Figure 1). The first
calculating the electrostatic contributions to the free energiesprincipal component separates compounds by their size (most
of binding and the changes in enzyme and substrate solvatiorsignificant descriptors being MV, SA, MR, TE, MW, MM,
energies upon binding requires solving the linear form of M2s, and M3s), whereas the second component does so using
the PoissorBoltzmann equation and has already been electronic and physicochemical properties (LUMD,and
described in detaill4). The statistical method PL2§) was n). The third principal component captures the shape and
used for identification and ranking of interactions important mass of the molecules (M2I, M1l, M3l, and M1s), while the
for the differences in apparent dissociation constants amongfourth component is made of hydrophobicity and electronic
substrates. The matrix of variables consisted of either 594 descriptors (logP, HF, EST, and DIP). The principal com-
columns (van der Waals and electrostatic energy contribu- ponents derived were used as the design variables' in 2
tions for 296 amino acid residues plus two energy contribu- fractional design assuming two level$ @nd —) for four
tions from one catalytic water molecule) or 1753 columns different variables (PC1PC4). The purpose is to select the
(matrix above plus energy contributions from 1159 crystal- best representatives for the entire data set. Classification of
lographically resolved water molecules) and 25 rows (en- the compounds according to design variables is presented
zyme—substrate complexes). The dependent varighias in Table 2. Overall, 50 compounds were selected for
represented by 25 logarithmically transformed values of the experimental testing to cover all possible classes and enriched
apparent dissociation constanks;,. The X variables with by five additional compounds: 1-chloroheptane (7), 1-chlo-
low-magnitude energies and variance were eliminated from rooctane (8), 1-iodohexane (31), 2-bromobutyrate (106), and
the data matrix (cutoff of 10). All PLS models were 1,3-dibromopropene (238). Steady-state kinetic constants
constructed using the statistical program SIMCA 8.0 (Umet- were determined for 25 compounds. Kinetic parameters could
rics). The quality of the models was described by the not be determined for 18 compounds which did not serve as
correlation coefficientR?) and by the cross-validated cor- substrates for LinB, seven compounds that showed high
relation coefficient Q?). R? is a descriptor of the quality of  abiotic hydrolysis, and five compounds that exhibited
fit and takes values up to a maximum of 1, which corre- nonlinear kinetics (Table 3).
sponds to a perfect fit. A value higher than 0.5 is generally ~ Construction of QSAR Model§he outputs from the
considered to be statistically significar®? provides an experimental statistical design and PCA enable qualitative
estimate of the predictive power of a model, with a value structure-activity relationships to be established. The dis-
higher than 0.4 being generally considered statistically tribution of compounds that are dehalogenated by LinB in
significant. comparison to the compounds that resist dehalogenation in
the scores plots enables identification of the structural
Z(yica|c— yiobf properties important for hydrolytic dehalogenation by this
R—1_ [ enzyme. Many compounds that undergo dehalogenation by
- LinB are concentrated on the right side of Figure 1A,
z(yiobs_ yimea,)2 indicating that larger molecules are preferred substrates for
I LinB. Horizontal separation in the same plot also seems to
be relevant for activity. Dibrominated substrates with a low

Z(yipred_ YionZ energy of the lowest unoccupied molecular orbital (LUMO)
Qz =1 : positioned at the very top of the figure are dehalogenated
’ by LinB with high catalytic rates. In Figure 1B, the
Z(yiobs_ Yimean compounds that serve as substrates for LinB are positioned
I

left-most and right-most in the figure, and they are separated
RESULTS by compounds that resist dehalogenation positioned in the
middle of the plot. The dependence of the dehalogenation

Statistical Experimental Design and Kinetic Characteriza- on the shape of the molecules is apparently more complex
tion. Haloalkane dehalogenase LinB shows an extremely than the relation to size. The smaller groups of structurally
broad substrate rangd)( which makes selection of com- similar compounds are easier to examine (Table 2). Some
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Ficure 1: Clustering of halogenated compounds based on their molecular structures and physicochemical properties in the scores plot of
t1 vst; (A) andtz vst, (B). Compounds dehalogenated by LinB are represented with white circles, compounds not acting as substrates with
black circles, compounds with fast hydrolysis with asterisks, and compounds not selected for testing with crosses. The numbering of compounds
is presented in Table 4. Dashed lines indicate the position of origin.

of the classes in the table contain primarily compounds that Log K, values were initially correlated with one descriptor
serve as substrates for LinB (classes 1, 5, 10, 11, and 16)at a time using linear regression analysis. Significant
while others contain inhibitors (classes 3 and 9). Both classescorrelation R = 0.5,N = 25) was observed for parameters
of inhibitors contain saturated (class 3) or unsaturated (classrelated to the hydrophobicity and size of the molecules:
9) compounds with substituents at theposition. octanot-water partition coefficient (logP;R? = 0.60),
Quantitative analysis oK, constants was conducted to polarizability (POL; 0.58), molar refractivity (MR; 0.55),

determine the structural parameters of substrates that ardRandic index (RAN; 0.55), molecular volume:surface ratio
important for binding. It was assumed that the differences (R; 0.53), and molecular volume (MV; 0.50). Two com-
in K, values capture, to a large extent, differences in binding pounds, bis(2-chloroethyl)ether (111) and chlorocyclohexane
affinities. This concept was proven in the similar analyses (115), showed binding affinities significantly higher than
conducted for the haloalkane dehalogenase DA\ 16). those predicted from their hydrophobicity and size. Outlier
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Table 2: Classification of the Substrates According td-actorial Design Variables
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behavior was especially apparent for chlorocyclohexane
(115), which has size and hydrophobicity similar to those
of its brominated analogue bromocyclohexane (116), but a
1 order of magnitude highé¢,, (Table 3). Kinetic measure-
ments were repeated with bis(2-chloroethyl)ether (111),
chlorocyclohexane (115), and bromocyclohexane (116), but
the determined values did not differ significantly from the
original data (not shown).

The PLS method was then applied to investigate whether
a combination of structural parameters could better explain
variability in K. Model M1, based on the octarelvater
partition coefficient (logP), surface area (SA), polarizability
(POL), dipole moment (DIP), and molecular volume:surface
ratio (R), explained 72% quantitative variance (68% cross-
validated) in dissociation constants (Table 4). Comparison
of the predicted versus observé&g, values revealed poor
prediction for chlorocyclohexane and nonlinear dependence
of Ky on descriptors used in the model (Figure 2, inset). All
attempts to explain the low affinity of binding of chlorocy-
clohexane by additional descriptors were unsuccessful.
Chlorocyclohexane resembles the natural substrate of LinB,
1,3,4,6-tetrachloro-1,4-cyclohexadiene, which must bind in
the active site in such a way that a chlorine substituent on
one side of the ring is pointing toward the nucleophile
Aspl08, whereas another chlorine on the other side is
pointing in the opposite direction. Chlorocyclohexane may
bind in the active site in two different orientations, of which
only one is productive and results in chemical conversion
of the substrate. Another explanation for the outlier behavior
could be that dehalogenation of chlorocyclohexane proceeds
by a somewhat different reaction mechanism, with a different
rate-limiting step compared to other substrates. Such complex
phenomena cannot be properly described by molecular
descriptors, and therefore, chlorocyclohexane was excluded
from further analysis. The recalculated model M2 showed
improved statistical parameters and explained 81% quantita-
tive variance (74% cross-validated) in dissociation constants
(Table 4). Two quadratic terms added for two descriptors
already present in the model were sufficient to handle model
nonlinearity (Figure 2). The final model M3 for dissociation
constants can be expressed by the following multiple
regression equation: Id¢, = —0.21641x logP— 0.07611
x SA + 0.00026x SA? — 0.03836x POL — 1.19829x
DIP + 0.33872x DIP? — 0.58228R + 6.37465. The validity
and robustness of the model were tested by external
validation. The predictive ability of the model was estimated
by calculating the standard deviation of error in external
predictions: values of 0.30 and 0.25 were calculated for the
models based on odd-numbered and even-numbered com-
pounds, respectively. These values compare favorably with
the standard deviation of error of internal predictions of the
final PLS model (0.25), thus providing support for the
validity of the developed model.

Construction of COMBINE ModelsThe substrate set
structurally consisted of monohalogenated alkanes up to a
chain length of eight carbon atoms, dihalogenated propanes,
ethane and pentane, monohalogenated cyclohexanes, mono-
halogenated ether, and dihalogenated propene. The automated
docking procedure provided positionally suitable orientations
for 19 substrates: 1-chlorobutane (4), 1-chlorohexane (6),
1-chloroheptane (7), 1-chlorooctane (8), 1-bromopropane
(17), 1-bromobutane (18), 1-bromohexane (20), 1,3-dichlo-
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Table 3: Steady-state Kinetic Constants of Haloalkane Dehalogenase LinB

no. substrate Km(MM)  SE(MM) keat(s™)) SE(SY kalKn(MMis?) product

3 1-chloropropane 1.100 0.4440 1.124 0.2342 1.02 1-propanol

4 1-chlorobutane 0.129 0.0070 1.020 0.0257 7.94 1-butanol

6 1-chlorohexane 0.065  0.0025 1.033 0.0402 206.51 1-hexanol

7 1-chloroheptane 0.015 0.0014 3.345 0.3050 222.73 1-heptanol

8 1-chlorooctane 0.021 0.0067 2.750 0.1927 133.17 1-oé¢tanol

17 1-bromopropane 0.231 0.0361 5.519 0.3652 23.88 1-prdpanol

18  1-bromobutane 0.043  0.0053 3.414 0.1370 78.95 1-butehol

20  1-bromohexane 0.020 0.0050 1.050 0.0292 105.05 1-hexanol

28  1l-iodopropane 0.110 0.0142 3.935 0.2113 35.79 1-propanol

31  l-iodohexane 0.080  0.0050 2.327 0.0790 232.73 1-hexanol

37  1,2-dichloroethane NA NAP NAP NAP NAP NAP

38  1,3-dichloropropane 0.160 0.0380 0.950 0.0709 5.94 3-chloro-1-prépanol
40  1,5-dichloropentane 0.019 0.0069 2.450 0.2580 130.29 5-chloro-1-péntanol
47  1,2-dibromoethane 1.900 0.2081 6.120 0.5332 3.22 2-bromo-1-ethanol
48  1,3-dibromopropane 0.040 0.0056 6.600 0.4121 165.00 3-bromo-1-prdpanol
52  1-bromo-3-chloropropane 0.210 0.0300 6.886 0.3229 32.79 3-chloro-1-propanol
55  2-chloropropane NA NAP NAP NAP NAP NAP

61  2-bromopropane NA NAP NAP NAP NAP NAP

67  1,2-dichloropropane NA NAP NAP NAP NAP NAP

69  1,2-dichlorobutane NA NAP NAP NAP NAP NAP

72 1,2-dibromopropane 0.140 0.0100 0.843 0.0539 6.02 1-bromo-2-prépanol
76  2-bromo-1-chloropropane 0.551 0.0510 1.374 0.0337 2.49 1-chloropropahe-2-ol
82  1-chloro-2-methylpropane NA NAP NAP NAP NAP NAP

84  1-bromo-2-methylpropane 0.050 0.0060 1.599 0.0772 31.98 2-methylprepanol
89  3-chloropropanol NA NAP NAP NAP NAP NAP

93  3-bromopropanol NA NAP NAP NAP NAP NAP

106 2-bromobutyrate ND ND¢ ND¢ ND¢ ND¢ ND¢

111  bis(2-chloroethyl)ether 0.870 0.0334 0.363 0.0551 0.42 2-(2-chloroethoxy)éthanol
113 epichlorohydrine NA NAP NAP NAP NAP NAP

114 epibromohydrine ND ND¢ ND¢ ND¢ ND¢ ND¢

115 chlorocyclohexane 0.252 0.0450 0.144 0.0250 0.57 cyclohéxanol

117 bromocyclohexane 0.021 0.0021 1.335 0.0340 63.29 cyclohéxanol

119 (1-bromomethyl)cyclohexane ND ND¢ NDd NDd ND¢ ND¢

132  2-chloroacetonitrile NA NAP NAP NAP NAP NAP

133 2-bromoacetonitrile ND ND¢ ND¢ ND¢ ND¢ ND¢

137  1-bromo-2-chloroethane ND NDd ND¢ ND¢ NDd ND¢

140 4-chlorobutyronitrile NA NAP NAP NAP NAP NAP

141 4-bromobutyronitrile 0.207 0.0110 3.701 0.0634 17.90 4-hydroxybutyrohitrile
207 3-chloropropene ND ND¢ ND¢ ND¢ ND¢ ND¢

208 3-bromo-2-methylpropene ND ND¢ ND¢ ND¢ ND¢ ND¢

209 3-chloro-2-methylpropene 0.340 0.0450 3.080 0.2049 9.06 2-methylprbpenol
212 3,4-dichloro-1-butene NA NAP NAP NAP NAP NAP

213 1,4-dichloro-2-butene (trans) KD NDe NDe NDe NDe ND¢

214  1,4-dichloro-2-butene (cis) ND ND¢ ND¢ ND¢ ND¢ ND¢

217  1-bromopropene NA NAP NAP NAP NAP NAP

219 2-bromopropene NA NAP NAP NAP NAP NAP

222  3-chloro-2-(chloromethyl)-1-propene 0.079 0.0187 8.165 0.0817 103.46 3-chloromethyl-2-propen-1-ol
223  2,3-dibromopropene ND NDd ND¢ ND¢ NDd ND¢

225 2,3-dichloropropene 0.542 0.0479 1.632 0.0646 3.01 2-chloropropén-3-ol
227  1-bromo-2-methylpropene NA NAP NAP NAP NAP NAP

231  2-bromo-2-butene (cis) NA NAP NAP NAP NAP NAP

232 2-bromo-2-butene (trans) NA NAP NAP NAP NAP NAP

233 1-chloro-2-butene (trans) ND ND¢ ND¢ ND¢ ND¢ ND¢

234  1-chloro-3-methyl-2-butene NA NAP NAP NAP NAP NAP

238 1,3-dibromopropene (cis trans) ND' ND¢ NDd NDd ND¢ NDd

aValues not exact due to analytical uncertainties at low concentratidis.activity observed at 100 mM.Not determined due to fast abiotic
hydrolysis.4 Not determined due to nonlinear kineti€Determined by GC analysi§Determined by GEMS analysis.

ropropane (38), 1,5-dichloropentane (40), 1,2-dibromoethaneand 2-bromo-1-chloropropane (76). The orientations for
(47), 1,3-dibromopropane (48), 1-bromo-3-chloropropane 1-chloropropane and 1-iodopropane were therefore prepared
(52), 1,2-dibromopropane (72), 1-bromo-2-methylpropane from the selected orientation of 1-bromopropane (18) by
(84), bis(2-chloroethyl)ether (111), 4-bromobutyronitrile manual exchange of halogen atoms and energy minimization.
(141), 3-chloro-2-methylpropene (209), 3-chloro-2-(chlo- The complex with 2-bromo-1-chloropropane was prepared
romethyl)-1-propene (222), and 2,3-dichloropropene (225). in the same manner from the selected complex with 1,2-
Extended docking (128 runs) had to be used to obtain thedibromopropane (72). The substrate orientations obtained
reactive conformation of 1-iodohexane (31), chlorocyclo- from automated docking spatially formed one cluster oc-
hexane (115), and bromocyclohexane (117). No suitable cupying a position that was properly suited for the dehalo-
orientations, even in extended docking runs, were found for genation reaction. During energy minimization, some sub-
three substrates: 1-chloropropane (3), 1-iodopropane (28),strates drifted away from their original positions and formed
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Table 4: QSAR and COMBINE Models

model approach scaling centering freezing objects variables A R @?

M1 QSAR unit variance + NA? 25 5 1 0.72 0.69
M2 QSAR unit variance + NA? 24 5 2 0.81 0.74
M3 QSAR unit variance + NA? 24 5 3 0.94 0.90
M4 COMBINE none - — 23 595 2 0.85 0.79
M5 COMBINE none + - 23 595 1 0.49 0.34
M6 COMBINE unit variance - - 23 595 2 0.86 0.82
M7 COMBINE unit variance + - 23 595 1 0.63 0.54
M8 COMBINE pareto - — 23 595 2 0.86 0.82
M9 COMBINE pareto + - 23 595 1 0.56 0.42
M10 COMBINE none - + 23 595 2 0.86 0.81
M1l COMBINE none + + 23 595 1 0.54 0.42
M12 COMBINE unit variance - + 23 595 2 0.85 0.81
M13 COMBINE unit variance + + 23 595 1 0.59 0.49
M14 COMBINE pareto - + 23 595 2 0.87 0.82
M15 COMBINE pareto + + 23 595 1 0.57 0.46
M16 COMBINE none - E= 23 595 3 0.95 0.91

aNot applicable? Cross-terms were used for descriptors SA and DNolecules 7 and 8 frozen.

05 apparently not suitable for interaction energies which carry
y physically meaningful information about the proteiigand
complex. The statistical quality of all noncentered models
was comparable. It was therefore decided to use the data
without any pretreatment for construction of the final model.
(i) Comparison of models with (M1:6M15) and without
freezing (M4-M9) of the substrate molecules during energy
refinement of the enzymesubstrate complexes revealed that
the models without freezing possessed somewhat better
statistical parameters. Chemometric analysis of both types
of models, together with careful inspection of the structures
of enzyme-substrate complexes, led us to propose a
log K ,, predicted combined model (M16) based on completely relaxed struc-
FIGURE 2: Quality of predictions for dissociation constants from tures for all the complexes except for those of the two longest
the classical QSAR model visualized in the predicted vs observed substrates in the set: 1-chloroheptane (7) and 1-chlorooctane
plot. The statistical parameters of the final classical QSAR model (8). These molecules make close contacts with the tunnel

(model M3) are as followsR? = 0.94,Q? = 0.90,N = 24, andA : ; ; P ; e
= 3. The inset presents the plot obtained for the initial model (model res[dues Wh'Ch rgsults in their drift from the reactive position
during minimization.

M1) showing the underestimated prediction for chlorocyclohexane

-0.5 1

1541

log K, observed

-2.5 -2 -1.5 -1 -0.5 0 0.5

(115) and nonlinear relationships for long-chain substra®@s= (iii) The influence of solvent on the COMBINE model
0.72,Q* = 0.68,N = 25, andA = 1). The axes of the inset (log ~ was initially tested by inclusion of 1159 crystallographic
K predicted vs log<y, observed) are not shown for clarity. water molecules in the data matrix; i.e., the interaction

energies of the water molecules with the substrate acted as

a separate cluster that was less well suited for the nucleophilicie objects in the PLS model, and later implicitly by adding
attack. An alternative approach for complex refinement was gesolvation energies. Water molecules significantly increased
therefore applied by which the substrate molecules were keptihe complexity of the PLS model but did not improve its
in their docked orientations and only the protein atoms were giatistical quality (data not shown). Therefore, all water
allowed to adapt (see the next paragraph). molecules were excluded from further analysis except for

Initial COMBINE models were built for the set of 25 the catalytic water molecule bound near the catalytic triad.
substrates. Each row in thématrix described the interaction  Since addition of desolvation energies of both the substrate
energies of each substrate with the amino acid residues ofand the enzyme to thé matrix did not improve the models
LinB and the solvent molecules on a per residue or solvent either, these variables were not incorporated into the final
molecule basis. Thg column represented the logarithm of model.
the apparent dissociation constant for each substldte (iv) Two outlying objects, bis(2-chloroethyl)ether and
effect of several conditions on the statistical quality of models chlorocyclohexane, were systematically identified in the PLS
was assessed: (i) data pretreatment, (ii) conformationalmodels. These two molecules have the lowegt, with
freezing of the substrate, (iii) presence of solvent molecules, LinB of all 25 substrates analyzed in this study and probably
and (iv) object selection. differ from the rest in their binding mode and/or the kinetics

(i) Several different types of data pretreatment were of their mechanism of dehalogenation. Note that chlorocy-
applied to theX matrix. The statistical parameters of clohexane was also identified as an outlier in the classical
COMBINE models based on the data with different pre- QSAR study relatingK,, values to the physicochemical
treatment schemes are summarized in Table 4. All modelsproperties of the substrate molecules.
employing centering (M5, M7, M9, M11, M13, and M15) The optimized parameters were used for the construction
performed poorly. The centering unifies the distribution of of the final model M16: theX matrix was uncentered and
individual variables around zero. Such a procedure is unscaled; they vector was logarithmically transformed;
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outliers, bis(2-chloroethyl)ether and chlorocyclohexane, were - .
excluded from the analysis. The final model explained 95% Ficure 4: Clustering of halogenated compounds (A) based on their

ot ; 0 vali R ... intermolecular interactions with amino acid residues (B) in the
quantitative variance (91% cross-validated) in dissociation g, oo plot of; Vs, (A) and WG vs WG (B). The numbering of

constants closely resgmb!ing th? quality of the final QSAR  compounds is presented in Table 4. Variables (interaction energies)
model (Table 4). Significant interactions for substrate are numbered according to the LinB sequence.

specificity of LinB were identified by calculating weighted | , o
regression coefficients (Figure 3). Twenty variables WAT®®). The most important contribution to the second PC

(interaction energies) have been assigned as the mostS Provided by van der Waals interaction energies*38
important contributions based on the coefficient values: 15 109, 143, 173jdv_vv ,177'dw’ _zosldwv 27,2'dw7 and 273

of them correspond to van der Waals terms, while five and three electrostatic interaction energies ft0B4 7', and
correspond to electrostatic terms. These coefficients alsozmele)- ) ] ) o

provide information about the direction of the effect: 14 have 1he variable importance in projection (VIP) parameter
a positive sign versus six with a negative value. The guantifies the overalll |mportance of e_ach _v_a\rlgble in the
chemometric meaning of the signs is that positive coefficients Model and as such is well suited for identification of the
relate to favorable contributions, whereas negative coef- @Mino acid re&dues_representmg the best candl_dates for site-
ficients assign unfavorable contributions. The scores plot dirécted mutagenesis. The 24 energy contributions with the
(Figure 4A) displays the distribution of objects (substrates) highest VIP are shown on Figure 5 and are (i) first-shell
according to the first and second principal components (PC) "ésidues (Asn38, Asp108, Trp109, Glu132, lle134, Phe143,
of the model. The first PC separates compounds horizontally Phe151, Phel69, Vall73, Trp207, Pro208, lle211, Leu248,
into three groups: (i) 1-chlorohexane (6), 1-bromohexane and His272), (ii) tunnel residues (Prol44, Asp147, Leul77,
(20), 1-iodohexane (31), and 1,5-dichloropentane (40), (ii) and Ala247), and (iii) second-shell residues (Pro39 and
1-chloropropane (3), 1-bromopropane (17), 1—iod0pr0paneph3273)-

_(28), and _2,3-d|chloropropene (225), and (iii) substrates not DISCUSSION

included in any of two former groups. The second PC

separates objects vertically, also into three groups: (i) Enzyme substrate specificity can be viewed as the range
1-chloroheptane (7) and 1-chlorooctane (8), (ii) 1-chloro- of small organic ligands that serve as substrates for a given
propane (3), 1-bromopropane (17), 1-iodopropane (28), andenzyme. The substrate specificity of an enzyme is said to
2,3-dichloropropene (225), and (iii) substrates left over. The be narrow when only a few different substrate molecules
loadings plot (Figure 4B) shows the distribution of variables are converted by it, whereas it is defined as broad if a large
according to the extent of their contribution to the individual variety of compounds serve as substrates. A substrate
PCs. The most significant contribution to the first PC is molecule must bind to the enzyme active site and be
provided mainly by van der Waals interaction energie€38  converted to a product, leaving the enzyme structure es-
39vdw 1089w, 1099w, 1439w, 151w 1694w, 1734w 177w, sentially intact. Enzyme substrate specificity is therefore a
2074w, 2089w, 21 1vdw 248w 2724w and 273 and four function of the structure of both the substrates and the
electrostatic interaction energies (¥§8109"¢, 272', and protein. Relationships between the molecular structure of
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Ficure 5: Key residues determining the substrate specificity of haloalkane dehalogenase LinB deduced from the VIP plot. Selected variables
(energy contributions) are numbered according to the LinB sequence. The interaction energy contributions shown in red correspond to the
second-shell residues (Pro39 and Phe273); interaction energy contributions shown in blue correspond to the tunnel residues (Prol44, Asp147,
Leul?77, and Ala247), and all other interaction energy contributions correspond to the first-shell residues. The inset presents a stereoview
of the same residues in the LinB crystal structure.

substrates and enzymes should therefore be studied in paralledubstrates. Hydrophobic, polarizable molecules with large
to provide a detailed understanding of this complex phe- surface areas bind with high affinity. Small dipole moments
nomenon. and large volume:surface ratios lower the binding affinity
Analysis of Substrate Specificity Using the Classical QSAR. of selected substrates. The binding affinity increases with
A qualitative analysis was first conducted to distinguish an increase in molecular size until it reaches an optimum
compounds which serve as substrates for LinB from those beyond which the binding affinity drops with a further
which cannot be dehalogenated by this enzyme. The sizeincrease in size. This nonlinear relationship was mathemati-
and shape of the molecules, energy of the lowest unoccupiedcally described by addition of quadratic terms for surface
molecular orbital and the substitution pattern, were identified area, and dipole moment variables in the QSAR model and
as important molecular properties for dehalogenation by this structurally correspond to the anatomy of the binding pocket
chemometric method. The size and shape of the moleculesof LinB which is buried in the protein interioB]. Docking
are important for binding of substrates in the enzyme active experiments conducted with LinB and substrates of varying
site. Molecules of improper size cannot bind efficiently or chain length confirmed this proposal. We expect that such
at all in the active site. A detailed quantitative analysis of nonlinear relationships will be common for broad-range
the relationship between the size of the molecules and theirspecificity enzymes with buried active sites accepting ligands
binding affinities is described below. The energy of the with varying length, such as lipase®7( 28).
lowest unoccupied molecular orbital is important for the  Analysis of Substrate Specificity Using COMBINEvo
reaction step. The compounds with high energy do not easily outliers were detected during the initial modeling of 25
undergo nucleophilic attack by the enzyme’s catalytic substrates of the haloalkane dehalogenase LinB using the
aspartic acid. The substitution pattern can play a role both COMBINE approach: bis(2-chloroethyl)ether and chloro-
in binding and in catalysis. Those compounds with the cyclohexane. They show the lowdst/Kny, and the latter
leaving halogen atom in thposition or adjacentto a bulky  compound was also detected as an outlier in the classical
substituent do not easily undergaSdehalogenation for  QSAR analysis, despite the fact that predictions in classical
steric reasons. QSAR and COMBINE models are based on radically
Quantitative analysis of dissociation constants using the different descriptors. We propose that these two molecules
classical QSAR approach revealed that binding affinity may bind to the active site in different binding modes and/
correlates with hydrophobicity, molecular surface, dipole or be converted by a kinetically different dehalogenation
moment, and molecular volume:surface ratio of tested mechanism compared to the rest of the substrates. This
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proposal is supported by comparison of transient kinetics plays high flexibility of both side chain and main chain
data measured with two analogous substrates, chlorocyclo-atoms, thus allowing good accommodation of the active site
hexane and bromocyclohexane, suggesting that the hydrolysigo different substrates.
of the alkyl-enzyme intermediate formed by dehalogenation |dentification of Specificity-Determining Second-Shell and
of chlorocyclohexane is surprisingly 33 times slower than Tunnel Residueshe tunnel and the second-shell residues
that of bromocyclohexane9). (Pro39, Pro144, Aspl47, Leul77, Ala247, and Phe273) are
The COMBINE model primarily described differences in  the natural targets for substitutions since their replacement
binding affinities caused by variability in chain length and will not lead to loss of functionality by disruption of the
complementarity with the active site. The mode of binding active site architecture. The relevance of such a proposal
of various substrates to the active site of the LinB enzyme has already been proven by mutants constructed previously
is highly similar, positioning the leaving halogen atom at using directed evolution and side-directed mutagenesis
the intersection of two halogen-stabilizing residues, Asn38 techniques. The equivalents of tunnel residue L177 and
and Trpl109, and the nucleophilic carbon atom near the second-shell residue Phe273 and in DhaA (Cys176 and
attacking oxygen of Aspl108. Binding affinity is seen to Tyr273, respectively) were identified as hot spots for
increase with increasing substrate size up to a chain lengthspecificity of this enzyme in the directed evolution toward
of six carbon atoms and then decreases. The optimal lengthdehalogenation of 1,2,3-trichloropropargd), The impor-
corresponds to a group of long-chain substrates (1-chloro-tance of L177 for specificity has been demonstrated by
hexane, 1-bromohexane, 1l-iodohexane, and 1,5-dichloro-independent directed evolutiod), cumulative mutagenesis
pentane). Most unfavorable is the group of monosubstituted (36), and saturated mutagenesg7) experiments. Highly
propanes (1-chloropropane, 1-bromopropane, 1-iodopropanerigid Pro39 is adjacent to Asn38, which is functionally one
and 2,3-dichloropropene), and the suboptimal length corre- of the most important residues of LinB. Asn38 is involved
sponds to the rest of the substrates. The two longest substratei® (i) halogen binding, (ii) transition-state and product
in the set, 1-chloroheptane and 1-chlorooctane, showed driftstabilization, and (iii) coordination of the catalytic water
from the reactive position during the minimization procedure molecule.

due to their close contacts with the tunnel residues. Comple- Comparison of Substrate Specificities for DhIA and LinB.
mentarity with the active site is dominated by the energy The COMBINE models constructed for DhlA4) and LinB
contributions from Asn38 and His272. These two amino acid this Study) were Compared. In both models, 0n|y a limited

residues are located on opposite sides of the active site anthumber of protein residues{8%) contributed significantly
directly interact with the substrate molecules bound in the tg the explanation of variability ity In addition, van der
Michaelis complex. Asn38 forms the bottom of the active \waals interaction energies dominated over electrostatic
site and together with Trp109 stabilizes a halogen atom by interaction energies. Significant contributions provided by
a hydrogen bond8 30), while His272 is the base of the  specific amino acid residues correspond well with the
catalytic triad 81) and forms the first point of contact for  composition of the enzyme active site. Different halide-
the substrates entering the active site pocket via the entrancetapilizing residues (Trp125 and Trp175 in DhIA and Asn38
tunnel. His272 exhibited extremely strong van der Waals gng Trp109 in LinB) are known to be employed in substrate
interaction with all studied substrates. The importance of this binding in different dehalogenase80), and these were
residue for binding of small ligands near the opening of the correctly identified by the models. It is interesting to note
entrance tunnel was noted earlier in crystallographic studiesthe difference in contributions provided by the catalytic base
(32, 33). Distinction of hexanes from the excessively long |ocated at equivalent positions in both proteins at the opening
1-chloroheptane and 1-chlorooctane was achieved by freezingof the entrance tunnel. His289 in DhIA is significantly less
these molecules in the reactive position during complex important than His272 in LinB which relates to the different
refinement. Using this methodology, we could capture orientation of the active site pocket. The pocket of DhIA is
nonlinear relationships between the chain length of the gpproximately orthogonal to the entrance tunnel, while in
substrate molecules and their binding affinities. Separation | inB, it is in line with it. Since the catalytic base forms the

of substrate molecules primarily according to their size is tunnel opening, it makes a direct contact with the substrates
due to contributions from His272, Leul77, Vall73, and pound to the active site in LinB, but not in DhIA. These

Phe273. These residues are located on the side of the activgjifferences reflect molecular adaptation of haloalkane de-
site opposite to the halide-binding pocket, i.e., in the direction halogenases to their specific roles in their bacterial hosts.
of the tunnel, and make more favorable van der Waals
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