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Structure of a haloacid dehalogenase superfamily
phosphatase PH1421 from Pyrococcus horikoshii
OT3: oligomeric state and thermoadaptation

mechanism

PH1421 from the hyperthermophilic archaeon Pyrococcus
horikoshii OT3 is a hypothetical protein belonging to the
haloacid dehalogenase (HAD) superfamily. To gain insight
into its biological function and thermostabilization
mechanism, the crystal structure of PH1421 has been
determined at 1.6 A resolution. The crystallographic asym-
metric unit contains a homodimer. The monomeric protomer
is composed of two distinct domains, a small cap domain and a
large core domain, which agrees well with the typical domain
organization of HAD subfamily II. Based on structure-based
amino-acid sequence alignment and enzymatic analysis,
PH1421 is suggested to be a magnesium-dependent phospha-
tase that is similar to the dimeric HAD phosphatase TA0175
from the mesothermophilic archaeon Thermoplasma acido-
philum. Further comparison between the crystal structures of
PH1421 and TA0175 revealed a marked structural similarity in
the interprotomer dimer association. The common dimer
interface with interprotomer twofold symmetry is character-
ized by a well conserved hydrophobic core consisting of the
PBl—-al loop and helices ol and o2 of the core domain and
additional contacts including the B7-88 loop of the cap
domain, which constitutes part of the putative active site of the
enzyme. Several factors that potentially contribute to the
higher thermal stability of PH1421 were identified: (i) an
increase in intraprotomer hydrophobic interactions, (i) a
decrease in denaturation entropy from amino-acid composi-
tion and (iii) an increased number of intraprotomer ion pairs.
These results suggest that the PH1421 protomer itself has an
intrinsically higher thermal stability when compared with the
mesothermophilic orthologue TA0175.

1. Introduction

Phosphoryl-transfer reactions are widespread in many aspects
of biological processes in all organisms. Enzymes in the
haloacid dehalogenase (HAD) superfamily, also known as the
L-2-haloacid dehalogenase family, catalyze diverse phos-
phoryl-transfer reactions in a magnesium-dependent manner
using aspartate as a nucleophile (Aravind et al., 1998; Collet et
al., 1998). More than 40 crystal structures of HAD proteins
have been reported (for a review, see Burroughs et al., 2006).
Of these proteins, functionally characterized HAD enzymes
have so far shown a clear correlation between their structures
and enzymatic functions; the structurally conserved large core
domain and the small variable cap domain are required for
phosphatase catalysis and for substrate recognition, respec-
tively.

The core domain contains the conserved residues for
phosphatase activity (Allen & Dunaway-Mariano, 2004). This

Received 1 April 2008
Accepted 12 August 2008

PDB Reference: PH1421,
Twr8, rlwr8sf.

1068

doi:10.1107/50907444908025948

Acta Cryst. (2008). D64, 1068—1077



research papers

domain has a well conserved «/f structure which is similar to
the Rossmann fold. It contains three conserved motifs: I, 11
and III (Fig. 1). Motif I is described as DXDX(T/V) (where X
denotes any residue). The first invariant aspartate acts as a
nucleophile in the reaction and becomes phosphorylated
before transferring the phosphoryl group (Collet et al., 1998).
The second aspartate acts as an acid/base catalyst (Lahiri et al.,
2002). Motif II is described as (S/T)G. These residues make
hydrogen bonds to the phosphoryl O atoms of the substrate
and help to orient it for nucleophilic attack (Wang et al., 2001).
Motif IIT is described as K-(X),-(G/S)(D/S)XXX(D/N). Of
these residues, the conserved lysine neutralizes the negative
charge of the phosphoryl groups during the reaction and the
other residues are involved in the coordination of divalent
metal ions (Wang et al., 2001).

The cap domain, on the other hand, is structurally variable.
It is inserted into the core domain at a typical position.
According to the position of insertion, the HAD superfamily
is divided into three subfamilies: I, IT and III (Selengut, 2001).
In subfamily I, the cap domain is inserted between motifs I and
II in the core domain and is a-helical in structure; this sub-
family includes the phosphoserine phosphatase from Metha-
nococcus jannaschii (Wang et al., 2001; PDB code 1f5s), the

Protein PDB

B-phosphoglucomutase from Lactococcus lactis (Lahiri et al.,
2003; PDB code 1008) and the phosphonoacetaldehyde
hydrolase from Bacillus cereus (Morais et al., 2000; PDB code
1fez). In subfamily II, the cap domain is located between
motifs IT and III in the core domain and has a mixed «/g-fold.
This subfamily includes the sugar phosphatase BT4131 from
Bacteroides thetaiotaomicron VP1-5482 (Lu et al., 2005; PDB
code lymq), the TMO0651 phosphatase from Thermotoga
maritima (Shin et al., 2003; PDB code 1nf2), the Ybiv protein
from Escherichia coli (Roberts et al., 2005; PDB code 1rlo) and
the 2-phosphoglycolate phosphatase from Thermoplasma
acidophilum (Kim et al., 2004; PDB code 116r). The subfamily
IIT enzymes comprise the core domain only and lack the cap
domain. This subfamily includes the phosphotyrosine phos-
phatase MDP-1 from mouse (Peisach et al., 2004; PDB code
1u70) and the T4 phage polynucleotide kinase (Galburt et al.,
2002; PDB code 11tq). The cap domain in subfamilies I and II
is located in the vicinity of the catalytic site and protects it
from the bulk solution. It has been reported that the cap
domain shows ‘open—closed’ interdomain movement during
the catalytic cycle [see Burroughs et al. (2006) for subfamily I,
and Lu et al. (2005) and Burroughs et al. (2006) for subfamily
IT]. Furthermore, the cap domain modulates the substrate

PH1421 1WRS 1 MKIKAIS T-YPNRMIHEKALEAIRRAESLGIPIMLVEE--------- NTVQF 49
TAO175 1L6R 1 -MIRLAA T-DRDRLISTKAIESIRSAEKKGLTVSLIERS---------- NVIPV 48
vida 1RKQ 1 MAIKLIA L-LPDHTISPAVKNAIAAARARGVNVVL PYAGVHNYLKELHM 58
TMO651 1NF2 1 -MYRVEV L-NDNLEISEKDRRNIEKLS-RKCYVVF MLVSTLN--VEKKY 55
BT4131 1YMQ 1 -MTKALF VSFETHRIPSSTIEALEAAHAKGLKIFI PKAIINN-LSELQD 58
Ybiv 1RLO 1 MSVEKVIV LNDAKTYNQPRFMAQYQELKKRGIKFVV QYYQLIS---FFPE 57
Motif I Motif 11
PH1421 1WRS 50 AEAASILIGTSEPVVAEDG------=---c--ce-em e e e e e mmm = GAISYKKKRIFLASM 83
TAO175 1L6R 49 VYALKIFLGIN[PVFGENG----========= === === === ===~ GIMFDNDGSIKKFFS 82
Yida 1RKQ 60 EQPGDYCITYN[ALVQKAADGSTVAQTALSYDDYRFLEKLSRE-VGSHFHALDRTTLYTA 118
TMO651 1NF2 56 FKRTFPTIAYN[EAIVYLPEEGVILNEKIPPEVAKDIIEYIKPLNVHWQAYIDDVLYSEKD 115
BT4131 1YMQ 59 RNLIDGYITMN[EAYCFVGEEVIYKS-AIPQEEVKAMAAFCEKKGVPCIFVEEHNISVCQP 117
YhiVv 1RLO 58 LEDEISFVAENPEALVYEHGEKQLFH LTRHESRIVIGELLEDKQLNFVACGLQSAYVSEN 117
PH1421 1WRS 84 DEEWILWNEIRKRFPNARTSYTMPDRRAG-=------ LVIMRETINVETVREIINELNLNL 13€
TAO175 1L6R 83 NEGTNKFLEEMSKRTSMRSILTNRWREAS------- TGFDIDPEDVDYVRKEAESR--GF 133
Yida 1RKQ 119 NRDISYYTVHESFVATIPLVFCEAEKMDPNTQFLKVMMIDEPAILDQAIARIPQEVKEKY 178
TMO651 1INFZ 116 NEEIKSYARHSNVDYRVEPNLSELVSKMG---TTKLLLIDTPERLDELKEILSERFKDVV 172
BT4131 1YMQ 118 NEMVEKKIFYDFLHVNVIPTVSFEEASNKE--=-==-=-=-- VIQMTPFITEEEEKEVLPSIPTC 168
YbiV 1RLO 118 APEAFVALMAKHYHRLKPVKDYQEIDDVLFK----FSLNLPDEQIPLVIDKLHVALDGIM 173
PH1421 1WRS 137 VAVDSG-FAIHVEEKPWI GSGIEKASEFLGIKPEEVAHV[ENGERPBILDAFEVVGYKVAVA 185
TAQ17S 1L6R 134 VIFYSG-YSWHLMNRGE AFAVNEKELEEMYSLEYDEILVI[eSNEPBIMPMFQLPVREACPA 192
yida 1RKQ 179 TVLKSAPYFLEILDERVNJMGTGVKSLADVLGIKPEEIMAI[MOERSIIAMIEYAGVGVAMD 238
TMO651 1NF2 173 KVFKSFPTYLEIVPENVOMGKALRFLRERMNWKKEEIVVFEBNERSLFMFEEAGLRVAME 232
BT4131 1YMQ 170 EIGRWYPAFADVTAKGDMOKGIDEIIRHFGIKLEETMS FlelG G SMLRHAAIGVAMG 229
YbiV 1RLO 174 KPVTSGFGFIDLIIPGLHdANGISRLLKRWDLSPONVVAI[ISGRIYAEMLKMARYSFAMG 233
Motif 111
PH1421 1WRS 196 OQOFPKILEIENADYVTKKEYGEGGAEAIYHILEKFGYL---- 231
TAO175 1L6R 193 NE\TDNIJdAVSDFVSDYSYG----EEIGQIFKHFELM---- 224
yida 1RKQ 239 NE\IPSVJdEVANFVTKSNLE----DGVAFAIEKYVLN---- 270
TMO651 1NF2 233 NE\IEKVJSEASDIVTLTNND----SGVSYVLERISTDCLDE 268
BT4131 1YMQ 230 QFE\KEDVJdAAADYVTAPIDE----DGISKAMKHFGII--~-- 261
YbiV 1RLO 234 NE\AENIEdQIARYATDDNNHEGALNVIQAVLDNTSPFNS-- 271
Figure 1

Sequence alignment of PH1421 and five HAD-family members belonging to subfamily II. The three signature motifs are boxed. Conserved active-site
residues for phosphatase activity are highlighted in green. Other conserved residues are highlighted in red. This figure was produced using ClustalW

(Chenna et al., 2003).
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recognition of these enzymes through the substrate-specificity
loop (Tremblay et al., 2006; Lahiri et al., 2004; Lu et al., 2005).
The source organisms of HAD proteins range from meso-
philes to thermophiles. However, to date their thermo-
adaptation mechanism has not been fully discussed from a
structural viewpoint. Therefore, comparing HAD-protein
structures from organisms with different living temperatures
may provide an insight into the thermoadaptation mechanism
of these proteins. Here, we report the crystal structure of
PH1421 from the hyperthermophilic archeon Pyrococcus
horikoshii OT3 at 1.6 A resolution. From structural and
functional characterization, we successfully identified PH1421
as a dimeric magnesium-dependent phosphatase belonging to
HAD subfamily II. Based on the three-dimensional informa-
tion, the biological significance of the oligomeric state and the
thermoadaptation mechanism will be discussed.

2. Materials and methods
2.1. Sample preparation

The 25.6 kDa monomeric protomer of PH1421 consists of
231 amino-acid residues. The plasmid encoding PH1421
(residues 1-231) was digested with Ndel and Bg/II and the
fragment was inserted into the expression vector pET-11a
(Novagen Inc.) linearized with Ndel and BamHI. 2.3 1 Luria—
Bertani medium supplemented with ampicillin at a concen-
tration of 100 pg ml~' was inoculated with a single colony of
E. coli BL21-Codon Plus (DE3)-RIL (Novagen Inc.) carrying
the recombinant plasmid and grown at 310 K for 20 h with
vigorous shaking. Cells were harvested and resuspended in
22 ml buffer solution containing 20 mM Tris-HCl pH 8.0,
500 mM NaCl, 5 mM 2-mercaptoethanol and 1 mM PMSF and
sonicated. The cell lysate was centrifuged at 21 600g for 30 min
at 277 K and the supernatant was then incubated at 363 K for
10 min. The heat-treated lysate was centrifuged at 21 600g for
30 min at 277 K. The supernatant was desalted with a HiPrep
26/10 column (GE Healthcare Biosciences Inc.) equilibrated
with 20 mM Tris-HCI pH 8.0 (buffer A) and applied onto a
Super Q Toyopearl 650M (Tosoh Inc.) anion-exchange column
(80 ml) equilibrated with buffer A and eluted with a 240 ml
linear gradient of 0-0.3 M NaCl. The fractions were analyzed
by SDS-PAGE and those containing a 25.6 kDa protein were
collected. The protein solution was desalted with a HiPrep
26/10 column equilibrated with buffer A and applied onto a
Resource Q (GE Healthcare Biosciences Inc.) anion-
exchange column equilibrated with buffer A. The protein was
eluted with a 60 ml linear gradient of 0-0.3 M NaCl. The
fractions were analyzed and collected as described above. The
protein solution was desalted with a HiPrep 26/10 column
equilibrated with 10 mM potassium phosphate pH 7.0 (buffer
B) and applied onto a CHT 20-I (Bio-Rad Inc.) hydro-
xyapatite column equilibrated with buffer B. The protein was
eluted with a 300 ml linear gradient of 0.01-0.5 M potassium
phosphate pH 7.0. The fractions were analyzed and collected
as described above. The protein solution was concentrated by
ultrafiltration (Vivaspin, 10 kDa cutoff; Vivascience) and

applied onto a HiLoad 16/60 Superdex 200 prep-grade column
equilibrated with buffer A containing 200 mM NaCl. The
fractions were analyzed and collected as described above. The
purified protein solution was concentrated to 1.75ml by
ultrafiltration. The protein concentration was determined to
be 37.1mgml~" by measuring the UV absorption at
280 nm, considering a molar absorption coefficient of
29085 M 'em ™.

2.2. Dynamic light scattering

The oligomerization state of PH1421 was analyzed by
dynamic light scattering using a DynaPro MS/X instrument
(Protein Solutions Inc.). PH1421 at a concentration of
1.0 mg ml™" in 20 mM Tris—HCI pH 8.0 and 200 mM NaCl was
centrifuged at 21 600g for 30 min and the supernatant was
used for data collection. Ten sets of scattering data were taken
at 289 K for each sample. The regularization histogram was
analyzed using the DYNAMICS software v.5.26.60 (Protein
Solutions Inc.). The apparent molecular weight was calculated
as 49.7 kDa, which is consistent with a dimeric state of PH1421
in solution.

2.3. Crystallization and heavy-atom derivatization

Crystals of PH1421 protein were grown by the oil-micro-
batch method (Chayen et al., 1990) using a Nunc HLA plate
(Nalge Nunc Instrumental). Initial screening of crystallization
conditions was performed using the TERA automatic crys-
tallization system (Sugahara & Miyano, 2002). In the opti-
mized final condition, the crystallization drop was prepared by
mixing 0.5 ul protein solution comprising 10.0 mg ml™!
PH1421, 200 mM NaCl and 20 mM Tris—-HCI pH 8.0 and 0.5 pl
precipitant solution comprising 25.5%(w/v) polyethylene
glycol 4000, 0.17 M ammonium acetate, 15% (w/v) glycerol and
85 mM sodium acetate buffer pH 4.6. The crystallization drop
was overlaid with a 1:1 mixture of silicone and paraffin oils,
allowing slow evaporation of water in the drop, and stored at
291 K. Crystals grew in less than a week. A dysprosium-
derivative crystal was prepared by soaking for 1 d at 291 K in
precipitant solution containing 10 mM dysprosium(I1T)
chloride hexahydrate.

2.4. Data collection

For both the native and dysprosium-derivative cases, crys-
tals were flash-cooled in a nitrogen-gas stream at 100 K using
the precipitant solution as a cryoprotectant. A three-
wavelength MAD experiment was performed using a single
dysprosium-derivative crystal on beamline BL26B1 of
SPring-8, Japan (Ueno et al., 2006). The dysprosium-derivative
crystal diffracted X-rays to 2.0 A resolution. A native data set
was collected at 1.6 A resolution. The statistics of data
collection are summarized in Table 1. The HK1L-2000 software
package (Otwinowski & Minor, 1997) was used for data
reduction and scaling. The native crystal belonged to space
group P2,2,2,, with unit-cell parameters a = 63.8, b = 81.8,
c=870A. Assuming two chains of PH1421 in the asymmetric
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unit, the Vy; value and solvent content
were calculated as 2.2 A’Da™! and
44.5%, respectively.

2.5. Structure determination

Phase determination was performed
using the dysprosium-derivative MAD
data set and the program SOLVE/
RESOLVE (Terwilliger & Berendzen,
1999) at 2.1 A resolution (Table 1). The
initial model was refined at 2.0 A reso-
lution by several iterations of refine-
ment using CNS v.1.1 (Briinger et al.,
1998) and manual model revision using
QUANTA (Accelrys Inc.) to yield R
and Rpee values of 0.21 and 0.24,
respectively. The highest resolution
limit was then extended to 1.6 A by
replacing the amplitude data with the
native data set. The same refinement
procedure was used to obtain the final
model with R and Ry, values of 0.197
and 0.212, respectively. The refinement
statistics are summarized in Table 1.

2.6. Structure evaluation

The value of the dissociation energy

Table 1

Data-collection and refinement statistics.

Values in parentheses are for the outermost shell.

Dy derivative

Edge Peak Remote Native
Data collection
Space group R P2,2:2, P2,2,2, P2,2,2, P2,2,2,
Wavelength (A) 1.590996 1.591394 1.594101 1.54178
No. of reflections 179237 184475 199229 364118
Observed unique reflections 29969 30005 30005 59382
Resolution range 40.0-2.00 40.0-2.00 40.0-2.00 40.0-1.6
(2.07-2.0) (2.07-2.0) (2.07-2.0) (1.66-1.60)
Completeness (%) 96.5 96.6 96.5 98.2
lio(I) 17.6 (4.9) 17.2 (5.0) 16.5 (5.0) 19.1 (6.2)
Ruerget (%) 7.1 (28.2) 9.2 (29.4) 6.2 (27.4) 4.3 (29.6)
Mean FOM (MAD/DM) 0.56/0.69 — — —
Refinement statistics
No. of reflections observed — — — 59331

Resolution range —
Rwork/Rfree (%) -
No. of molecules in ASU —

37.0-1.6 (1.70-1.60)
19.7 (23.4)/21.2 (27.0)
2

No. of protein atoms — - — 3600
No. of solvent molecules — — — 568
R.m.s.d. R
Bond lengths (A) — — — 0.005
Angles (°) — — — 12
Mean B factor (Az)
All atoms — — — 22.6
Protein atoms — — — 20.4
Waters — — — 36.4
Ramachandran plot
Favoured — — — 91.1
Allowed — — — 8.4
Generous and disallowed — — — 0.5

AG for hydrophobic interactions was
calculated based on comparison of the
accessible surface area (ASA) of
nonpolar and polar atoms in the native
and denatured states (Funahashi e al., 1999; Tanaka et al.,
2001). The ASA in the native state was calculated following
the procedure of Connolly (1993). The ASA in the denatured
state was calculated from an extended structure generated by
InsightIl (Accelrys Inc.). The entropic effect upon unfolding
was estimated based on the amino-acid composition and the
thermodynamic parameters reported previously (Oobatake &
Ooi, 1993). The gap index was calculated as the ratio of
volume and buried ASA for the dimer interface, which reflects
the shape complementarity between interprotomer interfaces
of homodimers (Jones & Thornton, 1996). These values were
calculated with PROTORP (http://www.bioinformatics.
sussex.ac.uk/protorp/).

2.7. Phosphatase activity measurement

The 1000 pl reaction mixture for the measurement of
phosphatase activity consisted of 5 mM 4-nitrophenyl phos-
phate (4-NPP), 1 mM magnesium chloride, 0.2 M NacCl,
20 mM Tris-HCI pH 8.0 and 1pgml™" purified PH1421
protein. The reaction was started by the addition of protein,
which was followed by a 10 min incubation at 343 K. The
reaction was stopped by the addition of 100 ul 1 N NaOH. The
reaction mixture was centrifuged at 13 800g for 15 min at
277 K. The amount of the product 4-nitrophenol (4-NP) in the
supernatant was determined photometrically at 405 nm using

T Runerge = 2omr 2o (k) — (I(hkD)| />0 =, 1,(hklD), where (I(hkl)) is the mean intensity of the the unique reflection
hkl and I,(hkl) is the intensity of its ith observation.

a molar absorption coefficient of 18400 M~ 'cm™'. The
activity is defined as the amount of 4-NP produced by one
milligram of this enzyme per minute at 343 K.

3. Results and discussion
3.1. Amino-acid sequence analysis with databases

As the first step to obtain information about the structure—
function relationship of PH1421, an amino-acid sequence
analysis using the available databases was performed. A
PSI-BLAST search revealed that most of the top 50 homo-
logues were annotated as putative hydrolases/phosphatases
belonging to the HAD superfamily. These proteins share full-
length sequence identity of 24-38% with PH1421. As a next
step, PSI-BLAST analysis against the PDB was performed to
find PH1421 homologues with known three-dimensional
structures. The search identified six hydrolases, TA0175 (PDB
code 116r), YbiV (1rlo), YidA (1rkq), TM0651 (1nf2), BT4131
(lymq) and phosphoserine phosphatase (PSP; 1£5s). All six
enzymes are members of the HAD superfamily and their
domain organizations indicate that they belong to subfamily II
or the Cof-subfamily of this enzyme superfamily, with the
exception of PSP. Indeed, the amino-acid sequence alignment
confirmed the existence of three HAD signatures in the
PH1421 sequence (Fig. 1). Collectively, these amino-acid
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sequence analyses suggest that PH1421 is a member of the
HAD superfamily. However, further investigation is necessary
to obtain insight into the functional aspects of PH1421.

3.2. Overall structural description of the PH1421 protomer

To obtain further insight into the structure—function rela-
tionship, the crystal structure of PH1421 was determined by
the multiple anomalous dispersion (MAD) method
(Hendrickson et al., 1990) using dysprosium(III) ion as an
anomalous scatterer. The structure was refined at 1.6 A
resolution against the native data set (Table 1). The asym-
metric unit of the PH1421 crystals contained a homodimer.

Cap domain —<

Core domain -<

Local
twofold

(b)

Figure 2

The monomeric protomer can be divided into two distinct
domains: a larger core domain and a smaller cap domain
(Fig. 2a). The core domain is composed of two segments:
residues 1-79 (B1-al-B2-a2-B3-B4-B5) and residues 153-231
(0e5-B9-a6-B10-07-B11-a8). The spatial arrangement of the
secondary structures is quite similar to that of the Rossmann
fold and is well conserved among HAD-superfamily members.
The cap domain (residues 80-152; «3-B6-04-B7-p8) is topo-
logically inserted between the two halves (residues 1-79 and
153-231) of the core domain (Fig. 2¢). This insertion position
of the cap domain suggests that PH1421 belongs to subfamily
IT or the Cof-subfamily.

3.3. PH1421 dimer in the asymmetric unit

In the crystallographic asymmetric unit, PH1421 has been
found to be homodimeric (Fig. 2b). The two protomers in the
dimer are related to each other by a noncrystallographic
pseudo-twofold axis. The dimer interfaces can be classified
into two parts: an interprotomer hydrophobic core including
well conserved nonpolar residues between the two cognate
core domains and surrounding interprotomer contacts
consisting of mainly polar residues (Figs. 3b and 4). The latter
contacts include two hydrogen bonds (two pairs of Gln48-
Aspl08 interactions) and four charged hydrogen bonds (two
pairs of Arg77-Aspl08 interactions).

The buried ASA on dimerization has been calculated as
1250 A2 per protomer or 11% of the total surface ASA of the
protomer (Table 2), suggesting that the dimer association is
strong enough for an oligomeric protein (Janin, 1997). The gap
index is one of the parameters used to evaluate the shape
complementarity of interprotomer interfaces; it is defined as

«——Connecting loop

The crystal structure of PH1421. (a) Ribbon representation of the protomer. The two domains are distinguished by colour. a-Helices and B-strands are
labelled individually. (b) Ribbon representation of the dimer. The four domains are distinguished by colour. A noncrystallographic pseudo-twofold axis
which defines the spatial relationship between the two subunits is shown. These two figures were produced using MOLMOL (Koradi et al., 1996). (c)
Topology diagram of the secondary structure. Cylinders and broad arrows denote a-helices and B-strands, respectively. Note that a1 and o2 (highlighted
by a red shaded box) are involved in the dimer interface.

1072  Yamamoto et al. - PH1421 Acta Cryst. (2008). D64, 1068—1077
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the ratio of the volume and buried ASA for the dimer inter-
face and roughly expresses the mean distance between the
interfaces of the two subunits (Jones & Thornton, 1996). The
gap index of PH1421 has been calculated to be 2.72 A. This is
consistent with the typical value of 2.2 4 0.9 A for a homo-
dimeric interface. Any possible crystallographic symmetry
operation cannot produce other dimers with effective buried
ASA values. These results suggest that the dimer association in
the crystallographic asymmetric unit is the biologically rele-
vant form in solution; this is further supported by the dynamic
light-scattering experiment results, which show a dimeric state
of PH1421 in solution (see §2.2).

3.4. Enzymatic activity of PH1421

The crystal structure of PH1421 revealed a putative active
site surrounded by the well conserved HAD motifs I, IT and III
(Figs. 1, 5a and 5c¢). These motifs spatially gather to form a

—

L /
7 el
i “

TAO0175 org

(a)
Figure 3

putative active-site pocket between the cap and core domains.
These features suggest that PH1421 probably hydrolyzes
phosphorylated substrate as a HAD-superfamily enzyme. To
confirm the phosphatase activity of PH1421, the hydrolysis of
4-nitrophenyl phosphate (4-NPP), a general substrate widely
used to assess phosphatase activity, was examined in the
presence or absence of Mg?* ion. In the presence of Mg”*, a
4-NPP hydrolase activity of 239.1 nmol min ™' mg~' was
observed. In contrast, in the absence of Mg”* release of the
product 4-NP was not detected. These results suggest that
PH1421 is a magnesium-dependent phosphatase belonging to
the HAD superfamily.

3.5. Comparison with TA0175

3.5.1. Protomer-fold similarity. At this point, as the three-
dimensional information on PH1421 became available, the
PDB was screened using the DALI algorithm (Holm &

TAO0175 org
(b)

The dimeric states of PH1421 and TAO0175. (a) Ribbon representations of the dimer from three orthogonal views. The two subunits in the dimer are
distinguished by colour. Top, the PH1421 dimer in this study. Middle, a TA0175 dimer generated by a crystallographic symmetry operation, abbreviated
as TA0175_sym. Bottom, the TA0175 dimer reported previously, abbreviated as TA0175_org (Kim et al., 2004). This figure was produced using
MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt & Bacon, 1997). (b) Dimer-interface residues. Models are represented as C* traces. One protomer
(MolA) is coloured yellow for the cap domain and green for the core domain; the other (MolB) is coloured violet for the cap domain and cyan for the
core domain. Space-filling models represent the interprotomer hydrophobic core consisting of nonpolar residues; the subunit affiliation is distinguished
by colour. Stick models represent the interface residues surrounding the hydrophobic core; the subunit affiliation is distinguished by colour. In the
TAO0175_org case, water molecules are shown as red dots. This figure was produced using PyMOL (DeLano, 2002).
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Sander, 1997) to find structural homologues. In agreement
with the results of amino-acid sequence analysis, numerous
HAD enzymes were found as structural homologues. Of these
structures, TA0175 (PDB code 1l6r or 1kyt; 28% sequence
identity with PH1421) was listed with the highest Z score of

Table 2

Factors contributing to the thermal stability of PH1421 and TA0175.

AG and AAG values are in kJ mol ™.

(a) Interprotomer.

26.6 (the second highest was 15.3). Further structural
comparison confirmed the high structural similarity between
PH1421 and TAO0175. The corresponding C* atoms of the two
structures are superimposable with a root-mean-square
deviation (r.m.s.d.) of 2.1 A (Fig. 5b). In the core domains, the

Accessible surface area (ASA)

Total ASA

Hydrogen bond
Buried ASA  Hydrophobicity (<3.4 A)

Monomer Dimer Monomer
o o

Ton

pair

Gap

index

Proteint Residue (A2) (A (A?Y (%) AG AAG No. AG AAG (<5A) (A)
PH1421 (1wr8) 231 10702 18902 1250 11.1 147 — 75 — 3 2.72
TAO0175_org (1l6r) 224 10331 19289 687 6.7 53 94 25 =50 2 4.85
TAO0175_sym# — 10331 18291 1185 12.1 147 0 66 -9 4 218
(b) Intraprotomer.
Hydrogen bond Entropy effect of
Hydrophobicity (<3.4 A) amino-acid side chain
Ton pair Proline
Proteint Residue AG AAG No. AG AAG (<5A) AG AAG content (%)
PH1421 (1wr8) 231 2557 253 2100 — 18 —117 — 35
TAO0175 (116r) 224 2490 268 2224 124 13 —252 —135 2.6

+ PDB codes used for calculations are given in parentheses.

f A dimer generated by a crystallographic symmetry operation.

PA1421 TAD175_org TADT75_sym
Protomer A Protomer B Protomer A Protomer B Protomer A Protomer B
Pos. Name Pos. Name Pos. _Name Pos. _Name Pos. Name Pos. Name
Ao 10ILE 10 ILE © 81 PHE 81 PHE AC 9 VAL 9 VAL ©
1®* 15 THR 15 THR 129 GLU 129 GLU 1 10 ASP
| 16 TYR 130 SER 130 SER | * 14 THR 14 THR ®
i 18 ASN 131 ARG 131 ARG i 15 ASP 15 ASP
| * 19 ARG 19 ARG * 132 GLY 132 GLY | * 18 ARG 18 ARG ®
o 20 MET 20 MET o 147 ARG 147 ARG o 18 LEU 19 LEU =
le 21 IE 21 ILE » 148 GLY 148 GLY Ve 20 ILE 20 ILE *
| 23 GLU 23 GLU A 150 ASP 150 ASP ! 21 SER
| o 126 'LEU 26 LEU © | 152 ALA 1 22 THR 22 THR
! 27 GLU e | 153 PHE 153 PHE 1o (25 ILE 25 ILE ©
I * 30 ARG 30 ARG® ; 156 ASN 156  ASN Ie 26 GLU 26 GLU @
1 48 GLN » " 48 GLN ; 159 LYS 159 LYS 1* 29 ARG 29 ARG e
| © 48 PHE 49 PHE © 160 GLU 160 GLU 1 33 LYS
| 51 GLU = = 51 GLU ! 185 GLU 165 GLU 1 44 ASN 44 ASN
| * 52 ALA 52 ALA e I 186 TYR 166 TYR 1 46 ILE = " 46 ILE
1 © 88 ALA 53 ALA o I 179 MET 179 MET I 47 PRO " 47 PRO
}* 55 ILE » 55 ILE|® | 180 PRO p © |48 VAL 48 VAL o
0 56 LEU 56 LEU o 1 182 PHE i 50 TYR® = 50 TYR
o |51 ILE 57 ILE ¢ | 183 GLN 183 GLN s 51 ALA 51 ALA »
le 58 Ly 58 GLY ® | 184 LEU 184 LEU o 52 LEU 52 LEU°
! 75 Lys ® = 75 LYS | 185 PRO 185 PRO le 54 ILE® * 54 ILE =
v 77 ARG ® " 77 ARG " 188 LYS o | 55 PHE = = B85 PHE o
104 TYR = = 104 TYR | 196 ASP 196 ASP 1o |56 LEU 56 LEU <
* 105 THR = = 105 THR * y 197 ASN 197  ASN I 57 GLY 57 GLY e
107 PRO = & ® 107 PRO 200 ALA 200 ALA | 69 ILE = " 89 ILE
108 ASP = = 108 ASP ¥ 201 vaL 201 WAL 1 71 PHE » » 71 PHE
110 ARG 110 ARG 1 75 GLY = = 75 GLY
116 MET = = 116 MET 76 SER® = 76 SER
© 143 PHE » v 77 ILE = = 77 ILE
103 LEU = = 103 LEU
* 104 THR » = 104 THR e
106 ARG = &+ & = 106 ARG
107 TRP® &4 4 » 107 TRP
109 GLU + + 109 GLU
© 140 TYR = = 140 TYR ©
Figure 4

Interface residues of the two HAD phosphatases. Broken and solid arrows indicate core-domain and cap-
domain residues, respectively. Shaded letters indicate nonpolar residues in the inter-protomer hydrophobic
cores of the PH1421 and TA0175_sym dimers. Black and white circles indicate residues that are identical
and similar in the PH1421 and TA0175_sym dimers, respectively. Squares and triangles indicate cap-core
and cap—cap interface residues, respectively; residues with the same colour interact with each other.

spatial arrangements of the
HAD-motif residues are well
conserved in the putative active
sites of both enzymes (Figs. 5a
and 5c¢). Furthermore, these two
enzymes are also quite similar in
the overall folding of the cap
domain (Figs. 5a and 5b). Apart
from TAO175, no other structure
with significant structural simi-
larity in the cap domain was
found by the DALI analysis. The
substrate-specificity loop (resi-
dues 136-145) of TAO175 corre-
sponds to residues 139-148 of
PH1421 (Figs. 5a and 5b). In these
loops, Ser138, Ser141 and His143
in TAO175, which correspond to
Ser141, Alal44 and Hisl46 in
PH1421, respectively, are thought
to be involved in substrate
recognition (Lu et al., 2005).
Taken together with the fact that
the cap domain defines substrate
recognition, it is suggested that
PH1421 and TAO0175 share closely
related biological roles or cata-
Iytic functions.

3.5.2. Interprotomer associa-
tion. Although the HAD
enzymes PH1421 and TAO175 are
suggested to be closely related, a
striking difference between their
crystal structures has been found.
Both PH1421 and TAO0175 are
dimeric in solution, which was
confirmed by a dynamic light-
scattering experiment for PH1421
and by gel-filtration analysis and a
kinetic experiment for TAO0175
(Kim et al., 2004). However, the
proposed models of the biological
dimer based on the crystal struc-
tures are completely different for
these two enzymes (Fig. 3). In the
case of PH1421, only one biolo-
gically relevant dimer association
is observed in the crystal structure
(Fig. 3, top). In contrast, for the
crystal structure of TAO175, in
addition to the dimer association
reported previously (denoted as
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TAO0175_org; Kim et al., 2004; PDB codes 116r and 1kyt), two dimers, the interprotomer interactions were investigated
another dimer association (TA0175_sym) can be generated by by calculating several thermal parameters. The results are
a crystallographic symmetry operation which is obviously summarized in Table 2 for TAO0175_org, TA0175_sym and
quite similar to that of the PH1421 dimer (Fig. 3, bottom and =~ PH1421: (i) the interprotomer buried ASAs are 687, 1185 and
middle). In order to evaluate the biological relevance of the 1250 A2, respectively; (ii) the Gibbs energy differences (AG)

B1

PH1421 1 MEPEAIS
TAOL175 1 -MBRLARA
—
i1
a2 i B4
PH1421 51 ER\ASML I[ET S VAR D AI
TAO175 50 YEILEBFLEIN FGEN
p=" =" —_—
a2 B3 B4
B . -
PH1421 100 ARITSYQRMPORIRRAGLVIMRETINGETEREIEI INELNL N LEJ AV D
TAD175 939 SILGNEBEWRIERAS TGFDIDPEDGDYKRAK EAESR--G P I|F Y
—
BT
L — 1L ’
PH1421 150 PWINE EDARIKEVVGYRIVAVEIQOEIF K
TAD175 147 RGE Dfd : rreioLpvREAC PEINEIT D
— ] —_— »
as po ab Blo

PH1421 TAO0175

arising from hydrophobic interactions
on the dimer interface are 53, 147 and
147 kJ mol ', respectively; (iii) the AG
values arising from interprotomer
hydrogen bonds are 25, 66 and
75 kI mol™!, respectively; (iv) the
numbers of interprotomer ion pairs are
two, four and three, respectively; and
(v) the gap indices are 4.85, 2.18 and
272 A, respectively. Clearly, all five
parameters for TAO175_sym are quite
similar or identical to those for PH1421,
while the parameters for TA0175_org
differ from those for TA0175_sym and
PH1421. These results are consistent
with the results of visual inspection of
the protomer interfaces of the two
TAO0175 dimer forms. The inter-
protomer space in TA0175_org seems to
be filled with intervening water mole-
cules (Fig. 3b, bottom), while that of
TAO0175_sym forms a hydrophobic core
with well conserved nonpolar residues
(Figs 3b middle and 4). This fact
suggests that the association of
TAO175_sym is energetically more
favourable and stable than that of
TAO0175_org. Obviously, the
TAO0175_sym dimer interface is also

Figure 5

Comparison between PH1421 and TAO0175.
(a) Structure-based amino-acid sequence
alignment. The secondary-structure assign-
ments by DSSP (Kabsch & Sander, 1983) for
PH1421 and TAO0175 are shown above and
below the aligned sequences, respectively.
Conserved active-site residues for phospha-
tase activity are highlighted in green. The
sequences of the putative specificity loops are
boxed. The putative residues for substrate
recognition are highlighted in blue. Other
conserved residues are highlighted in red. (b)
C* superposition of PH1421 and TAO0175
protomers. PH1421 and TAO0175 are coloured
cyan and yellow, respectively. The putative
substrate-specificity loops of PH1421 (residues
139-148) and TAO0175 (residues 136-145) are
coloured purple and orange, respectively. This
figure was produced using PyMOL (DeLano,
2002). (c) Conserved active-site residues for
phosphatase activity. Three conserved HAD
motifs are indicated. Aspartic acids acting as
nucleophiles are enclosed in red circles. The
consensus residues in the three HAD motifs
are labelled individually.
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formed in a similar manner to that of PH1421 through an
inter-protomer hydrophobic core consisting of nonpolar resi-
dues between the two cognate core domains and surrounding
inter-protomer contacts consisting of polar residues (Fig. 3b,
top and middle; Fig. 4). Taken together, it would be reasonable
to conclude that TA0175_sym dimer association is the biolo-
gically relevant form of TA0175 in solution.

Integrating the results described in the preceding sections,
PH1421 could be tentatively characterized as a HAD phos-
phatase that shares similar structural features and biological
functions with TA0175. The conservation of dimeric associa-
tion in the two enzymes implies some biological significance of
the dimeric state. One possible role is a structural basis for the
positive cooperativity in catalysis. The TA0175 dimer has been
reported to have a positive cooperativity for inorganic
diphosphate with a Hill’s coefficient n of 1.7 £ 0.2 (Kim et al.,
2004). Such catalytic behaviour would require intimate ‘cross-
talk’ between the two protomers so that ligand binding to the
active site on one protomer modifies the affinity of the other
active site on the cognate protomer. Similar tight dimeric
organization of PH1421 and TAO175 may be essential for
communication of binding information between the active
sites of the dimers. Another possible role is a thermoadapta-
tion to ensure effective catalysis of these two thermophilic
HAD enzymes at high temperature. It has been reported that
the cap and core domains perform open—closed movement
upon ligand binding for the desolvation of the active site from
the bulk solvent (Lu et al., 2005; Burroughs et al., 2006). Since
the cap and core domains are linked by only two flexible
connecting loops (Fig. 2¢), such an unstable connection would
require some structural restraints against thermal disturbance.
In fact, the thermophilic enzyme TA0175 shows high catalytic
efficiency and substrate specificity (K, and k.,/K, of 0.037 &
0.003 mM and 2.2 x 10° M~' s~ for 2-phosphoglycolate and
of 3.1 £ 0.5mM and 0.19 x 10° M~ s~ for 4-NPP, respec-
tively) at 343 K (Kim et al., 2004). The mobile cap domain
seems to be fixed in the same way in both dimers (Fig. 4): (i)
the interprotomer interface loop (residues 104-110 of PH1421
and residues 103-109 of TAO0175) in the cap domain of one
subunit interacts with the core-domain residues involving
helix @2 and strand 85 on the other subunit (cap-core inter-
actions) and (ii) the same loop also interacts with the cognate
cap domain (cap—cap interactions). The mode of dimeric
association shown in this study may explain such structural
restraint in the two HAD enzymes. HAD enzymes have been
known to have low substrate specificity in general. Tremblay
and coworkers discussed the possibility that the HAD activity
is controlled by cellular compartmentalization or gene
expression (Tremblay ef al, 2006). Further investigation is
required to examine this possibility.

3.5.3. Thermostability. Since PH1421 from P. horikoshii
OTS3 (living temperature 371 K) has been found to be a close
structural homologue of TA0175 from the mesothermophilic
T. acidophilum (living temperature 338 K), comparison of
these two structures should provide insight into the thermo-
stabilization mechanism of this enzyme. The stabilizing factors
for the protomer were investigated by a semi-empirical

evaluation of thermodynamic parameters (Table 2). Hydro-
phobic interactions in the interior of the protein are an
important stabilizing factor (Kauzmann, 1959). The AG from
hydrophobic interaction was calculated as 2557 and
2490 kJ mol ™" for PH1421 and TAO0175, respectively. This
result indicates that hydrophobic interactions may play a
certain role in the stabilization of the PH1421 protomer.
Electrostatic interactions represent a significant stabilizing
force in the folded protein (Hennig et al., 1995; Yip et al., 1995;
Pappenberger et al., 1997). The number of intraprotomer ion
pairs (<5 A) for PH1421 and TAO0175 has been calculated as 18
and 13, respectively, suggesting that ionic interactions contri-
bute significantly to the higher stability of the PHI1421
protomer. Decreasing the entropy of the unfolded state can
stabilize proteins (Matthews et al, 1987). This effect is
achieved by selecting amino-acid residues that have lower
entropy in the unfolded state. This effect arising from amino-
acid side chains can be calculated from the amino-acid
composition (Oobatake & Ooi, 1993). The AG arising from
the entropic effect upon unfolding of PH1421 and TAO0175 is
estimated as —117 and —252 kJmol ™', respectively. The
percentage of proline residues has been found to be 3.5% and
2.6% for PH1421 and TAO175, respectively. These results
suggest that the entropic effect contributes significantly to the
higher stability of the PH1421 protomer and that the higher
proline content dominates this effect. In contrast, the AG
arising from intraprotomer hydrogen bonds has been calcu-
lated as 2100 and 2224 kJ mol™! for PH1421 and TA0175,
respectively. This result suggests that hydrogen bonds do not
contribute to the higher stability of the PH1421 protomer.
Generally, oligomerization has been recognized as one of the
thermostabilization factors of proteins. As discussed in §3.5.2,
the dimer associations of PH1421 and TAO175 are quite
similar. However, the thermostabilization effect of oligomer-
ization should be investigated further, especially using a
mesophilic orthologue.

To summarize, the higher thermal stability of the hyper-
thermophilic PH1421 when compared with the mesothermo-
philic TA0175 is achieved by higher stability of the protomer.
The potential contributing factors are (i) an increase in
hydrophobic interactions, (ii) an increase in ion pairs and (iii)
an entropic effect from the amino-acid composition.

4. Conclusions

PH1421 is equipped with several features typical of HAD-
family phosphatases: (i) a conserved HAD-domain organiza-
tion and core-domain fold, (ii) conserved active-site residues
and (iii) magnesium-dependent phosphatase activity. In
particular, PH1421 shares the following similar structural
features with the dimeric HAD phosphatase TA0175 from
T. acidophilum harbouring 2-glycolate phosphatase activity:
(i) the fold and secondary-structure arrangement of the cap
domain, (ii) the cap-insertion position in the core domain,
which is indicative of HAD subfamily II enzymes, and (iii)
dimeric association with a well conserved tight hydrophobic
core. These results suggest that PH1421 is a magnesium-
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dependent HAD phosphatase that acts on compounds closely
related to 2-phosphoglycolate. The common dimeric structure
of PH1421 and TAO0175 may be important for their enzymatic
function. The higher thermostability of PH1421 can be
attributed to thermostabilization of the protomer arising from
hydrophobic interactions, ion pairs and the entropic effect.
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