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ABSTRACT. The haloalkane dehalogenases are detoxifying enzymes that convert a broad range of halogenated
substrates to the corresponding alcohols. Complete crystal structures of haloalkane dehalogenase from
Sphingomonas paucimobilisT26 (LinB), and complexes of LinB with 1,2-propanediol/1-bromopropane-

2-ol and 2-bromo-2-propene-1-ol, products of debromination of 1,2-dibromopropane and 2,3-dibromopro-
pene, respectively, were determined from 1.8 A resolution X-ray diffraction data. Published structures of
native LinB and its complex with 1,3-propanediol [Marek et al. (20B@chemistry 3914082-14086]

were reexamined. The full and partial debromination of 1,2-dibromopropane and 2,3-dibromopropene,
respectively, conformed to the observed general trend thatpleybridized carbon is the predominant
electrophilic site for the & bimolecular nucleophilic substitution in dehalogenation reaction. The 2-bromo-
2-propene-1-ol product of 2,3-dibromopropene dehalogenation in crystal was positively identified by the
gas chromatographymass spectroscopy (GMS) technique. The 1,2-propanediol and 1-bromopropane-

2-ol products of 1,2-dibromopropane dehalogenation in crystal were also supported by thdS5C
identification. Comparison of native LinB with its complexes showed high flexibility of residues-136

157, in particular, Aspl146 and Glul47, from the cap domain helbiceand as. Those residues were
shifted mainly in direction toward the ligand molecules in the complex structures. It seems the cap domain
moves nearer to the core squeezing substrate into the active center closer to the catalytic triad. This also
leads to slight contraction of the whole complex structures. The flexibility detected by crystallographic
analysis is in remarkable agreement with flexibility observed by molecular dynamic simulations.

Major advances in the field of redox enzymes have prolyl oligopeptidase, haloalkane dehalogenase, haloperoxi-
included the crystal structures of bacterial haloalkane deha-dase, epoxide hydrolase, hydroxynitrile lyase, and others.
logenase family. The haloalkane dehalogenases act toTheses enzymes all have a nucleophhéstidine-acid
hydrolyze carborrhalogen bonds where these normally toxic catalytic triad evolved to efficiently operate on substrates
compounds are found in the environment. The haloalkanewith different physicochemical properties and in various
dehalogenase is a compact globular protein and is a membebiological contexts. The haloalkane dehalogenases catalyze
of the a/B-hydrolase structural superfamily. The/s- a replacement reaction in which a primary or secondary
hydrolase superfamily of enzymes is rapidly becoming one halogen of a small molecule substrate is replaced with a
of the largest groups of structurally related enzymes with hydroxyl group with the associated release of inorganic halide
diverse catalytic functions1j. Members in this family  and a protonZ). Bimolecular nucleophilic substitution ()
include acetylcholinesterase, dienelactone hydrolase, lipaseis anticipated reaction mechanism for the carbbalogen
thioesterase, serine carboxypeptidase, proline iminopeptidasecleavage. The dehalogenase reaction is initiated by the

binding of the substrate into a relatively hydrophobic pocket
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cyclic dienes, LinB also converts a broad range_ of haloge- Table 1: Experimental and Refinement Statistics for LinB Free and
nated alkanes and alkenes to their corresponding alcohols jng —Product Complexes

(5). The dehalogenation reaction is catglyzed without OXY9en omnounds LinB LinB-PGO_LinB—BPO
or any other cofactor. The amino acid sequence of LinB spak time (min) 60 60
showed similarity of 28.3% to haloalkane dehalogenase DhIA soak temperature (K) 277 277
from Xanthobacter autotrophicu8J10 6, 7) and of 49.0% Splﬁll((lj? group P212,2, P22, P2,2,2,
to DhaA fromRhodococcus rhodochrotéCIMB 13064 @). cey dmensions: 48286 46.410 46.180
These t_hree proteins .belong to _dif_ferent specificity .classes b 68.369 68.330 68.951
(9), which are evolutionary optimized for conversion of c(A) 80.746 80.980 80.681
different xenobiotic compounds. The structure of DhlA was molecule dimensions: 48.027 46.349 46.092
. ) . N
solved by fDlJrI:stra an%l co wprkgrts)l(n—ﬂ), while 33tjr;e y 60.747 60.869 61.456
structure of DhaA was determined by Newman et &8)( 2(A) 43.638 43.871 43.768
The 1.58 A crystal structure of LinB and the 2.0 A structure resolution range (A) 34:81.8 347185 27818
of LinB with 1,3-propanediol, a product of debromination no. 0; crystals dect l21294 l21714 l23054
-di I i i no. of unique reflections
gf 1.3 dd'brom.c’prgp;‘”?\}l n tze aCt'I‘l’e S'.tl_ehOf tlhg inzyme rl‘ave completeness of data (%)  83.7(60.395.6(65.0)  93.8(83.5)
een determined by Marek et a _4Q. e 1. crysta /o, 10.6 (2.2) 11.9(47) 11.9(4.0)
structures of LinB in complex with two substrates, 1,2- multiplicity 45(4.0) 4.5(4.0) 4.5 (4.0)
dichloroethane and 1,2-dichloropropane, and a reaction Rn}t_erge(%) o 7.7(28.0) 11.7(28.1) 11.7(28.0)
_ refinement statistics:
plroducc:t of I1 chIortobutatne \t/vertla ?(pali/_zed bé/ Oakle%/ et al. protein (non-H) 2308 2328 2328
(15). Complementary structural, kinetic, and gas chroma- ji.anq (non-H) 0 15 10
tography-mass spectroscopy (GC-MS) studies for dehalo- solvent 423 468 462
genation of a series of brominated substrates should provideions 5 7 7
further information about dehalogenation products, active site EIM’(B(/O/)O) %g-g gggg %g-f gg% ig-g g%g
. . . . . ree (Y0 . . . . . .
topology, interactions with substrate in the protein molecule, |8 overall A 159 148 120
and enzyme activity in a crystal and in a solution. RMSD from ideal geometry:
bonds (A) 0.014 0.014 0.014
MATERIALS AND METHODS angles {) 1.7 1.7 1.7
o ) dihedrals {) 23.1 23.1 23.3
Crystallization. Haloalkane dehalogenase LinB fro impropers {) 1.13 1.08 1.09
paucimobilisUT26 was overexpressed kscherichia coli aValues given in parentheses are for the highest resolution shell

purified to homogeneity, and concentrated to 2.0 mgL  (2.0-1.8 A).
in 20 mM potassium phosphate buffer, pH 6.8, with 1 mM

of 2-mercaptoethanol, as previously reportei?)( The and 0.1 M Tris hydrochloride at pH 8.2. Crystals diffracted
enzyme was concentrated to 14.4 mg thby the buffer up to 1.75 A resolution

exchange for 10 mM Tris-HCI pH 7.5, as reported by . . .
Smatanova et al1g). Screening for crystallization conditions Soak_| n9 Experlment§'l_1e_ soaking compOL_md (20.) was
added into a well containing the mother liquor. The cover

was performed using commercially purchased sparse-matrix$|i on tob was resealed. The halogenated compounds then
Crystal Screens | and Il (Hampton Research, USA) by the b b o alog P )
entered the crystal via vapor diffusion from the reservoir.

hanging drop vapor diffusion technique. All drops were set Soaking was performed for about 4 h at 277 K temperature.

up b_y mixing 2 ul of enzyme with 2yl Of. precipitant Soak times and temperature were chosen similar to soaking
solution on siliconized cover slides and equilibrated against L L .
conditions of LinB in 1,3-dibromopropanéd4).

1 mL of the same precipitant solution. Crystallization trays . .
precip 4 y Data Collection.Selected protein crystals were mounted

were incubated at 293 K. In the initial experiments crystals in nylon cryoloops (Hampton Research. USA), immersed in
of LinB were obtained using condition 6 of Crystal Screen " ' ' ;
9 y cryoprotectant (0.1 M Tris-HCI, pH 8.2, 0.2 M magnesium

1(0.2M i hloride hexah % PEG 4 .
© magnesium chloride hexahydrate, 30% PEG 4000, chloride hexahydrate, 28% PEG4000, 20% glycerol) for a

0.1 M Tris hydrochloride, pH 8.5). Condition 6 of Crystal . '
Screen | was considered as an alternative to that given infeW seconds, and then rapidly exposed to a cold nitrogen
ref 18 and was attempted for optimization. Condition stream (Oxford Cryosyster_ns Cryostream, England). Data
optimization was performed at 295 K by the hanging-drop were collected at 100 K using a MAR345 area mage-_plate
and sitting drop variants of the vapor diffusion method using detector (MarResearch, Germany) and X-ray_s from a Rigaku
Micro-Bridges in Linbro plates (Hampton Research, USA). RU-200 rotating Cukt anode generator (Rigaku, Japa_n)
Needlelike ~0.5 x 0.1 x 0.1 mm crystals suitable for operating at 4O.kV and 100 mA. X-rays were focused using
diffraction analysis formed within 2 days in sitting drops nickel coated m|rr9rs'(MarResearch, Germany)_. Consecutlve
containing 4uL of protein and 4ul of reservoir solution b_atches of 0.‘2_oscnlat|ons were collecte_d. Indexmg, integra-
with 0.2 M magnesium chloride hexahydrate, 28% PEG 4000 tion, and scaling of data sets were carried out using the HKL
package 19). Present study crystals of LinB frons.
paucimobilisUT26 diffracted well to 1.8 A and belong to

1 Abbreviations: LinB, haloalkane dehalogenase f@phingomonas ; .
paucimobilis DhIA, haloalkane dehalogenase froXanthobacter the orthorhombic space grol:2:2, (no. 19). The previ

autotrophicus DhaA, haloalkane dehalogenase frdRodococcus ously reported crystalsld, 18) were obtained at different
rhodochrous LinB—PGO, LinB complex with 1,2-propanediol/1-  conditions and had the orthorhombic space giez42;2 (no.
bromopropane-2-ol; LinBBPO, LinB complex with 2-bromo-2-  18) Data collection details are summarized in Table 1.
propene-1-ol; LinB-PDO, LinB complex with 1,3-propanedigl:HCH, . . .
y-hexachlorocyclohexane or lindane; PEG, poly(ethylene glycol): GC-  Structure Determination and Refinemerithe crystal
MS, gas chromatograpkymass spectroscopy. structure of native LinB was solved by the molecular-
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replacement method using the CNS pack&fe As a search
model, a previously reported water-free version of native
LinB (PDB ID 1CV?2) structure was used. The positions of
the protein molecule in the asymmetric unit were optimized
using the CNSZ0) rigid-body least-squares refinement using
the whole available resolution rang&ee cross validation

Streltsov et al.

SCAN mode withm/z range from 10 to 220. The temperature
of ion source was 200C, and the temperature of interface
was 250°C.

RESULTS
Refined StructuresThe results of structure refinements

based on randomly selected reflections (10% of the total set)are reported in Table 1. The present LinB structure was
was employed to monitor the subsequent refinement of the packed in the unit cell with additional 2-fold screw axis along

model. Following rigid body refinement simulated annealing

using torsion angle dynamics was used to improve the model.

A starting temperature of 5000 K was used with a cooling

thec direction (sp. grP2,2,2;) compared to that determined
by Marek et al. {4). The electron density was clearly
observed for the complete protein structure from N-terminal

rate 50 K per step. To take account of the possible variation Ser2 to the C-terminal residue Ala296. Ser2 and Leu3

in B-factors throughout the model, group B-factors were then
refined. Two B-factors were refined for each residue, one

for the main-chain atoms and one for the side-chain atoms.

After that, both o,-weighted 2mFo-DFc and mFo-DFc

residues at the N-terminus and side chains for Glu10, Asp73,
and Glul45, missing in the initial structurg&4j, were built

into the generated density maps. No trace of the electron
density for the first Met amino acid in a polypeptide chain

density maps were calculated and examined using thewas observed. That could indicate either a high level of

XtalView program 21). The omit maps were used to assist
in building the structure. The side chains were adjusted

disorder of the N-terminus or, more likely, that this residue
was subject for posttranslational modification. There were

Stepwise during the course of refinement using restrainedseveral water molecules inClUding that located in the active

individual B-factor refinement followed by energy minimiza-
tion of the coordinates. During the final stages of refinement
water molecules were inserted into the model only if there
were peaks in themFo-DFcmap higher than 2.6 with

center with unusually low B-factors of 228 A2 In addition,

the residualmFo-DFc density maps showed a significant
excess density at sites of those waters. Two of he largest
peaks were interpreted as the @ns (a component of the

displacement factors greater than 86 &nd real space

at the position of the water molecule in the active center

correlation less than 0.5 were excluded from subsequent step§!0S€ to Asp108 and Trp109 (Figure 1A), and another one
of refinement. The structures of the LinB complexes with ©N the surface of the molecule. Three other peaks in the

products were refined in the manner similar to the native
LinB. The starting model was the native LinB structure from

the present study with all nonprotein atoms removed. The
details of experimental and refinement statistics for LinB

free and LinB-product complexes are presented in Table
1.

Identification of Reaction Products by GC-MShe
reaction was started by mixing an enzyme solution (final
concentration 3 and 9@M, respectively) with substrate
solution (final concentration 4.81 mM for 1,2-dibromopro-
pane and 4.83 mM for 2,3-dibromopropene) in glycine buffer
with pH 8.6. TheK,, of LinB with 1,2-dibromopropane is
0.14 mM and with 2,3-dibromopropene is 0.04 mM. The 1
mL of reaction mixture was sampled at 0, 2, 5, 10, 20, 40,
80, 160, 240, and 1020 min of incubation at’&and mixed
with 0.5 mL of 0.8 M HSQ, to stop reaction. The quenched
samples were then injected into 1 mL of ice-cold diethyl
ether. After extraction, the diethyl ether layer containing

intermolecular space were interpreted as?Mgations (a
component of the crystallization mixture), as they appeared
to be coordinated by six water molecules with the average
Mg2* to O (water) distances of 2.1 A. Those were built into
the density and included in later rounds of refinement. After
refinement the B-factors were in the reasonable ranges of
values: 17.419.0 and 11.619.1 A for CI- and M@,
respectively. The final model of native LinB protein con-
tained 2328 non-hydrogen protein atoms, two @hd three
Mg?*, and 423 water molecules and convergeR mdRyee
of 16.6 and 22.6% for all experimental data (34188 A).
Assessment of the quality of the final structure showed that
88.3% of the residues fell in the most favored region, 11.3%
were in additional allowed region and Aspl08 was in
generously allowed regions, and no residues were in disal-
lowed region of the Ramachandran plot. It should be
mentioned that Ala24¢$ angle of—148.8 was very close
to the generously allowed region boundary.

In the structures of the LinBPGO (complex with 1,2-

noncovalently bound substrate and product was separatethropanediol and 1-bromopropane-2-ol products of 1,2-

from the water layer and neutralized by addition of NaHCO
The water was eliminated by the addition of JjS&, and
diethyl ether was transferred to an autosampler vial for

dibromopropane debromination) and LinrBPO (complex
with 2-bromo-2-propene-1-ol product of 2,3-dibromopropene
debromination), the magnesium atoms were observed at the

automated analysis. The samples were analyzed using GCsame sites as in the native LinB. The large residual density

MS Trace MS 2000 (Thermo Finnigan, UK). A total of 5
uL of sample was injected into SSL Injector of Trace GC
2000 (Thermo Finnigan, UK) at 25, with split ratio 25
(split flow was 15 mL min?). The gas chromatograph was
equipped with capillary column DB5-MS 25 m 0.25 mm

x 0.25um (J&W Scientific, USA). The temperature program
was 3-min isothermal at 6€C followed by an increase to
140 °C at 20°C min L. The flow of carrier gas (He) was
0.6 mL mirr® for 3 min followed by an increase to 1.4 mL
min~* at 0.2 mL min! min~!. The MS was operated at

peaks and small B-factors were obtained for the water placed
at the positions attributed to Cin the native LinB. Similar
replacement of these waters with the @ns only was not
satisfactory. There was too much electron density of larger
volume to be modeled by oxygen orGbns only. Mixed
population of those sites with the Biand CI ions: 75:
25% for both sites in LinB-PGO, and 60:40% in active site
and 40:60% on the surface for LirREBBPO improved
significantly the residual density maps and the B-factors,
which were increased in average up to 35 and 20 A for
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Ficure 1: The @mFo-DF¢ electron density maps, contoured at &.[evel, in the active centers of native LinB (A), LirRBPGO complex
(B), and LinB-BPO complex (C).

LinB—PGO and LinB-BPO, respectively. The detection of with the peak positions can be inserted. After extensive
Br~ in the halide-binding site and the electron density inspection of the2mFo-DFc and mFo-DFc maps and
changes in the active site (Figure 1) indicated that the enzymerefinements of other possible product models the 1-bro-
was active and the dehalogenation took place. mopropane-2-ol molecule in two alternate positions with

The debromination product models of 1,2-propanediol and refined occupancies of 30 and 20% were built into the
2-bromo-2-propene-1-ol for the LinBPGO and LinB-BPO electron density of the LInBPGO active site (Figure 1B)
complexes, respectively, were built into the electron density in addition to the 1,2-propanediol at 50% occupied position
in the area close to the nucleophile Asp108 (Figure 1B,C). close to Asp108. The corresponding released 1-5aBoms
Bond and angle parameters for the ligands were derived usingoccupied two positions in the structures with occupancies
XPLO2D (22) from models produced with WebLab Viewer of 0.75 each. The product molecules displaced three water
Pro (Molecular Simulations). However, more electron density molecules in the active site. The two positions of 1-bro-
than could be accounted for by these ligands or by water mopropane-2-ol molecule were significantly shifted away
molecules as in LinB (Figure 1A) was observed in the area from Aspl08 and only partially overlapped with 1,2-
away from Aspl08 in the active sites of both complexes. propanediol (Figure 1B). Those two positions were deter-
The residual density showed additional significantly high mined by the location of the large electron density peaks
(>50) peaks (two in LinB-PGO and one in LinBBPO) best modeled as the Br atoms. One molecule with two Br
in those areas. The heights and shapes (extended radii) oAtoms such as 1,2-dibromopropane substrate could not be
those peaks suggested that additional ligands with Br alignedproperly fitted in the electron density.
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produced one Brin total which was distributed between
the halide-binding site and the protein surface.

The final model of LinB-PGO contained 2328 non-
hydrogen protein atoms, three Kigtwo Br- and two Cf,
five non-hydrogen atoms for 1,2-propanediol, 10 non-
hydrogen atoms for two 1-bromopropane-2-ol molecules and
468 water molecules, and convergedR@nd Ryee Of 14.2
and 20.1% for all experimental data (34.2.85 A). The final
model of LinB—BPO contained 2328 non-hydrogen protein
atoms, three Mg, two Br~ and two Cf, 10 non-hydrogen
atoms for two 2-bromo-2-propene-1-ol molecules, and 462
water molecules converging tB and Rfree of 14.0 and
19.9% for all experimental data (27-8.8 A). The Ram-
achandran plots for LinBPGO and LinB-BPO showed
that, respectively, 89.1 and 89.5% of the non-Gly and non-
Pro residues fell in the most favored regions, 10.1 and 9.7%
were in additional and two (Asp108 and Ala247) were in
generously allowed regions, and no residues were in disal-
lowed regions. However, the Ala24f angles of—153.1

FIGURE 2: Overview of the tertiary structure of LinBt-Helices (LinB—PGO) and-152.7 (LinB—BPO) were just slightly

are purple and mauvg-sheet is in yellows-bridge is in green, out of the" genero'usly allowed regions.
turns are in cyan, and coils are in black. Figure was generated by Re-Refined Pragously Reported Structure$he fact that

VMD (26). the active site of the native LinB structure contained the Cl
ions stipulated careful reexamination of the previously
The fact that the cryoprotectant contained glycerol implied reported {4) LinB structure (PDB ID 1CV2). Analyses of
the possibility that active sites of the complexes might also the B-factors and the residual electron density showed that
be populated by glycerol. Indeed geometry of the glycerol there was significant over & electron density excess at the
molecule allowed it to be fitted in LInBPGO active site  water sites (1CV2): 10018(= 4 A?), 1004 B = 0 A?),
roughly at the position of 1,2-propanediol. However, it was 1009 @ = 2.5 A?), and 1047 B = 0 A?). The largest peak
not enough to accommodate the strong peaks well interpretedat the position of water 1001 in the active center was
as Br. In fact, existence of Brions in the structure both at  satisfactory interpreted as the"dbn (a component of the
the halogen-binding site and in the ligand sites suggestedpurification and crystallization mixtures) similar to the native
that there should be some products of debrominations. TheLinB structure of the present report. Three other peaks at
best interpretation was obtained including 1-bromopropane-the 1004, 1009, and 1047 water positions in the intermo-
2-ol into two different pOSitiOﬂS next to the l,2-pr0panedi0| lecular space were interpreted as the2'Cagations (a
position which could be in principle shared with glycerol. component of the crystallization mixture), as they appeared
The intention to keep 1,2-propanediol in the active site was to be coordinated by seven, six and eight oxygen atoms from
supported by the independent investigatiodd) (which waters and nearest residues with the averagé @ O
showed 1,3-propanediol product of full debromination of 1,3- distances of 2.4, 2.3, and 2.5 A, respectively. The atomic
dibromopropene in the LinB active site. The soaking B-factors and the residual density significantly improved after
conditions were similar, but the cryoprotectant contained no the new model refinement. The Leu3 residue at the N-
glycerol (20% PEG60000, 10% sucrose, and 10% PEG400).terminus, the Glu10, Asp73, and Glu 145 side chains and
The reexamination of the complex structure from &  oxygen for Ala296 missing in the initial structuré4) as
described below confirmed that the LinB active center well as the Glu40 rotamer were built into the genera‘[ed
contained a product of full debromination. This supported electron density maps. The final new model of the native
possibility that the LinB-PGO complex should also include | inB protein for the experimental data used in previous study
1,2-propanediol in the active site. (14) contained 2322 non-hydrogen protein atoms, orie Cl
A large volume of electron density was seen in the active three C&", and 443 water molecules and converged to lower
site of LinB—BPO with two excess residual density peaks values than obtained by Marek et al4] R andRyee Of 14.0
(>50) at almost the middle and at the top of the density and 17.8%, respectively.
cloud in Figure 1C. Similar to the LInBPGO complex, these In this context the complex structure of LinB with 1,3-
peaks had heights and shapes that were better interpreted gsropanediol (LinB-PDO), a product of full debromination
the Br atoms, rather than the O atoms. Again those peaksof 1,3-dibromopropane, reported by Marek et a4)(was
were too close to each other8.5 A) to be interpreted as  also reexamined and improved (PDB ID 1D07). As for native
the two Br atoms from the 2,3-dibromopropene substrate. LinB (1CV2) the missing Leu3, the side chains for Glul0,
Also, if the only fully dehalogenated product of 2-propene- Asp73, and Glu145 and the O atom for Ala296 were built
1,2-diol was to be fitted to the density, one of oxygen atom in to the density. The second Bion (902) found on the
would be positioned at the high density peak better modeled protein surface in the original 1D07 refinement was replaced
with the Br atom. Therefore, the electron density was finally with the C&" ion. Such replacement was justified by
interpreted as the 2-bromo-2-propene-1-ol molecule occupy-improvements in the electron density maps and by the
ing two positions in the active center with 50% occupancies similarity of the C&" position to that in the above re-refined
(Figure 2C). Partial debromination of the 2,3-dibromopropene 1CV2 structure. The extra two €aposition were also added
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replacing water molecules at the sites similar to the new enzyme. Residues Phe169 (621~ = 3.7 A), Trp207 (Oz

1CV2 model. Although their population was reduced, the

Cl-= 4.0 A and @—CI- = 4.1 A), and lle211 (61-CI-

density fit and the oxygen coordination suggested that they= 3.9 A) can provide additional stabilization. The second

were likely C&" rather than waters. The most important

Cl~ ion was located on the surface of the molecule at the

adjustment was related to the position of the 1,3-propanediol distance of 3.2 A from N(Ala218) and of 16.5 A from the

ligand. There was significant (greater than)Jesidual
density excess at the Biposition 901 in the active center
as well as near the old 1,3-propanediol position in the original
1D07 structure, which suggested that the Rwopulation

first Cl~ ion. Some short distances to the symmetry related
protein molecule in the unit cell are CTHCB(Asn262) =
3.9 A, CI—Co(Pro235)= 4.0 A, CF—CpB(Pro235)= 4.0
A, CI-—CB(Pro261)= 4.1 A and Ct—N(Asn262)= 4.3

should probably be 1 (0.71 in 1D07) and the 1,3-propanediol A.

molecule position needed adjustment. Two conformations

of 1,3-propanediol with approximately 50:50 population were
refined in the new position of the ligand. Part of the old

Structure of the Complex of LinB with 1,2-Propanediol/
1-Bromopropane-2-ol (LinBPGO). The 1,2-dibromopro-
pane compound was previously observé@)(to act as a

1,3-propanediol site was occupied by additional water. Other good substrate of LinB with catalytic constdwd: four times
water molecules were further revised: some of them were lower compared to 1,3-dibromopropane substrate studied by
removed and others were added. The new model did not haveMarek et al. {4). The positions of products in the LinB

any residual densitynfFo-DFQ greater than @ and the
2mFo-DFcmap was satisfactory. The final new model of
the LinB—PDO complex structure contained 2322 non-
hydrogen protein atoms, five non-hydrogen atoms for 1,3-
propanediol, one Br and three C&, and 320 water
molecules. The model refinement convergeditand Ryee

PGO active site showed that after the partial debromination
of 1,2-dibromopropane, the 1-bromopropane-2-ol product
was rotated in the extended LinB cavity and subjected to
further debromination with the final product of 1,2-pro-
panediol. The first free Br was placed between Asn38,
Trp109, and Pro208 (Figure 1), partially replacing” @h

of 16.6 and 24.8% for the experimental data used in previousthe LinB structure discussed above. The distances between

study (4). This reexamination provided an additional
justification of the fact that the 1,2-propanediol product of
full dibromination of 1,2-dibromopropane could be observed
in the LinB—PGO complex.

Structure of LinB FreeThe overall structure of present
LinB is very similar to that of Marek et al1d). The molecule

Br—(Cl-) and N are 3.4, 3.3, and 3.5 A for Asn38, Trp109,
and Pro208, respectively. Other close contacts were Trp207
(Oz—Cl"=4.1 Aand @—CI- = 3.4 A) and lle211 (81—

Cl- =3.9 A). The molecule dimensions from Table 1 show
that the molecule was compressed at@ in the one X)
direction and was slightly expanded in other twoafid 2)

is composed of two domains: core domain and smaller capdirections. However, the major shift of residues happened
domain as shown in Figure 1 was well described in previous in the cap domain and in the outer shell of residues from

study (@4). The core includes a twisted eight-stranded
[-pleated sheet, which is framed byhelices on both sides.
The cap domain is made of-helices only. The best fit by
the least-squares metha?il] between present structure and
that of Marek et al. 14) re-refined in this study gave the

both sides of the core domain along eight-strangigteated
sheet, while the internal structure and active site kept
preserved (Figure 3).

The overall coordinate rmsd calculated between the LinB
and LinB—PGO structures was 0.43 A, while the catalytic

root-mean-square deviation (rmsd) of 0.79 A. Some residuestriad rmsd was 0.3 A with the smallest shift of 0.2 A for

with flexible side chains have larger 8.0 A) rmsd, while
the location of active center and especially catalytic triad
(Aspl08, Glul32, and His272) is highly conserved (triad
rmsd 0.25 A). The nucleophile Asp108 is located on the turn
after strandgis at the start of the helixs, the base His272 is
positioned in the turn joinings and o33, and the catalytic
Glul32 is located after strangs. The secondary structure
numbering was adopted from r28 as reflecting the most
conserved elements. The active site of LinB is further
composed of residues Asn38 (the turn between stfgatd
helix o1); Asp108 and Trp109 (the turn between stratd
and helixag); Glul32 and 1le134 (stranfs and the turn
between stran@s and helixay); Phel43 and Prol44 (the
coil between helicesx, and as); GIn146, Aspl47, and
Phel51 (helias); Phel69, Vall73, and Leul77 (helis);
Trp207, Pro208, and lle211 (helix and the following coil);
Ala247 and Leu248 (the turn between strghdand helix
a10); and His272 and Phe273 (the turn between strdnd
and helixoy). The CI ion position in the active center is
fixed by interactions with Asn38, Trp109, and Pro208 (Figure
2). The distances betweenGind N are 3.7, 3.3, and 3.5 A

for Asn38, Trp109, and Pro208, respectively. Furthermore,

Asn38 and Trp109 provide the positively charged nitrogen-
bound hydrogens for efficient stabilization of the transition
state of the first reaction step and catalytic activity of the

His272. The significant shifts in the region of active site were
for residues 136157 from the coil prior to helix, helix

a4, and helixas (rmsd> 0.5 A) toward the 1,2-propanediol
molecule. The rotation of this most flexible part of the
structure (residues 136.57) relative to the protein core was
insignificant (~0.9°). The shift affected the turns with
residues 212216 (rmsd> 0.5 A) between heliceag and

o Which were connected to the flexible region via isolated
p-bridge formed by hydrogen bonds such as N(lle138)
-«O(Pro212)= 3.0 A, O(lle138)-H-:-N(Ala214) = 2.9 A,
O(lle213)-H:+*N(Gly215) = 3.0 A, and O(lle213)H---
N(Thr216)= 2.9 A in the native LinB. The 1,2-propanediol
was close to residues Asp108 {D-01(PGO)= 2.9 A),
Trp109 (Ne—O1(PGO)= 4.1 A), and His272 (W2—02-
(PGO)= 4.1 A).

Structure of the Complex of LinB with 2-Bromo-2-propene-
1-ol (LinB—BPQ). The X-ray structural analysis of LinB
soaked with 2,3-dibromopropene suggested that the deha-
logenation reaction occurred and the product was 2-bromo-
2-propene-1-ol indicating the dehalogenation fisghcarbon
site only. That agreed with previous observati@d)(that
the Br at thesp® carbon was predominantly attacked by the
enzyme. The 2-bromo-2-propene-1-ol ligand occupied two
positions in the active site displacing three water molecules
observed in the active site of the native LinB structure.
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Ficure 3: Stereo overlay of native LinB (cyan) and LirBPGO (purple) main chain structures. Positions of ligand and@r (green/
yellow) are also indicated. Figure was generated by VMB).

the 2-bromo-2-propene-1-ol product suggested that after the
partial debromination of 2,3-dibromopropene the product
could be rotated in the extended LinB cavity and subjected l

Similar to LinB—PGO complex, the additional position for ~ (A) *[
4.20

to further debromination. However, it seemed that the full e 2 min

debromination did not occur in the LirBPGO case. —_—— .

Comparison of the LinBPGO structure with the above
studied LinB and LinB-PGO structures gave the overall
rmsd of 0.51 and 0.23 A, respectively. The Br:Cl positions
were similar to those in the LinBPGO structure. The 100
distances between Bin the active site and N for stabilizing 50 {L 10 min
Trpl09, Asn38, and Pro208 were 3.3, 3.4, and 3.5 A, e S
respectively. Other close contacts were Trp207-(Of = 30 35 40 45 5.0 5.5 5.0
4.0 A and @—CI- = 4.0 A), lle211 (®1-CI- = 3.8 A). Time (min)

The catalytic triad geometry was almost identical in both (B) o

LinB—PGO and LinB-BPO structures with rmsd of 0.06 07
A. The rmsd of catalytic triad in LinB and LinBBPO was ]
0.28 A and close to that for the LinBPGO. Similar to ] s
LinB—PGO, the LinB-BPO structure had also reduced 1%, % =
molecule dimension~2 A) along the samex] direction *]
(Table 1) due to shift of residues in the cap domain and in

the outer shell from both sides of the core domain along 1 Ml o

eight-strande@-pleated sheet as in Figure 3. The major shifts .
20

.20
19
4.

77 5 min

4.
4.19

RelativeAbundance

] 3%

40+

Relati e Aoundence

105 107

. . . - 40 53 7y 8
in the active site were for residues Asp147 (rmsd 1.3 A), i 42 99 a5
Al

Glu146 (rmsd 0.9 A) from helixas toward the ligand e IO 1L o 1T e e ol .
molecule. As for LinB-PGO, the region between residues i PSS S NIV S
136—157 (coil prior helixay, helix a 4 and helixa 5) and miz

Cor]neCtEd via hydrogen bonds reS|dueSf22-26 bEtWeen FiGURE 4. Dehalogenation of 1,2-dibromopropane (R®.65 min)
helixesog andag in LinB—BPO were also involved in that  and formation of two products (RE 3.71 and 3.92 min) at 20,
shift with rmsd >0.5 A. The 2-bromo-2-propene-1-ol 80, and 160 min (A). The mass spectrum of the product with the
molecule located close the catalytic triad contacted residues'étention time 3.71 min identified as 1-bromopropane-2-ol (B), with

- — the retention time 3.92 min identified as 2-bromopropane-1-ol (C)
Asp108 (@1-O(BPO)= 3.2 A and @1-C3(BPO)= 2.9 and 1,2-propanediol (D). 1,2-Propanediol was identified in the

R), Trp109 (Ne1-O(BPO)= 3.9 A), lle211 (&31-O(BPO) separate experiment conducted at high protein concentration (90
=3.9 A), Leul77 (©1-Br(BPO)= 4.0 A) and had other ~ uM) and long reaction time (1020 min).
longer 4.1—4.5_ A contacts with 1le134, Phe143, Phel51, and corresponds to expected produgtBro* with 138+140
Leu248 and His272. m/z. Base peak at 48vz represents typical fragment ion from
Dehalogenation Products of the Substrate 1,2-Dibromo- secondary alcohols ¢8ls0"). The cluster 93-95 vz was
propane Dehalogenation reaction of LinB with the substrate found in spectrum and identified as remaining ions §CH
1,2-dibromopropane was conducted in the glycine buffer (pH Br™) after cleavage of 46vz fragment from molecular ions
8.6,t = 37 °C), and the reaction products were studied by 138+140m/z. NIST/EPA/NIH MS Library search evaluated
GC-MS. The Figure 4A shows dehalogenation of 1,2- 95.3% similarity of measured spectra with library spectra
dibromopropane (retention time RT = 4.65 min) and of 1-bromopropane-2-ol. The mass spectrum of the product
formation of two products (R¥ 3.71 and 3.92 min) intime.  at retention time 3.92 min (Figure 4C) was identified as
The mass spectrum of the product at retention time 3.71 min 2-bromopropane-1-ol. Molecular peak cluster £380nvz
(Figure 4B) was identified as 1-bromopropane-2-ol. Molec- suggests the same molecular formulgH@rO for this
ular peak with typical cluster M:M2 in the ratio 1:1 product. There was no sign of ion 4%/z typical for
indicates the presence of one bromine atom in the moleculesecondary alcohols. Peak at Bz which represents typical

108
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Ficure 5: Dehalogenation of 2,3-dibromopropene (RT4.77 min) and formation of product (R¥ 4.20 min) at 2, 5, and 10 min (A).
The mass spectrum of the product identified as 2-bromo-2-propene-1-ol (B).

fragment ion from primary alcohols (GB") was found in cluster M:MH2 in the ratio 1:1 indicates the presence of one
the spectrum. The cluster 187209 m/z was found in bromine atom in the molecule and corresponds to expected
spectrum and identified as remaining ionsKGBrt) after product GHsBrO™ with 136+138nmv/z. Peak at 31z which
cleavage of 31wz fragment from molecular ions 138,40 represents typical fragment from primary alcohol ¢CH)
m/z. The measured spectra were in good agreement withwas found in the spectrum. The cluster ¥I97 m/z was
theoretical fragmentation predicted for 2-bromopropane-1- found in spectrum and identified as remaining iongsH&
ol by program MassFrontier 1.0 (HighChem, Slovak Re- Brt) after cleavage of 3in/z fragment from molecular ions
public). Taken together, these results suggest that LinB 136+138 nVz. The measured spectrum was in good agree-
enzyme attacks bromine atom of 1,2-dibromopropane at bothment with theoretical fragmentation predicted by the use of
o- and g-position. LinB enzyme preferentially attacks the MassFrontier (HighChem, Slovak Republic). There was no
bromine atom agf-position since the rate of 1-bromopropane- other product found in the reaction mixture strongly sug-
2-ol formation was five times faster than formation of gesting that LinB enzyme attacks bromine atom of 2,3-
2-bromopropane-1-ol. Dehalogenation experiment conducteddibromopropene ati-position only.
at high LinB concentration (99M) and long reaction time
(1020 min) resulted in a single reaction product. The mass DISCUSSION
spectra of this product was also identified (Figure 4D). The  The present structures of LinB and complexes L0
peak of/z 61 corresponds toEs0, as a possible fragment  and LinB—BPO were solved to 1.8 A resolution by molecular
of 1,2-propanediol. The typical fragment for primary and replacement technique. Crystallographic data are summarized
secondary alcohols ara’z 31 and 45, respectively, and both  in Table 1. The LinB-PGO and LinB-BPO structures were
were found in the spectrum. The results suggest that the finalcompared with the structure of LinB-1,3-propanediol com-
product of LinB 1,2-dibromopropane conversion is 1,2- plex (LinB—PDO), a product of debromination of 1,3-
propanediol. NIST/EPA/NIH MS Library search evaluated dibromopropanel) re-refined in the present study (PDB
78.1% similarity of measured spectra with library spectra ID 11Z8). The LinB—PGO and LinB-BPO complexes were
of 1,2-propanediol. superimposed on LinBPDO with the rms deviations of 0.74
Dehalogenation Product of the Substrate 2,3-Dibromopro- and 0.77 A, respectively. The greatest divergences between
pene.Dehalogenation of 2,3-dibromopropene by LinB was the structures were at the N- and C-termini, which were
conducted in the glycine buffer (pH 8.6+ 37 °C), and the relatively flexible in the structures. The catalytic triad
reaction product was identified using GC-MS. Figure 5A residues superimposed closely with the rmsd’s of 0.23 A in
shows dehalogenation of 2,3-dibromopropene RR.77 both cases. The 1,2-propanediol and 2-bromo-2-propene-1-
min) and formation of product (RE 4.20 min) in time. ol ligands were approximately superimposed on one another
The mass spectrum of the product (Figure 5B) was identified and located slightly closer to the Aspl08 than 1,3-pro-
as 2-bromo-2-propene-1-ol. Molecular peak with typical panediol. The hydroxy groups of 1,2-propanediol and
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2-bromo-2-propene-1-ol are 2.9 and 3.2 A away from ACKNOWLEDGMENT

Aspl108-1, respectively, as opposed to 3.5 A in the case
of 1,3-propanediol. All three ligands were adjacent to the

Dr. Jaromir Marek (Masaryk University, Brno, Czech

face of the His272 side chain; however, the 1,3-propanediol Republic) is gratefully acknowledged for providing X-ray
molecule was found to be shifted approximately in the data for LinB and LinB-PDO structures. We would like to

direction parallel to the face of the His272 roughly toward thank referees for valuable suggestions, especially in regard

Pro144 (the OHPro144-0 distance is 3.2 A). Superposi-
tion of LinB complexes with 1,2-dichloropropane, 1,2-
dichloroethane, and butanol, the last one being the product
of dechlorination of 1-chlorobutane from the study of Oakley 1
et al. 15) as well as with reexamined 1,3-propanediol of >
Marek et al. 14), and 1,2-propanediol/1-bromopropane-2-

ol and 2-bromo-2-propene-1-ol from the present study, 3.

showed that the ligands were distributed along the same
direction approximately from Asp108 to the space between
Prol44, GIn146, and Aspl47.

It is interesting to note that while the ligand positions are
stretched along the direction parallel to the face of the

His272, the catalytic triad approached the ligands from the 6.

core side of the protein with their active atoms approximately
arranged in the plane, which is almost parallel to the face of
the His272 imidazole side chain. From the opposite side,
the ligands are approached by the most flexible residues
143—-151 from the cap domain heliceg andas. The latter 9
residues and especially, Asp146 and Glul47, are mainly
shifted toward the ligand molecules in the LirRBGO and
LinB—BPO structures. It suggests that the cap domain moves
closer to the core squeezing substrate in the active center
and bringing it closer to the catalytic triad. This is reflected

on the dimensions of the molecules (Table 1) as mentioned 12.

above. This agrees with molecular dynamics simulat&3), (
which showed that helices, and as are most flexible
secondary elements of the LinB structure. In particular, the
maximum amplitude occurred at the end of helixdue to
stretching of helixas, which is supported by the enhanced
flexibility of helixes o4 and as, especially Glul46 and

Aspl47 observed in the present study. The molecular 15.

dynamics 23) also showed that the secondary essential
motion was around the Ile138, Pro212, and Ala214 residues
participating in the3-bridge formed by hydrogen bonds.

The halogen position in the active center is approximately 17.

the same in the all mentioned complex structures. The second
Br~ ion is at distance of 16.5 A from Brin the active site

in both LinB—PGO and LinB-BPO. It appears that the 1
secondary Brions are in the less dense layer of the enzyme
separating two domains (Figure 2) with channels connecting
the active center with surface of the protein. This suggests
that these Br ions originate from the substrate molecules.
The active site Br ion makes hydrogen bonds with two
primary halide-stabilizing residues (Asn38 and Trp109) and
is in close contact with secondary halide-stabilizing residues
(Trp207, Pro208, and lle211) proposed to play very important
role for the catalytic cycle of LinBZ5).

The observed dehalogenation of 1,2-dibromopropane and
2,3-dibromopropene supports the general trend thasthe
hybridized carbon is the predominant electrophilic site for
the S2 bimolecular neucleophilic substitution in dehaloge-
nation reaction. In respect to the biochemical assays, the
X-ray analysis agrees well with the GC-MS identification

1

of the reaction products suggesting that the observed products 26.

of the crystalline enzyme are relevant to the enzyme normal
metabolic role.

13.

16.

19.

20.

23.

24.

to biochemical assays.
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