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Abstract

PH0459, from the hyperthermophilic archaeon Pyrococcus horikoshii OT3, is a probable haloacid
dehalogenase with a molecular mass of 26,725 Da. Here, we report the 2.0 Å crystal structure of
PH0459 (PDB ID: 1X42) determined by the multiwavelength anomalous dispersion method. The core
domain has an a/b structure formed by a six-stranded parallel b-sheet flanked by six a-helices and
three 310-helices. One disulfide bond, Cys186–Cys212, forms a bridge between an a-helix and a 310-
helix, although PH0459 seems to be an intracellular protein. The subdomain inserted into the core
domain has a four-helix bundle structure. The crystal packing suggests that PH0459 exists as a
monomer. A structural homology search revealed that PH0459 resembles the L-2-haloacid dehalo-
genases L-DEX YL from Pseudomonas sp. YL and DhlB from Xanthobacter autotrophicus GJ10. A
comparison of the active sites suggested that PH0459 probably has haloacid dehalogenase activity, but
its substrate specificity may be different. In addition, the disulfide bond in PH0459 probably facilitates
the structural stabilization of the neighboring region in the monomeric form, although the corre-
sponding regions in L-DEX YL and DhlB may be stabilized by dimerization. Since heat-stable
dehalogenases can be used for the detoxification of halogenated aliphatic compounds, PH0459 will
be a useful target for biotechnological research.
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PH0459, from the hyperthermophilic archaeon Pyrococ-
cus horikoshii OT3, is a hypothetical protein with a mo-
lecular mass of 26,725 Da (232 amino acids) (Kawara-
bayasi et al. 1998). PH0459 homologs are conserved
among several prokaryotes (Fig. 1A). The PH0459 pro-

tein shares 77% and 60% identities to PF0463 from Pyr-
ococcus furiosus DSM 3638 (Maeder et al. 1999) and
TK0058 from Thermococcus kodakarensis KOD1 (Fukui
et al. 2005), respectively. PH0459 belongs to a large super-
family of hydrolases, the haloacid dehalogenase (HAD)
superfamily (Pfam, PF00702) (Koonin and Tatusov 1994;
Aravind et al. 1998). Based on their three conserved
sequence motifs, the L-2-haloacid dehalogenases, epoxide
hydrolases, P-typeATPases, and a variety of phosphatases
are recognized as members of this superfamily. The X-ray
structures of two L-2-haloacid dehalogenases (EC 3.8.1.2),
L-DEXYL from Pseudomonas sp. YL (Hisano et al. 1996;
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Li et al. 1998), and DhlB from Xanthobacter autotrophicus
GJ10 (Ridder et al. 1997, 1999), were reported. Haloacid
dehalogenase catalyzes the hydrolytic dehalogenation of a
haloalkanoate to the corresponding hydroxyalkanoate.

The PH0459 protein shares 16% and 20% identities to
L-DEX YL and DhlB, respectively. Here, we report the
crystal structure of PH0459 at 2.0 Å resolution and discuss
its structural aspects.

Figure 1. (A) Sequence alignment of homologs of the PH0459 protein. The alignment was generated by CLUSTALW

(Thompson et al. 1994) and ESPript (Gouet et al. 1999). The secondary structures of PH0459, as determined by DSSP (Kabsch

and Sander 1983), are shown above the sequences (a, a-helix; b, b-strand; h, 310-helix; T, b-turn). (B) Ribbon representations of

the PH0459 structure (stereo view). (Color gradient [blue, green, yellow, red] from N terminus to C terminus.) The disulfide

bond, Cys186–Cys212, is shown in a stick model.
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Results and Discussion

The PH0459 crystal belongs to the monoclinic space
group P21, with unit cell constants of a=34.11 Å,
b=71.27 Å, c=53.62 Å, a=90.008, b=93.518,
g=90.008, and contains one protein molecule per asym-
metric unit. The structure was refined to 2.0 Å by the
multiwavelength anomalous dispersion (MAD) method
(Hendrickson 1991). The crystallographic data are sum-
marized in Table 1. The final model includes 230 amino
acid residues and 150 water molecules in the asymmetric
unit. The two C-terminal residues are invisible due to
disorder. PH0459 consists of the core domain and the
subdomain (Fig. 1B). The core domain has an a/b struc-
ture formed by a six-stranded parallel b-sheet flanked by
six a-helices and three 310-helices. The subdomain inserted

into the core domain has a four-helix bundle structure.
There is an active site cavity between the two domains.

A DALI (Holm and Sander 1993) structural homol-
ogy search revealed that PH0459 resembles two L-2-
haloacid dehalogenases, L-DEX YL from Pseudomonas
sp. YL (Hisano et al. 1996; Li et al. 1998) (PDB ID:
1JUD, Z=22.3, RMSD=2.6 Å over 213 Ca atoms)
and DhlB from X. autotrophicus GJ10 (Ridder et al.
1997, 1999) (PDB ID: 1QQ5, Z=21.5, RMSD=2.6
Å over 210 Ca atoms), and other HAD superfamily
hydrolase proteins. The overall structures of PH0459,
L-DEX YL, and DhlB overlap considerably, especially
in the core domain (Fig. 2A). The major difference
between PH0459 and DhlB is the extra-domain of
DhlB, with two antiparallel helices involved in dimer
formation. The crystal packing suggests that PH0459
exists as a monomer, whereas L-DEX YL and DhlB
form homodimers. In PH0459, one disulfide bond,
Cys186–Cys212, forms a bridge between a9 and h3
(Fig. 1), although PH0459 seems to be an intracellular
protein. These cysteines are conserved in the P. furiosus
PF0463 and T. kodakarensis TK0058 proteins from
hyperthermophilic archaeons (Fig. 1A). Recently, geno-
mic evidence indicated a critical role for disulfide bonds
in the structural stabilization of intracellular proteins
from thermophiles (Mallick et al. 2002; Beeby et al.
2005), suggesting that the disulfide bond in PH0459
contributes to the structural stability. The disulfide
bond probably facilitates the structural stabilization of
the neighboring region in the monomeric form, although
the corresponding regions in L-DEX YL and DhlB may
be stabilized by dimerization (Fig. 2B).

Most of the essential active site residues, Asp8, Thr12,
Thr122, Lys155, Asn181, and Asp185 in PH0459, are
well conserved (Asp10, Thr14, Ser118, Lys151, Asn177,
and Asp180 in L-DEX YL, and Asp8, Thr12, Ser114,
Lys147, Asn173, and Asp176 in DhlB, respectively) (Fig.
1A), suggesting that Asp8 works as the nucleophile in
the enzymatic reaction in the same way as in the catalysis
by L-DEX YL (Li et al. 1998) and DhlB (Ridder et al.
1999). The salt bridge to the positively charged Lys155
probably reduces the pKa of Asp8, thereby increasing its
nucleophilicity. In L-DEX YL, Arg41 functions as the
halogen abstraction residue (Li et al. 1998), and in DhlB,
Arg39, Asn115, and Phe175 form a halide-stabilizing
cradle (Ridder et al. 1999). In the case of PH0459,
Arg50 probably functions as the halogen abstraction
residue, and Arg50, Phe53, and Lys184 may form a
halide-stabilizing cradle (Fig. 2C). However, their loca-
tions are slightly different from those of other proteins.
In addition, the active site cavities of PH0459 and L-
DEX YL are open to the solvent, whereas in DhlB it is
shielded from the solvent (Fig. 2D). The active site cav-
ity of PH0459 is more open to the solvent than that of

Table 1. X-ray data collection, phasing, and refinement statistics

Peak Edge Remote

Data collection

Wavelength (Å) 0.97890 0.97930 0.96000

Resolution (Å) 50–2.0 50–2.0 50–2.0

Total reflections 62,653 62,667 62,818

Unique reflections 17,044 17,066 17,071

Redundancy 3.7 (3.6) 3.7 (3.6) 3.7 (3.6)

Completeness (%) 99.3 (98.8) 99.2 (98.7) 99.3 (98.8)

I/s(I) 12.0 (5.00) 14.3 (4.92) 13.3 (5.02)

Rsym
a (%) 8.9 (27.2) 8.2 (27.3) 8.2 (27.4)

MAD analysis

Resolution (Å) 50–2.0

No. of Se sitesb 6

FOMMAD
c 0.54

FOMRESOLVE
d 0.74

Refinement

Resolution (Å) 42.8–2.0

No. of reflections 16,891

No. of protein atoms 1869

No. of water molecules 150

Rwork (%) 16.6

Rfree (%)e 20.7

RMSD bond length (Å) 0.014

RMSD bond angles (8) 1.6

Average B factor (Å2) 22.5

Ramachandran plot

Most favored regions (%) 96.0

Additional allowed

regions (%) 4.0

Generously allowed

regions (%) 0.0

Disallowed regions (%) 0.0

All numbers in parentheses represent last outer shell (2.07–2.00 Å)
statistics.
aRsym = S|Ii - Iavg|/SIi, where Ii is the observed intensity and Iavg is the
average intensity.
bNumber of selenium sites located with SOLVE.
cFigure of merit after SOLVE phasing.
dFigure of merit after RESOLVE.
eRfree is calculated for 10% of randomly selected reflections excluded
from refinement.
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L-DEX YL, due to the monomeric form of PH0459.
These results suggest that PH0459 probably has haloacid
dehalogenase activity, but the substrate specificity may
be somewhat different from those of other proteins.
DhlB can only efficiently degrade short substrates up
to the size of L-2-propionate (van der Ploeg et al.
1991), whereas L-DEX YL can degrade larger substrates,
e.g., L-2-bromohexadecanoic acid (Liu et al. 1994).
PH0459 may have broad substrate specificity, because
its active site cavity is widely open to the solvent. Since
heat-stable dehalogenases can be used in biotechnologi-
cal applications to detoxify environmentally damaging

halogenated aliphatic compounds, PH0459 will be a
useful target for applied research.

Materials and methods

Protein expression, purification, and crystallization

The gene encoding full-length PH0459 was cloned into the plas-
mid vector pET11a (Novagen, EMD Biosciences). The seleno-
methionine-substituted PH0459 protein was expressed in
Escherichia coli BL21-CodonPlus(DE3)-RIL-X (Stratagene).
The E. coli lysate was heated at 908C for 11.5 min, and the

Figure 2. (A) The superimposition of the main-chain structures of PH0459 (green), L-DEX YL (magenta) (PDB ID: 1JUD), and

DhlB (orange) (PDB ID: 1QQ5) monomers. The disulfide bond in PH0459 is shown in a sphere model. (B) The superimposition

of the main-chain structures of the PH0459 (green) monomer, the L-DEX YL (magenta), and DhlB (orange) dimers. The

disulfide bond in PH0459 is shown in a sphere model. (C) The superimposition of the active sites of PH0459 (green), L-DEX YL

(magenta), and DhlB (orange) (stereo view). (D) Surface representations of PH0459, L-DEX YL, and DhlB. The active site

residues are colored yellow. The structures are oriented in the same direction.
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proteins were purified by a series of TOYOPEARL SuperQ-
650M (Tosoh), RESOURCE Q (Amersham Biosciences, GE
Healthcare), CHT5-I (Bio-Rad), and HiLoad 16/60 Superdex
75 pg (Amersham Biosciences) column chromatography steps
(Amersham Biosciences). Initial screening for crystallization was
performed using the TERA automatic crystallization system
(Sugahara and Miyano 2002). The crystals of PH0459 were
obtained in drops composed of 1 mL of 18.5 mg/mL protein
and 1 mL of precipitant solution (0.1 M Tris-HCl buffer at pH
7.0 containing 0.88 M tri-sodium citrate) by microbatch crystal-
lization under Al’s oil (Hampton Research). Some clusters of
plate-like crystals were obtained within a few months.

Data collection, structure determination, and refinement

A single crystal segment (,50 · 50 · 5 mm3) was isolated from
the crystal cluster and was used for data collection. The data
collection was carried out at 100 K, with the reservoir solution
containing 20% glycerol as a cryoprotectant. The MAD data
were collected at three different wavelengths at BL26B1
(Yamamoto et al. 2002), SPring-8 (Hyogo, Japan), and were
recorded on a Jupiter 210 CCD detector (Rigaku). All diffrac-
tion data were processed with HKL2000 (Otwinowski and
Minor 1997). SOLVE (Terwilliger and Berendzen 1999) was
used to locate the selenium sites and to calculate the phases,
and RESOLVE (Terwilliger 2002) was used for the density
modification and partial model building. The rest of the
model was built with O (Jones et al. 1991) and the model was
refinedwithRefmac5 (Murshudov et al. 1997) andCNS (Brunger
et al. 1998). The quality of the model was inspected by the
program PROCHECK (Laskowski et al. 1993). Graphic fig-
ures were created using PyMol (DeLano Scientific). The atom-
ic coordinates and the structure factors have been deposited
in the Protein Data Bank, with the accession code 1X42.
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