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ABSTRACT. The catalytic site of haloalkane dehalogenase DhIA is buried more than 10 A from the protein
surface. While potential access channels to this site have been reported, the precise mechanism of substrate
import and product export is still unconfirmed. We used computational methods to examine surface pockets
and their putative roles in ligand access to and from the catalytic site. Computational solvent mapping
moves small organic molecule as probes over the protein surface in order to identify energetically favorable
sites, that is, regions that tend to bind a variety of molecules. The mapping of three DhIA structures
identifies seven such regions, some of which have been previously suggested to be involved in the binding
and the import/export of substrates or products. These sites are the active site, the putative entrance of the
channel leading to the active site, two pockets that bind iBns, a pocket in the slot region, and two
additional sites between the main domain and the cap of DhlA. We also performed mapping and free
energy analysis of the DhIA structures using the substrate, 1,2-dichloroethane, and halide ions as probes.
The findings were compared to crystallographic data and to results obtained by CAVER, a program
developed for finding routes from protein clefts and cavities to the surface. Solvent mapping precisely
reproduced all three Brbinding sites identified by protein crystallography and the openings to four channels
found by CAVER. The analyses suggest that (i) the active site has the highest affinity for the substrate
molecule, (i) the substrate initially binds at the entrance of the main tunnel, (iii) the site Br2, close to the
entrance, is likely to serve as an intermediate binding site in product export, (iv) the site Br3, induced in
the structure at high concentrations of Bcould be part of an auxiliary route for product release, and (v)
three of the identified sites are likely to be entrances of water-access channels leading to the active site.
For comparison, we also mapped haloalkane dehalogenases DhaA and LinB, both of which contain
significantly larger and more solvent accessible binding sites than DhlA. The mapping of DhaA and
LinB places the majority of probes in the active site, but most of the other six regions consistently identified

in DhIA were not observed, suggesting that the more open active site eliminates the need for intermediate
binding sites for the collision complex seen in DhIA.

Haloalkane dehalogenases (E.B.8.1.5) are microbial  mediation (, 2). The haloalkane dehalogenase from the
enzymes that hydrolyze a wide variety of haloalkyl substrates nitrogen-fixing bacteriunXanthobacter autotrophicu®hlA)
to form the corresponding alcohol and halide ion products. prefers 1,2-dichloroethane (DCE) as substrate and converts
Because the halogenated substrates are often environmentallif to 2-chloroethanol and chlorid&), The structural archi-
toxic industrial byproducts, these enzymes have been sug-tecture in haloalkane dehalogenases includes two interacting
gested to be useful catalysts for biodegradation and biore-domains. The main domain contains a commonly observed
o/B-hydrolase fold, whereas the more flexible cap domain
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dehalogenase fronanthobacter autotrophicugJ10; DCE, 1,2-  Michaelis complex, followed by the\@ displacement of
dichloroethane; DhaA, haloalkane dehalogenase Rwdococcusp.; chloride by the nucleophilic attack of Asp124 to form a

LinB, haloalkane dehalogenase fr@phingomonas paucimobili$T 26; valent alkvl-enzvme intermedi Durina the r ion
ACE, analytical continuum electrostatics; GRAMM, global range covalent alkyl-enzyme intermediat8)( During the reaction,
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order to hydrolyze the Covalently _boun(_j intermediate and to Table 1: List of Haloalkane Dehalogenase Structures Mapped
form the alcohol product, which is rapidly releaséd. (In
the rate-limiting last step, the halide ion leaves the cavity.
The hydrolytic cleavage of the carbehalogen bond by ~ DPhlA  2dhc  substrate-bound structure (DCE bound)
the haloalkane dehalogenase DhIA has been the subject of 2had  ligand-free structure :
) . . . . 1cijj halide-bound structure (three bromides bound)
many theoretical/computational studie®—@9), primarily
using quantum mechanics, molecular dynamics, and quantumD
mechanics/molecular mechanics calculations for several LinB  1k6e  product-bound structure
reasons. First, the\@ reaction is one of the simplest reactions _ (1,2-propanediol and 1-bromopropane-2-ol bound)
and has also been one of the best studied react@ps ( liz7__ligand-free structure
Second, the enzyme is monomeric, and the crystal structure
has been solved at high resolutiad0). Third, the natural potential binding sites of three different DhIA structures. This
substrate DCE is very small, and hence, simulations are method places small organic molecule probes over the protein
computationally less demandingl). Fourth, DhIA is ideal surface, finds the most favorable positions, clusters the
for the analysis of solvation in enzymatic reactions, as conformations, and ranks the clusters on the basis of average
cleavage is carried out in buried active site cavity that is free energy 8). The idea of solvent mapping is based on
completely hydrophobic apart from the catalytic residues, the multiple solvent crystal structure experiments by Ringe
and simulation can be carried out considering only a limited and co-workers40, 41), who determined protein structures
number of water moleculed 3, 14, 21, 23). in aqueous solutions of organic solvents and in each case
However, the restricted active site in DhIA also raises a found only a limited number of solvent molecules bound to
number of questions. First, the substrate has to move almosthe protein. When five or six structures of a protein
10 A from the protein surface to the active si82) and it determined in different solvents were superimposed, the
would be interesting to know where exactly the substrate organic molecules tended to cluster in the active site, forming
enters the putative tunnel. Second, it is not clear along whatconsensus sites that delineate important subsites of the
potential channels water gets to the active site. Notice thatbinding pocket. All other bound solvent molecules are either
in addition to the activated water molecule participating in in crystal contact, occur only at high ligand concentration,
the reaction, water is needed to solvate the leaving halideor are in small, buried pockets, where only a few types of
ion (33). Third, the mechanism of halide dissociation also solvent molecules cluster compared to that in the active site
has uncertain elements. From stopped-flow fluorescence(42).
analysis of bromide import, Schanstra et 8B)(concluded The computational solvent mapping algorithm reproduced
that the enzyme employs two different routes that operate the available X-ray and NMR results on the binding of
in parallel. At low bromide concentrations, the import is organic solvents to proteins3§). In all our previous
dominated by a route that consists of a slow unimolecular applications to enzymes, the consensus sites found always
isomerization step, followed by a rapid bimolecular step, and corresponded to major subsites of the substrate-binding site
a second enzyme isomerization. At higher bromide concen- (24, 38). The method also applies to nonenzyme proteins
trations, a second route for halide binding can also be (43). Mapping is particularly useful for comparing different
observed involving a fast bimolecular step preceding a slow structures of the same protein, as the differences in the
enzyme isomerization. The bimolecular step has beennumber of probe clusters that bind to a particular surface
explained as the rapid binding of a halide ion into an initial region indicate even the very small conformational changes
collision complex with the enzyme. Both routes assume that if those affect the binding properties of the pocket. This
halide import/export requires some conformational change feature was fully utilized in our analysis of the ligand-binding
to occur because of relatively slow isomerization of the domain of the peroxisome proliferator activated receptor-
enzyme, but no further information on this step is available. where mapping identified 10 binding sites and revealed how
In addition to DhIA, two additional haloalkane dehaloge- conformational changes in the ligand-binding pocket correlate
nase variants exist in which there are pertinent crystal- with changes in the co-activator-binding regiof3). We
lographic data: DhaA fronRhodococcusp (34) and LinB emphasize that prior to mapping, all bound ligands and water
from Sphingomonas paucimobili$T26 35). Although DhIA molecules are removed. Thus, the results are based only on
has been shown to dehalogenate haloalkane substrates witthe structure of the protein, and hence, the method can be
fewer than six carbon atoms, DhaA and LinB are able to used to identify and characterize binding sites even without
dehalogenate larger haloalkanes ranging from 6 to 10 prior consideration of the chemical structure and properties
carbons. One primary difference in specificity between DhaA of the bound ligand.
and LinB appears to be the enhanced capability of LinB to  Here, we describe the application of computational solvent
catalyze the dehalogenation of compounds with chlorines or mapping to the three DhIA structures listed in Table 1. One
bromines attached to secondary carbons versus that of DhaAof the structures has been cocrystallized with the substrate
Thus, LinB is slightly less sterically restricted than DhaA DCE (pdb code 2dhc), the second is a ligand-free structure
(and is significantly less restricted than DhIA37. In (pdb code 2had), and the third is a halide-bound structure,
agreement with their larger substrates, the volumes of thecrystallized in the presence of Bions (pdb code 1cij). We
binding sites are 2 and 2.5 times larger in DhaA and LinB, show that the results indicate seven binding sites that
respectively, than in DhIAZ7). In addition, in DhaA and consistently occur in all structures but with different binding
LinB the active site is more accessible than in DhBY)( properties. The first of these is the active site, denoted as A,
In this article, we employ a relatively new method, which overlaps with the Brbinding site Brl in the halide-
computational solvent mappin@4, 38, 39), to explore the bound structure 1cij. The other six sites are the entrance E

protein pdb ID binding state of the crystal structure

haA 1cqgw halide-bound structure (two iodides bound)
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of the tunnel leading to the active site, two Biinding sites increments for rotations; 2000 docked conformations were
(Br2 and Br3), a pocket (SL) in the slot region, and two retained.
additional sites (S1 and S2) between the main domain and Step 2: Minimization and Re-Scoringhe free energy of
the cap of DhIA. The biological roles of these sites were each of the 2000 complexes, generated in Step 1, is
further studied by comparing the outcome of the mapping minimized using the free energy potential
calculations to results obtained by CAVER, a program
developed for finding routes from protein clefts and AG = AE, .+ AE 4, T AG @
cavities to the surfacetfl). The three DhIA structures were
also mapped using DCE and halide ions as probes. AswhereAEqes AE.qw, andAGgesdenote the electrostatic, van
expected, these probes also bind to most of the seven sitesder Waals, and desolvation contributions, respectively, to the
To further explore the potential roles of these sites, we protein-probe binding free energ88). The SUMAEee: +
calculated the free energies of binding for DCE; Band AGges is obtained by the Analytic Continuum Electrostatic
Cl= using the CHARMM potential with a continuum (ACE) model @7) as implemented in version 27 of
electrostatic model. CHARMM (48) using the parameter set from version 19 of
In addition to the analysis of the three DhIA structures, the program. The model includes a surface area-dependent
we have mapped a halide-bound DhaA structure (pdb codeterm to account for the solutesolvent van der Waals
lcgw) and two structures of LinB, the first with bound interactions. The minimization is performed using an adopted
products 1,2-propanediol and 1-bromopropane-2-ol (pdb codebasis Newtor-Raphson method asimplementedin CHARMM.
1k6e), and the second is a ligand-free structure (pdb codeDuring minimization, the protein atoms are held fixed, while
liz7). These structures are also listed in Table 1. As the atoms of the probe molecules are free to move.
mentioned, DhaA and LinB are close homologues of DhIA.  Step 3: Clustering and Rankinghe minimized probe
However, they have larger and more exposed active sites,conformations from Step 2 are grouped into clusters on the
and the mapping shows that this leads to a simpler binding basis of Cartesian coordinate information. The method creates
site structure without the intermediate binding sites for the an appropriate number of clusters such that the maximum

collision complex seen in DhIA. distance between a cluster’'s hub and any of its members
(the cluster radius) is smaller than half of the average distance
MATERIALS AND METHODS between all the existing hubs. Clusters with less than 10

members are excluded from consideration. For each retained
Haloalkane Dehalogenase Structurdse crystal struc cluster, we calculated the probabiliy = Q/Q, where the

tures used for computational solvent mapping and free-ener " i .
analyses are IisteE)j in Table 1. The p?(F))teign structures a?gpartltlon functionQ is the sum of the Boltzmann factors over

downloaded from the Protein Data Bank (pdb). All bound all conformationsQ = 2, exp(~AG/RT) andQ; is obtained
ligands and water molecules were removed prior to by summing the Boltzmann factors over the conformations
calculation 88). Protonation states for the ionizable side wHEeilrth \?Iurster ]E)rnly. -;h? ?gztgiar_e ngn_kijegnwtrk:erbass
chains in the active site of DhIA were modeled as follows: 0__ heira EZ%G_/R_?_e e_ © gd h Lo F;" K i Whe ?h
E56 was protonated, D124 and D260 were deprotonated,pll = exp( /RT)Q;, an € sum IS taken over the

and His289 was singly protonated oA'Nt was determined mesrtr:aberdrs. Olg':ar::trrrl]ﬁi:?itoerr\. of Consensus Sitlnoing is
experimentally that this ionization state is suitable for p = ppIng

characterizing the active site prior to any catalytic turnover primarily used to find consensus sites at which many d|ﬁer¢nt
(32). The ionization states for the structures of the probe molecules cluster. In order to find the consensus sites,

haloalkane dehalogenases DhaA and LinB were modeled"® sele(_:ted the minimum free energy conformation in each
of the five lowest average free energy clusters for each
analogously. . "

solvent. The structures are superimposed, and the position

Sobent Mapping at which most probes of different types overlap is defined
_ _ _ as the main consensus site. An additional clustering of probes

The five steps of computational solvent mapping were close to the main consensus site is likely to indicate another
described previously2@, 38, 39), and only a summary is  subsite of the active site. Ranking of the consensus sites is

given here. dependent on the number of different types of small
Step 1: Rigid Body Searckor each structure, seven small molecules, with a maximum of 7, found within each
molecules (acetone, acetonitritert-butanol, dimethylsul- consensus site, that is, a consensus site containing 6 of the

foxide, phenol, isopropanol, and urea) and substrate DCE7 different probe molecules is ranked better than a site with
are used as probe®4). For each probe, 2000 docked only 4 of the 7 probe molecules. If two sites share the same
conformations are generated by the rigid body docking number of different types, then duplicate types within the
algorithm GRAMM (@5, 46). GRAMM (global range mo- consensus site are considered in the count, that is, a consensus
lecular matching) requires only the atomic coordinates of site containing clusters from all 7 different probe molecules
the two molecules, that is, n@ priori information on the and a second urea cluster is ranked better than a site
binding site is used. The program places each molecule oncontaining a single cluster from all 7 different probe

a separate grid, and performs an exhaustive six-dimensionaimolecules. Any sites that are still equivalent by these
search through the relative intermolecular translations andcomparisons are then ranked by average energy rank of the
rotations using a very efficient fast Fourier transform (FFT) probe clusters included at the site, that is, a cluster where
correlation technique and a simple scoring function that all 7 probe clusters were rank 1 by average Boltzmann-free
measures shape complementarity and penalizes overlaps. Wenergy for each probe type is ranked better than a cluster
have used a 1.5 A grid step for translations and 15 where all 7 probe clusters were rank 2 or lower.
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Sokbent Mapping Using Halide lon Product as the Probe seven sites occur in all three DhlIA structures, although with
The mapping algorithm was additionally applied toward the different numbers of clusters bound (Table 3). These sites,
mapping of chloride or bromide ions to the three DhIA shown in Figure 1, are the active site denoted as A (which
structures in Table 1. Because GRAMM cannot dock single overlaps with the Br ion binding site Brl in the bromide-
ions, the DOCK 4.0 progran#g) was used, which we have  bound structure), the putative entrance E of the channel
already tested as an alternative sampling method in Step lleading to the active site, two pockets Br2 and Br3 that bind
of the solvent mapping algorithn89). As with GRAMM, Br~ ions in the bromide-bound structure, and the so-called
we restricted consideration to shape complementarity as theslot region that is likely to serve as a water-access channel
target function in rigid body docking and used the van der (17), denoted SL. In at least two of the three structures, two
Waals terms of the AMBER force field(). In DOCK, the additional sites occur between the main domain and the cap
ligands were placed by a random search within the searchof DhIA that will be denoted S1 and S2. Finally, on each
box using a 0.3 A grid step and 0.75 as the bump condition, protein we find some sites that are unique (i.e., not seen in
eliminating any conformation in which two atoms approach any other structure). These sites, denoted U1, U2, and U3
closer than 0.75 of the sum of their radii. We generated 50,- are listed in Table 2 but are not discussed further in the
000 positions for each ion and retained 6660 of these for article. Table 4 is the summary of the number of different
further analysis. The conformations were minimized using clusters seen at the seven consensus sites in the structures
the simplex method in the DOCK program. The parameters mapped.
selected were 0.01 kcal/mol/A for the energy convergence Most of the sites above are located along the interface
condition and 0.1 A rmsd over a minimization cycle for the between the two domains, and may play a role in allowing
cycle convergence. The minimization was limited to 10 or substrates and products to enter and exit the active site, which
20 cycles. Using GRAMM, the rigid body docking was is located in a largely hydrophobic pocket buried in the
followed by CHARMM minimization in Step 2 of the interface. In both the DCE-bound and ligand-free structures,
mapping algorithm, where all charges, including those of the largest consensus site (E in Table 4) is the putative
the ions, were properly considered. entrance to the active site (with 6 and 7 probe clusters bound

Binding Free Energy Analysis of Proteitigand Com- to the DCE-bound and ligand-free structures, respectively).
plexes After applying the solvent mapping algorithm using The mapping also finds the active site (A in Table 4) as
either the substrate, DCE, or the chloride/bromide ions as expected; however, the active site cavity is so small that only
the respective probes, we have calculated binding freethe small probes are able to get in (acetone, urea, and
energies for clusters in specific pockets. The cluster centersisopropanol for the substrate-bound structure, and also
from the mapping were co-minimized with the protein for DMSO for the ligand-free structure). Larger probes such as
200 steps in CHARMM with continuum electrostatics, tert-butanol and phenol were simply too large to fit properly
considering both the protein and the substrate to be flexible (24).
in the minimization. Afterward, the protein and the ligand  The probes also cluster in the three bromide binding sites
were separated and their energies calculated and subtractethat have been observed in the respective DhIA crystal
from the energy of the proteirligand complex. The  structure (Table 1). As already mentioned, the site Brl is in
contributionsAEeiec AEvaw, and AG*4es to the calculated  the active site between the known anion-stabilizing residues
binding free energyAG were also determined for each of Trp125 and Trpl175. The second site, Br2, is located along
the pockets considered. Because the entropy loss upora short loop connecting helices (residues 187194) and
binding is not taken into account, theG values are relative o7 (residues 200208) and is adjacent to the putative
and can be used only to compare the binding of the sameentrance region (E). The third site, Br3 is found in between
ligand to different sites. In the absence of any relevant cluster helicesa5 (residues 174181) anda6 (51). It has been
center at a selected pocket, no data was recorded. proposed that the Br2 site may play a direct biological role

in halide import 1). The site is present in both the bromide-
RESULTS AND DISCUSSION bound and substrate-bound structures, but was not found in

Mapping of DhIA.Solvent mapping was applied to the the ligand-free structure, indicating that it is induced by the
three DhIA structures shown in Table 1: a structure binding of the substrate and remains open when the halide
cocrystallized with the substrate DCE, a ligand-free structure, ion is in the active site. In contrast, the Br3 site is well
and a structure with three bound Bions. The number of  defined only in the presence of bromide. It has been shown
probe molecules clustered in each consensus site and theithat the Br2 site also binds a chloride ion, whereas this was
respective energy rankings are listed in Table 2. The distancenot the case for Br35Q1).
from the center of each cluster to the bound ligand is also Table 4 shows three additional sites, SL, S1, and S2. The
shown (values in parenthesis). For example, the first row of so-called slot region (site SL) has been reported as a putative
Table 2 shows that the largest consensus site (site E) foundvater-access channdlq). As mentioned in the Introduction
by the mapping of the substrate-bound structure includes thesection, after hydrolysis the alcohol product is rapidly
third lowest-free-energy cluster of acetone, located 9.84 A released, but the halide ion remains in the cavity. The
from the bound DCE ligand, the third lowest-free-energy removal of the ion requires its solvation by a number of water
cluster of urea, at 7.80 A from DCE, and so on. A consensus molecules 83) and thus the existence of appropriate water-
site may include several clusters of the same probe, foraccess channels. It has been observed that halide release is
example, for DMSO we find the clusters ranked 1 and 5 at the rate-limiting last step of the mechanism, and in addition
the second consensus site S1 (Table 2). to solvating the ion, it is likely to require conformational

As shown in Table 2, the binding of DCE or the Bons changes in the cap domain that could contribute to further
to DhIA affects the results of the mapping. Nevertheless, opening of water-access channel3)( The conformational



Solvent Mapping of Haloalkane Dehalogenases

Biochemistry, Vol. 46, No. 32, 2000243

Table 2: Free Energy Rankihgf Probe Clusters for All Mapped Haloalkane Dehalogenase Strutures

probée
protein con. sité acetone urea DMSO isopropanol t-butanol phenol acetonitrile
DhIA E 3(9.8) 3(7.8) 3(9.7) 3(8.1) 1(9.8) 2 (8.0)
cocrystallized with DCE 351 2(10.8) 4(10.3) 1(10.2), 4(9.8) 3(10.4)
(1,2-dichloroethane) 5(10.3)
pdb code 2dhc Br2 4 (12.4) 2(11.4) 4(13.1) 5(12.6)
A 1(0.6) 1(0.5) 1(0.7)
U1l 5(22.7) 2(23.2) 1(22.4)
Br3 5(17.1) 5(16.3)
DhIA E 1(9.4) 2(7.5) 1(8.9) 1(9.4) 1(9.8) 1(7.2) 2(8.8)
ligand-free structure u2 5(29.3) 2(29.2) 3(29.3) 2 (29.36) 3(29.6)
pdb code 2had A 2(0.6) 1(0.6) 3(0.8) 2(0.9)
S1 4(10.8) 4(10.4) 4(10.3) 5(10.8)
SL 3(9.8) 3(8.9) 4(10.5)
DhIA Br3 3(15.1) 5 (14.4) 1(14.9), 2 (14.9) 1 (15.3) 4(14.4) 2 (15.0)
crystallized in the 2(15.32)
presence of Brions E 1(9.3) 5(9.0) 3(9.3) 2(8.1)
(3 bound Brions) SL 1(7.7) 3(8.9) 1(7.6),
pdb code 2cij 5(9.8)
Br2 2(12.9) - 4(12.5) 1(12.2)
A 3(0.7) 4(0.4)
DhaA A 1(3.1) 2(3.4) 2(2.1), 2(3.4) 3(2.3),
crystallized in the 4 (2.96) 4 (1.78)
presence oflions us3 2 (12.6) 1(11.6) 1(11.7) 1(12.0) 1(11.7) 1(12.5)
pdb code lcqw
LinB A 1(3.6) 4(2.3) 1(3.0), 1(2.2) 2(2.5) 1(3.0) 2(3.0)
ligand-free 2(2.8)
structure S1 3(7.8) 3(8.3) 2(7.3) 4(8.4) 4(9.5) 4(8.1)
pdb code 1iz7 U3 2(11.3) 1(12.0) 5(12.7)
LinB A 1(3.6) 2(2.2) 1(3.0) 1(2.2), 1(2.6) 1(2.9), 2 (3.0)
cocrystallized 2(2.18) 2(3.25)
with substrates u3 2(12.3) 5(11.1) 2 (12.0) 3(12.3) 2(12.3) 3(12.5)

pdb code 1k6e

aThe numbers in the Table indicate the rank of the cluster, e.g., 1 indicates the lowest free energy cluster, 2 the second lowest free lowest free
energy, etc® The structures are listed in TableIThe sites are defined in Table 8The number in parenthesis indicates the distance (in A) of
each cluster center from the ligand in the X-ray structure of the corresponding bound enzyme after structural superposition.

changes may also involve some domaitomain motions  surface and has been applied to various haloalkane dehalo-
(17). The SL site is best defined in the bromide-bound genase structures44). Computational mapping and the
structure, which is in good agreement with the assumption CAVER algorithm explore two very different properties of
that this location can serve as a water-access channel.  protein structures. Although CAVER was implemented to

Site S2 is located in such a way that the removal of the locate putative access paths, computational mapping identi-
V226 side chain opens a wide channel to the active site. It fies regions on the protein surface that bind a variety of small
has been shown that the V226A and V226L mutations both organic molecules. Thus, CAVER assumes prior knowledge
increase the reaction rat®&d). Because these mutations of the active site in order to determine paths leading to the
provide easier access to the active site, it is possible that thesurface, whereas mapping focuses on the identification of
S2 pocket also serves as a water-access channel. Howeveprotein pockets and clefts that bind small organic molecules.
no clusters were found at this site in the bromide-bound This distinction is fundamental in order to compare the two
structure. Site S1 is very well defined in the DCE-bound sets of results, as the ability of mapping to identify distinct
structure (Table 4). It is also present in the ligand-free paths is limited at best. However, the two methods provide
structure, but similar to Site S2, it is missing in the bromide- complementary information toward elucidating the biological
bound structure. Thus, again it is not clear, based solely onfunction of protein clefts and pockets, and as we will show,
the mapping results, whether this site has any role in the for DhIA all results are in good agreement, thereby improving
solvation of the halide reaction product. the reliability of our conclusions.

Analysis of Paths from the Ae# Site Using CAVER:or The CAVER method was applied to 14 DhIA structures,
further investigation as to whether sites SL, S1, and S2 canincluding the three structures that have been computationally
serve as water-access channels, we have considered priomapped44). In all 14 structures, the method identified paths
analyses using the CAVER methodologi). CAVER is a connecting the active site with the putative tunnel entrance
graph-searching algorithm implemented to identify direct (E), the slot region (SL), and S2 (Figure 2). Additionally, in
paths connecting the active site of the enzyme to the protein8 of these 14 structures (including the bromide-bound
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Table 3: Binding Sites of DhIA Structures Identified by Mapping Table 4: Number of Clusters in the Various Sites of the Haloalkane
Dehalogenase Structures

site description surrounding residues
A active site; overlaps with E56, D124, W125, F128, M152, F164, site?
Br~ binding site Brl F172, W175, L179, F222, P223, V226, A E Br2 Br3 SL S1 S2
L262, L263, H289
2dhc (DhIA) 3 6 4 2 1 6 1
E putative entrance to the R193, W194, A195, P196, K259, D260, 2had (DhIA) 4 7 1 3 4 2
active site K261, L262, A287, G288, H289, F290 1cij (DhIA) 2 4 3 8 4
lcgw (DhaA) 7 3 1
Br2 site of Br- binding close  W194, A195, P196, T197, K259, A287, 1iz7 (LinB) 8 1 6
to the entrance of the G288, H289, F290, V291, E293, F294 1k6e (LinB) 9 2
channel; putative
site for collision complex aEach of these sites is defined in TableThree individual cluster
) o centers were found at this site, which did not completely overlap, and
Br3 site of Br- binding D184, L185, R186, L187, Y206, A207, hence are not considered as a single consensus site (see text for further
F210, P211, D212, T213, Q216 discussion).

SL putative water entrance F164, Q167, P168, D260, K261, L262,
channel at the slot region L263, G264, P265, D266, V267

S1 pocket on the opposite end97, T98, F99, K221, M225, Q228,
of the ligand entrance R229, D230
channel, separated from
the active site by M225

S2 pocket separated from theT153, D154, P155, S162, V165, V226,
active site by V226 A227, Q228, R229, 1234

Ux site with unidentified
functionality

Ficure 2: Superimposing the sites identified with solvent mapping
with tunnels calculated by CAVER. The figures show the lowest
free energy positions for the bound 1,2-dichloroethane (DCE) as

Ficure 1: Depiction of the seven pertinent sites as observed in determined by mapping. Although this lowest energy position is

haloalkane dehalogenase DhIA structure (2dhc). In all four panels, X . )

the protein's cap domain is colored hot-pink, whereas @4 slightly shifted from the channel entrance in the relatively long
hydrolase domain is colored wheat. Panels A and B represent ribbonS!°t région, the agreement between the results from the two methods
and spacefill representations, respectively, of a side view of the 'S 9enerally very good. (A) Side view, with channel entrance E in

structure (where the SL site, the tunnel entrance E, and the Br2 Tont. (B) Top view, with the cap domain facing the viewer.

site are facing the viewer). Panels C and D represent ribbon and .

spacefill representations, respectively, where the cap domain hasvater to penetrate the enzyme in order to hydrolyze the

been placed in the front while thg8 hydrolase domain is toward ~ substrate and subsequently solvate the halide-ion product.

the back. The coloring of the sites are as follows: active site (A), As mentioned, the fact that the mutation V226A increases

blue; tunnel entrance (E), red; Br2 site, green; Br3 site, yellow; ; ;

olot region (SL). Orang(e;)81 site, oyan; agd < site, mageyma. the reaction rate5) also supports the assumption that S2
is the entrance of a water-access channel. Although no

structure previously mapped), a distinct path was also mutational information is available for S1, inspection of its

identified connecting the active site with S1 (Figure 2). location suggests a testable hypothesis, namely, that the

Although this does not functionally verify the role of S1 and mutation of residue M225 to one with a smaller side chain

S2 as distinctive water-access channels, it does provideshould increase the rate of the reaction. The observation that

further evidence of distinctive paths, which potentially allow mapping finds the S1 and S2 sites both in the DCE-bound
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Table 5: Calculated Binding Free Energy (in kcal/mol) of
1,2-Dichloroethane (DCE) Bound to Various Site$ the Three
DhIA Structures Studied

DCE

protein site cluster AG AEygw AEecec AGges

DhiA A 1 —-204 -18.6 —-1.5 —0.3

cocrystallized with DCE ~ S1 2 —15.7 —147 —-1.0 +0.0

(1,2-dichloroethane) Br2 3 —15.8 —15.7 —-0.2 +0.2

pdb code 2dhc Br3 6 —185 —157 —-13 -14

S2 16 -119 —106 —03 -—1.0

DhIA A 1 -203 -186 —09 —08

ligand-free structure Br2 2 -16.3 —-16.1 —0.9 +0.8

- pdb code 2had E 3 —157 —-154 +15 -1.8

FIGURE 3. Surface (green) depiction of (A) haloalkane dehalogenase s1 5 -16.7 —156 —-0.9 -03

DhaA structure (1cgw) and (B) haloalkane dehalogenase LinB s2 9 —16.7 —13.0 +0.8 —4.4
structure (1iz7) superimposed with the computationally mapped

consensus sites. The active site is represented by the magent@hia E 1 -16.0 —-156 +15 -1.9

colored consensus site. Notice the U3 site on the right side of the crystallized in the presence Br3 2 -179 -16.7 -13 00

structures. of Br~ ions (3 bound Br2 3 —-16.2 —-16.1 —-0.6 +0.5

Br~ions} pdb code 2cij SL 5 —-147 -148 +1.2 -1.1

, . . A 6 —204 —-188 —-18 -0.5
and ligand-free structures but not in the bromide-bound S2 12 -161 131 407 -37

structures may indicate either that water molecules access s1 16 -11.7 -11.2 —-04 -01
the active site before the halide export step of the catalytic aThe sites are defined in Table '3The structures are listed in
cycle or that there is no water uptake along these routes attgpje 1.
the high Br concentration of crystallization.
Mapping of DhaA and LinBWe have mentioned that the  slot region #4). Notice that the three non-overlapping cluster
mapping of enzymes generally yields the largest number of centers found by mapping in the slot region of DhaA is in
overlapping probe clusters in a subsite of the enzyme activeaccordance with the results of the CAVER calculations,
site (24, 38). This was not the case for DhlA, and we which showed a number of different tunnel openings (tunnel
hypothesized that the unique behavior is due to the size ofpranching) from the main tunnel. For 10 out of 11 LinB
the active site, which is not accessible to the larger probes.structures, the CAVER method identified the lower tunnel
To test this hypothesis, we have mapped an apostructure 0f(17, 35, 53—55) as the most predominant path. Another path
DhaA (pdb code 1cqw) and both apo and holo structures of found in all but one crystal structure was the upper tunnel
LinB (pdb codes 1iz7 and 1k6e, respectively) as shown in (17, 35, 53—55). A number of sub-paths within the slot
Table 1. The haloalkane dehalogenases DhaA and LinB,region were also observed, but no other paths were found.
although highly homologous to DhIA, hydrolyze larger |t appears that for DhaA and LinB, the CAVER program
haloalkanes and thus have substantially larger active sitesprovides more information than mapping does because it
The mapping results for DhaA and LinB are also listed in identifies the substrate access path, whereas mapping places
Tables 2 and 4, and are additionally depicted in Figure 3. the probes directly in the active site rather than at the
As shown in Table 4, the largest consensus site is the activeentrance, as it did for DhlA. However, the latter result implies
site in all three structures mapped, with at least 7 probe that the need for intermediate collision complex locations
clusters. Sites Brl, Br2, and S2 do not exist. The probesthat exist for DhIA may not be present in DhaA and LinB
cluster in the active site, and there is no binding at the because their active site is more accessible.
entrance E. The exception is the DhaA structure, with a single  Binding of DCE to DhIA.The small natural ligand of
tert-butanol cluster at the entrance in the upper tunfi@l (  DhIA, DCE, can be used as a probe in mapping. After
34). The slot region SL shows up in all three structures, but mapping, we performed 200 steps of energy minimization
contains only a few probe clusters. Although the SL site binds using CHARMM for the clusters in the pockets shown in
two acetonitrile clusters and one acetone cluster in DhaA, Table 3 (if such clusters exist in the mapping output). The
the three clusters do not fully overlap. There is an additional results from this analysis are shown in Table 5. For both
consensus site in each structure, listed as U3 in Table 2. Itligand-free and DCE-bound structures, mapping ranked the
is located about 12 A from the active site and is shown on active site as the lowest free energy cluster. Additionally,
the right side of the proteins in Figure 3. Although the site after performing the minimization, the active site contained
is fairly large, nothing is known about it and hence will not the lowest total free energy of all sites. Primarily, the van
be discussed further. We emphasize that unlike for DhIA, der Waals component of the free energy provided the greatest
there were no obvious structural changes observed in thediscrimination between the various sites, where the active
DhaA and LinB protein structures that could be attributed site was 2.5-3.0 kcal/mol more favorable than all other sites.
to the presence of ligands in the active site, and hence, weThis difference is approximately the same for the total energy
do not provide a detailed comparison of the mapping results as well. As a result, despite the fact that the active site was
for the LinB apo and holo structures. not able to accommodate all probe types (Table 2), the site
We compared the information derived by the mapping to clearly has high affinity for the natural substrate DCE. These
prior results from the CAVER method4). In three crystal results contrast with the mapping of the bromide-bound
structures of DhaA, CAVER consistently identified the structure, where the active site was ranked sixth overall, with
enzyme’s upper tunnel as the highest-ranked phaih34). a higher cluster free energy than that of the tunnel entrance,
The remaining paths found by the method span through theBr2 and Br3 sites, and the slot region (Table 2). However,
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Table 6: Calculated Binding Free Energy (in kcal/mol) of Br Table 7: Calculated Binding Free Energy (in kcal/mol) of CI
Bound to Various Sitésof the Three DhIA Structures Studied Bound to Various Sitésof the Three DhIA Structures Studfe
Br- ClI~
protein site cluster AG AEygw AEcec AGges protein site cluster AG AEygw AEeec AGges
DhlA Brz 132 -75 -70 -06 +0.1 DhIA Br2 117 -58 -59 -04 +0.5
cocrystallized with DCE S1 136 +0.6 -5.0 +80 -—-25 cocrystallized with DCE S1 119 +1.8 —-49 +81 -14
(1,2-dichloroethane) A 139 +2.6 —6.2 +10.6 -—1.8 (1,2-dichloroethane) A 122 +3.9 -5.2 +104 -1.3
pdb code 2dhc SL 137 +0.2 —-6.6 +179 —11.1 pdb code 2dhc SL 121 +1.8 —-5. +17.9 —10.6
Br3 135 +3.0 —-43 +91 -19 Br3 120 —-21 -53 -—-22 +54
DhIA Br2 99 —-80 —-66 —-28 +14 DhlA Br2 152 —-64 —-56 —-32 +24
ligand-free structure S1 105 -0.1 -54 +6.1 -0.8 ligand-free structure S1 154 +1.2 —-49 +6.0 +0.1
pdb code 2had A 106 +2.4 —-6.1 +139 -53 pdg code 2had A 156 +3.5 —51 +14.7 -6.0
E 100 +0.2 -55 +03 +5.4 E 153 +15 —-44 —-03 +6.2
DhIA Brz 182 -94 -69 -00 -—-24 DhIA Br2z 235 -50 -56 +04 +0.2
crystallized in the presence S1 189+0.1 —-55 +44 +1.2 crystallized in the presence S1 238+1.5 —49 +48 +1.7
of Br~ ions (3 bound A 190 +14 -59 +114 40 of Br~ions (3 bound A 239 +2.6 —-50 +11.4 -3.7
Br~ ions) pdb code 2cij E 183 -0.3 -58 —-16 +7.0 Br~ ions) pdg code 2cij E 236 +1.4 —-54 +182 -11.4
SL 187 +1.3 —-53 +23.6 —16.9 SL 237 —42 -53 +06 +0.5
Br3 188 -55 —-6.2 +09 -0.3 Br3 235 -50 -56 +05 +0.1
@ The sites are defined in Table BThe structures are listed in @The sites are defined in Table 8The structures are listed in
Table 1. Table 1.

after applying flexible minimization, the active site had the Pinding free energies with DCE, for the two halide ions the
lowest total free energy out of all the analyzed sites; 20.6 binding free energy at the active site is relatively unfavorable

kcal/mol, and had an energy differential of 2.3 kcal/mol or because of the electrostatic repulsion between the ionic
greater versus all remaining sites. Thus, the binding of a SPecies and the active site residues ES6 and D124. In fact,
bromide ion in the active site slightly alters some of the side the carboxyl functional group of the D124 side chain is

chain conformations, thereby preventing DCE from optimally Pointed directly toward the ion, resulting in a highly
binding to this structure. However, a minor adjustment of unfavorable conformation, and thereby destabilizing the

the side chains allows this site to bind DCE with high €nzyme-ion complex at the active site. Previous quantum
affinity. This rearrangement of active site side chains is in Mechanical calculations have shown that this repulsion is

agreement with quantum mechanics calculatiosand ~ Partially compensated by the rearrangement of halide-
molecular dynamics simulation&3), which have previously ~ Stabilizing Trp residues in the active sitg (13).

shown that active site residues W125 and W175 reposition FOr all three DhIA structures, irrespective of which ion
themselves upon halide binding. was mapped, the lowest binding free energy at the analyzed

Binding of Halides to DhIAAs shown in Table 4, the sites was found to be at the Br2 site. For bromide binding,

mapping of DhIA structures found two pockets, denoted Br2 @S Shown in Table 6, the calculated binding free enexGy
and Br3, that are Brbinding sites in the respective crystal at the Br2 site ranged from9.4 to—7.5 kcal/mol, depending
structure. Pikkemaat et abT) proposed that the binding of ~ ©N the structure. L|kewlse, for chloride binding (Table 7),
bromide to the Br2 site may represent a collision complex this value at the Br2 site ranged from6.4 to —5.0 kcal/
intermediate formed during halide import. As mentioned, the MOl- This site is the only location where the free energy for
Br2 site is close to entrance E of the tunnel, which is likely 0N binding was found to be consistently favorable. The only

to provide a direct path from the protein surface to the Other site which has been found to bind the ions with
internal active site. This importance of the Br2 site was favorableAG values was the Br3 site. However, binding at
further supported by the previously performed mutational Br3 is highly dependent on crystal structure. For example,
and kinetic experiments involving key residues in the Br2 the free energies of bromide binding at Br3 ar.5, +0.2,
site: T197 and F294 both converted to alaning®.(The and-+3.0 kcal/mol in the bromide-bound, free, and substrate-
subsequent conversion from a parabolic increase in thePound structures, respectively, confirming that the Br3 pocket

catalytic rate constant to a linear increase upon these!S induced by bromide binding. This seems to be in

mutations supports the assumption that the Br2 site providesr€@sonable agreement with kinetic experiments that demon-

an intermediate binding location in the pathway of halide Strated that a slowly reacting path was kinetically observed

import. The Br2 site also binds a chloride ion, which further ©nly at high bromide concentratiof). In contrast, the Br2

supports that the site may serve as the collision complex site is able to bind the ion products with favorable binding

with halides. All these properties of the Br2 pocket suggest T€€ energy in all structures.

that the site may also play a role in the export of halide from

the active site which has been established as the rate—limitingcoNCLUSIO'\IS

step in the catalytic mechanism for DhI&3). We have mapped three DhIA structures for sites that tend
We mapped the product chloride and bromide ions and to bind small organic molecules: a structure cocrystallized

subsequently performed a comparative analysis of the bindingwith the substrate DCE, a ligand-free structure, and a

free energies at each of the aforementioned sites. The resultstructure with three bound Blions. Mapping located seven

are shown in Tables 6 (for bromide) and 7 (for chloride). In distinct regions on the protein. These sites include the

contrast to the mapping results using the substrate (Tableenzyme’s active site A, which overlaps with the Biinding

5), where the active site of the enzyme had the most favorablesite Brl, the putative tunnel entrance E, the crystallographi-
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cally determined bromide binding pockets Br2 and Br3, a well defined in the bromide bound structure, but in the other
pocket SL in the slot region, which is likely to be the entrance two structures, it binds fewer probes and shows diminished
of the water-access channel, and two additional sites S1 andaffinity for Br~, suggesting that this pocket is formed in the
S2 that occur in both the DCE-bound and ligand-free process of Br binding. This is in good agreement with prior
structures and may serve as additional water-access channel&inetic data implying a slower auxiliary route, induced
The importance of these regions was strongly supported byexclusively in the presence of high Broncentration.
the results obtained by CAVER, a program developed for Mapping and free energy analysis show that the binding
finding routes from protein clefts and cavities to the surface. of halides within the binding site is unstable. Nevertheless,
We also performed mapping and free energy analysis of multiple DhIA structures (such as the bromide-bound struc-
DhIA structures using the substrate, DCE, and halide ions ture used in this study) exist where an ion has been found
as probes. The similarities and differences among the resultswithin the active site, and it has been reported that the release
for the three different DhIA structures provide information of the halide ion is the rate-limiting step. The existence of a
on the mechanistic roles of the seven binding sites, particu-long residence time bromide or chloride ion in the negatively
larly their contributions to substrate import and product charged active site pocket suggests that the ion is kinetically
export. trapped within the site and cannot leave without significant
The comparison of ligand-free, DCE-bound, and Bm- conformational change. This conclusion is in good agreement
bound DhIA structures show that ligand binding to this with the predictions that halide release requires some
protein does not involve large conformational changes. conformational changesy).
However, computational solvent mapping shows that even Water-Access ChanneM/ater molecules are needed both
these relatively minor changes can substantially alter the for the reaction and the solvation of the halide ions before
ligand-binding properties of various pockets. As emphasized their release from the active site. The site SL in the slot
in an earlier report on the method3), one of the major region has been reported as a putative water-access channel
advantages of mapping is that it can be regarded as a(l7). Because the SL site binds the largest number of probe
molecular microscope, revealing information that is contained clusters in the bromide-bound structure, the mapping results
in the X-ray structure but difficult to see without a special support this assumption. The sites S1 and S2 could also serve
tool. In fact, some of the results presented here may seemas entrance sites for water channels. Both sites are at the
to be unexpected in view of the small differences among perimeter of the interface between the two domains of DhlA,
the various structures, but such differences are real, and theiand each is separated from the active site essentially by a
analysis provides mechanistic insight. single side chain, S1 by M225 and S2 by V226. In addition,
Active Site.As discussed previously, solvent mapping of the mutation V226A increases the reaction r&.(Analysis
enzymes generally places the largest consensus site (i.e., thasing CAVER has demonstrated the presence of well-defined
largest number of different probe clusters) in the active site, paths leading from the active site to both S1 and S2 in
but this was not the case for DhiR4), where the active  multiple DhIA structures §1). Thus, it is conceivable that
site is so small that it can accommodate only the smallestthese channels may be used for water access. Because neither
probes. For comparison, we also mapped haloalkane dehaS1 nor S2 are present in the bromide-bound structure,
logenases DhaA and LinB, both of which contain signifi- solvation through these channels is likely to occur at earlier
cantly larger and more solvent-accessible active sites, andstages of the reaction cycle.
found the largest consensus site in the active-site pocket as Summary of the Reaction CyclBecause the active site
expected. This result confirms that the unusual behavior of in DhIA is located almost 10 A from the protein surface,
the DhIA active site is due to its limited accessibility. In the reaction is accompanied by a complex sequence of
particular, in the bromide-bound structure the active site binds binding and unbinding events. Here, we have studied both
only urea and acetonitrile. The most likely explanation is the sites that exhibit high affinity for the binding of small
that bromide binding changes some of the side-chain ligands and the potential channels connecting the active site
conformations in the site9( 13). However, mapping with  to the protein surface. According to mapping results, putative
DCE and calculating the free energy of binding show that entrance E of the substrate-access channel is already well
the active site is the most important binding pocket as far asformed in the apostructure and has high affinity for most
the substrate is concerned and that the substrate has thprobes. However, the lowest free energy clusters of the
lowest free energy at this site in all structures. smallest probes are directly formed in the active site,
Halide lon Export from the Acte Site As shown by halide indicating a very short residence time at site E for small
mapping of DhIA and by free energy analysis, the Br2 site substrates. Substrates such as DCE quickly transfer to the
is the most likely intermediate binding location for the halide active site along a strong negative gradient of the binding
product upon export from the active site. In all three DhIA free energy. The negative gradient is due to electrostatic and
structures, irrespective of whether chloride or bromide was van der Waals interactions that are both very favorable for
used in the analysis, the binding free energy is at lea®& 2  substrate binding at the active site.
kcal/mol more favorable at Br2 than at any other site, The reaction mechanism of DhIA after substrate binding
including both the active site and the Br3 site. Because Br2 has been extensively studied and is well understéohj.
is approximately ol 5 A away from the tunnel entrance, it  The catalytic cycle begins with the formation of a Michaelis
is conceivable that Br2 plays a distinct role in halide export complex, followed by the & displacement of chloride by
via the substrate-access tunnel. Indeed, Pikkemaat &tlal. (  the nucleophilic attack of Asp124 to form a covalent alkyl-
proposed that the binding of bromide to the Br2 site may enzyme intermediate8)]. During the reaction, the halide
represent a collision complex formed during halide import. moiety is stabilized by the indole NH groups of Trp125 and
The Br3 site can also be part of halide export. The site is Trpl75. The next steps of the mechanism require the
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presence of water molecules. Both mapping and CAVER well-defined, open active site in the latter two structures
analysis show three different pathways that can serve assubstantially simplifies the mechanism of substrate binding
water-access channels to the active sites. On the basis ofind product release.

mapping, all three corresponding surface pockets are present

in the ligand-free structure. When the substrate is bound, REFERENCES
site S1 on the opposite end of the substrate-access channel ; 4, Agteren, M. H., Keuning, S., and Janssen, D. B. (1998)

shows the highest affinity for binding, and hence, it appears
to be the most likely water-access channel at this stage of

the reaction. Because both S1 and S2 pockets are separated

from the active site by the side chains of M225 and V226,
respectively, actual water access requires conformational

changes. These changes may be restricted to the particular 3:

side chains but, on the basis of short molecular dynamics
simulations, are more likely to involve loop regions or even
some interdomain motionl{).

The side chain of His289 activates water to hydrolyze the
covalently bound intermediate and to form the alcohol
product, which is rapidly released)( The halide ion remains
bound between the side chains of Trpl25 and Trpl75.
According to the energy calculations, these interactions
rearrange the active site geometry, but the binding of the
halide at the active site is unfavorable. However, a number
of X-ray structures show bound halides, and on the basis of
kinetic studies, halide release is the rate-limiting step of the
entire reaction33). As mentioned, this contradiction suggests
a kinetically trapped halide in the active site and the need
for conformational changes to permit halide releas@).(
Because the active site is in the interface of two domains,
the conformational change may involve the repositioning of
the domains relative to each othdr7{. Indeed, molecular
dynamics simulations as short as 1 ns show functionally
relevant motions spread over the entire cap domain in DhIA

(17). The simulations also revealed that the most flexible 10.

part of the haloalkane dehalogenases is the random coil
interconnecting the two domains, suggesting that substantial
domain-domain motions may occur at somewhat longer
time scales. Because these enzymes perform catalytic cycles
on the time scale of a second, such slow, large scale motions
can be functionally important and are indicated by kinetic
methods 83, 56).

In addition to the conformational change, halide release
requires the solvation of the ion. In the halide-bound
structure, the only water-access channel with a well-defined

entrance site is SL in the slot region (Table 4). As discussed, 13.

the leaving halide most likely binds to the Br2 site that is
approximategl 5 A away from the tunnel entrance and
shows highest affinity for the ion. Because the Br2 site is
partially exposed, and the desolvation contributidBgesto

the free energy is unfavorable, the halide is then released to
the solvent. The bromide bound crystal structure indicates

that a second site (Br3) also can bind ions. However, on the 15.

basis of the mapping results, the Br3 pocket is formed only
in the process of Br binding. This is in good agreement
with prior kinetic data implying a slower, auxiliary route
induced exclusively in the presence of highBioncentra-
tion.

Buried Actve Site Makes DhIA Unigue among Haloalkane

DehalogenasesAs discussed above, ligand access to the 17.

DhlA acive site requires elaborate tunnels and intermediate
pockets 24), in contrast to the significantly larger active sites
of DhaA and LinB. The discrepancy in mapping results for
DhlA versus DhaA and LinB at these sites indicates that a
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