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g P P P; P EC 3.6.1.1; PPase) from Bacillus
subtilis was purified to a h state P ically when analysed by SDS-PAGE.
The enzyme consists of six identical subunits; the molecular weight of the native enzyme estimated
by gel filtration was approx. 120 000, and denaturing polyacrylamide gel electrophoresis gave a
single band corresponding to 24 000. The enzyme absolutely required a divalent cation for its
activity. Mg?* was most effective, showing two steps of concentrati d ivati

Mg+ could be partially replaced by Mn* and Co**. The enzyme was thermostable in the
presence of Mg?*, and no loss of activity was observed on the incubation at 55°C for an hour.
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INTRODUCTION

Inorganic pyrophosphatase plays an important
role in energy metabolism, providing a thermo-
dynamic pull for biosynthetic reactions such as
protein, RNA and DNA syntheses (Kornberg,
1962), and thus is essential for the viability of
organisms, as has been demonstrated in bacteria
(Chen et al., 1990) and yeast (Lundin et al.,
1991). The enzyme was purified from several
sources and characterized (Morita and Yasui,
1978; Lahti, 1983; Hachimori et al., 1983;
Verhoeven ef al., 1986; Smirova and Baykov,
1989; Lin and Le Gall, 1990; Jetten er al.,
1992; Richter and Schifer, 1992; Wakagi er al.,
1992), the cytoplasmic Saccharomyces cerevisiae
(Cooperman, 1982; Kuranova et al., 1983,
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Cooperman ef al., 1992; Terzyan et al., 1984;
Welch et al., 1983; Gonzales and Cooperman,
1986; Kolakowski et al., 1988) and Escherichia
coli enzymes (Josse and Wong, 1971; Lahti
et al., 1988; Lahti et al., 1990a; Lahti et al.,
1990b; Lahti et al., 1991a; Lahti et al., 1991b;
Kipyld et al., 1995; Velichko et al., 1995)
having been best studied.

Yeast PPase is a homodimer of 286 amino
acids (Kolakowski et al., 1988), whereas E. coli
PPase is a homohexamer of 175 amino acids
(Lahti et al., 1988). Terzyan et al. (1984)
determined the crystal structure of the yeast
apo-enzyme at 3A resolution and identified the
active site cavity, which contains 17 polar
residues that could interact with bound metal
ions and with a substrate. The alignment of the
sequences of several soluble PPases including
the yeast and E. coli enzymes indicated that the
active site residues are very well conserved, even
though the overall level of sequence similarity is
low (Cooperman ef al., 1992). Kankare et al.
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(1994) determined the three-dimensional struc-
ture of the £. coli enzyme at 2.7A resolution. In
spite of little sequence similarity beyond the
active center and diflerent oligomeric organiz-
ation, they found that the overall fold of the E.
coli enzyme subunit is the same as the S.
cerevisiae subunit, except that the latter is
longer at both the N- and C-termini. Such a
resemblance in the three-dimensional structure
was also found for the PPases from Thermus
thermophilies on X-ray diffraction determination
at 2.0A (Teplyakov et al., 1994) and from
Sulforobus acidocaldarius by computer analysis
of homology modeling (Meyer et al., 1995).
These facts indicate that the three-dimensional
structure as well as the active site residues may
be the same among PPases irrespective of their
origin.

We previously reported the primary structure
of the PPase from thermophilic bacterium PS-3
(Ichiba et al., 1990). The overall identity
between the E. coli and PS-3 enzymes is 48%,
and that between the PS-3 and T. thermophilus
enzyme is 58% including the well-conserved
active site residues. These PPases from E. coli,
thermophilic bacterium PS-3 and T. ther-
mophilus are quite thermostable in the presence
of divalent cations (Hachimori es al., 1979;
Kuranova ef al., 1987; Ichiba ef al., 1988); no
loss of activity was observed on incubation for
1 hr at 60°C for the E. coli enzyme, at 70°C for
the thermophilic bacterium PS-3 enzyme, and at
80°C for the T. thermophilus enzyme. On the
other hand, the enzyme from a ther-
moacidophilic archaebacterium, S. acidocaldar-
ius, was reported to be extremely thermostable
even in the absence of divalent cation (Wakagi
et al., 1992): no loss of activity was observed
after incubation for 10 min at 100°C. However,
little information explaining the mechanism
underlying the thermostability of these PPases is
obtainable from their three-dimensional struc-
tures or on comparison of their primary
structures. In order to obtain a better insight
into the mechanism underlying the thermosta-
bility of PPases at the molecular level, more
information on the primary structure and
thermostability from other bacterial PPases is
necessary.

Tono and Kornberg (1967) reported the
purification and characterization of inorganic
pyrophosphatase from Bacillus subtilis. How-
ever, their purification was performed by means
of preparative polyacrylamide gel electrophor-
esis twice. In the present paper, we employed
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column chromatographies for purification of
the inorganic pyrophosphatase from Bacillus
subtilis, and some properties including the
thermostability of the enzyme are described.

MATERIALS AND METHODS

Materials

ATP, ADP, AMP, GTP, glucose-6-
phosphate, glucose-1-phosphate, and fructose-
6-phosphate were purchased from
Bochringer-Mannheim.  Phenylmethylsulfonyl
fluoride and p-nitrophenyl phosphate were
obtained from Wako Pure Chemical Co., Ltd.
Sodium tripolyphosphate was from Sigma.
Marker Proteins for gel filtration and SDS-
PAGE were obtained from Bio-Rad. Phenyl
Sepharose Cl-4B and Sephacryl S-300 were
obtained from Pharmacia. Phenyl 5-PW and
Shodex IEC-DEAE 825 were purchased from
Toso Co., Ltd and Showa Denko Co., Ltd,
respectively. All other chemicals used were of
analytical grade.

Organism and cell growth

Bacillus subtilis strain AC327 was cultured in
LB medium. Cells were harvested just before the
stationary growth phase by centrifugation and
then stored at — 20°C.

Enzyme assay

Inorganic pyrophosphatase activity was as-
sayed at 37°C according to the procedure
described previously (Hachimori et al., 1975) in
the following reaction mixture; 20 mM Tris-
HClI (pH 7.3), 2mM MgCl,, 1 mM sodium
pyrophosphate and sufficient enzyme to hy-
drolyze about 30% of the substrate in 10 min.
Specific activity was expressed in units (U)
defined in' terms of pmoles of inorganic
phosphate liberated in 1 min by 1 mg protein.

Protein concentration measurement

The protein concentration in solution was
determined with a Pierce BCA protein assay kit,
using bovine serum albumin as a standard.

Molecular weight estimation

The molecular weight of the native enzyme
was estimated by gel filtration. The protein
solution (2 ml) was applied to a Sephacryl S-300
column (2 x 90 cm) and eluted with a buffer
comprising 20 mM Tris-HCI (pH 7.3), 2mM
MgCl, and 0.1 M KCl. The molecular weight of
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the subunit was measured by poly-acrylamide
gel electrophoresis in the presence of 0.1% SDS
and 1 mM 2-mecaptoethanol according to the
method of Laecmmli (1970), using a 10% gel.
Standard proteins (5 mg each) and inorganic
pyrophosphatase were incubated in boiling
water bath for 5 min in the presence of 1% SDS
and 1 mM 2-mercaptocthanol prior to electro-
phoresis.

Purification of inorganic pyrophosphatase from
Bacillus subtilis

All the procedures were carried out at 4°C
except the high performance liquid chromatog-
raphies (HPLC), which were carried out at
20°C.

Frozen B. subtilis. cell paste (200 g) was
stirred in a Bead Beater for 1 min with 100 g of
glass beads and 200 ml of Buffer A (20 mM
Tris-HCl, pH 7.3, 10mM MgCl,, 0.1 mM
phenylmethylsulfonyl fluoride) containing a
small amount of DNase. The homogenate was
then left for the glass beads to settle. The
supernatant was decanted and the beads were
washed with another 200 ml of Buffer A. The
decanted fluid was combined and centrifuged,
and the supernatant was collected (crude
extract). The protein fraction precipitated from
the crude extract on 55-90% saturation with
ammonium sulfate was collected, dissolved in a
small volume of Buffer A, and then dialyzed
against the same buffer ((NH,),SO, fraction-
ation). The protein solution thus obtained was
placed on a column of DEAE-cellulose (DE-52,
2.5 x 27 cm), which had been equilibrated with
20 mM Tris-HCI, pH 7.3, containing 10 mM
MgCl, (Buffer B). The column was washed with
Buffer B containing 50 mM NaCl, and then the
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enzyme was eluted with a lincar gradient of
50 mM to 200 mM NaCl in Buffer B, fractions
0f 200 drops being collected (DE-52). The active
fractions were collected, brought to 25%
saturation with ammonium sulfate, and then
applied to a column of Phenyl Sepharose Cl-4B
(2.3 x 18 cm), which had been equilibrated
with Buffer B saturated 25% with ammonium
sulfate. Linear gradient elution, from 25 to 0%
ammonium sulfate saturation, with Buffer B
was carried out (total volume, 400 ml), fractions
of 80 drops being collected (Phenyl Sepharose).
The active fractions were combined, dialyzed
against Buffer B, and then concentrated to 1 ml
in a collodion bag. The protein pool was loaded
on to a Shodex IEC-DEAE 825 column
(0.8 x 7.5 cm) which had been equilibrated with
Buffer B. Ten milliliters of 120 mM NaCl,
followed by a 45 ml gradient of 120-250 mM
NaCl, both in Buffer B, were applied to the
column at the flow rate of 0.75 ml/min,
fractions of 10 drops being collected (DEAE-
HPLC). The elution profile is shown in
Fig. 1(A). The active fractions were collected
and brought to 30% saturation withammonium
sulfate. After concentration in a collodion bag,
the protein solution was applied to a HPLC-
column of Phenyl-5PW (0.75 x 7.5 cm), which
had been equilibrated with Buffer B saturated
30% with ammonium sulfate. The column was
developed with a linear gradient, from 30 to 0%
ammonium sulfate saturation, of Buffer B at the
flow rate of 0.75 ml/min, fractions of five drops
being collected (Phenyl-HPLC). The elution
pattern is shown in Fig. 1(B). The active
fractions were collected and their purity was
examined by SDS-PAGE. As shown in Fig. 2,
the preparation after the HPLC on Phenyl
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Fig. 1. (A) Anion exchange chromatography on a IEC-DEAE. 825 column and (B) hydrophobic
chromatography on a Phenyl 5-PW column, of the PPase from B. subtilis. The experimental conditions
for each chromatography are given in Materials and Methods.
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Fig. 2. SDS-PAGE of the purified PPase from B. subtilis.
A 10% gel was used and 5 jig of protein was applied

5-PW was homogeneous. The purified PPase
was concentrated in a collodion bag and then
stored at — 20°C in a 50% solution of glycerol
in Buffer B. The results of a typical purification
of PPase from Bacillus subtilis are summarized
in Table 1.

RESULTS

Molecular weight

The molecular weight of the purified PPase
was estimated to be 120 000 from its elution
volume on Sephacryl S-300 gel chromatography
[Fig. 3(a)], and that of the subunit to be 24 000
by SDS-PAGE [Fig. 3(B)]. Thus, the PPase
from B. subtilis appears to consist of six
identical subunits.

Fomomi Shimizu et al.

Lfjects of divalent cations and pyrophosphate

A divalent cation was absolutely required for
the enzyme activity, Mg?* being most eflective.
As can be scen in Iig. 4, Mg’* activated the
enzyme in two steps. When the concentration of
sodium pyrophosphate was fixed at 1 mM, the
first maximal activity was observed at a Mg?*
concentration between 0.5 and 1 mM. With a
further increase in the Mg’ concentration, the
aclivity again increased and became constant
beyond 3.5 mM Mg’ *. Mg?* could be partially
replaced by Mn?* and Co**. However, Mn?*
and Co** did not cause the second activation
observed with Mg?*. Other metal ions tested
showed no effect on the enzyme activity.

Figure 5 shows the pyrophosphate-concen-
tration dependency of the enzyme activity when
the concentration of divalent cations was fixed.
With 1 mM Mg?* and Co’*, the maximal
activity was observed at the PP; concentration of
0.5 mM, and the activity decreased beyond that
concentration. With 1 mM Mn?*, the activity
increased gradually until 1 mM PP; and then
became constant beyond that concentration.
When 5 mM Mg?* was employed, the activity
increased abruptly with increasing PP; concen-
tration, and reached a maximum at a PP,
concentration of 1.2-1.5mM. The activity
decreased rapidly beyond this concentration of
PP,

Substrate specificity

The enzyme was quite specific for the
hydrolysis of inorganic pyrophosphate. Some
phosphate esters were also examined as
substrates by measuring the release of
inorganic phosphate. Nucleotide mono-, di- and
tri-phosphate, glucose-6-phosphate, glucose-1-
phosphate,  fructose-6-phosphate,  p-nitro-
phenylphosphate and polyphosphate did not
serve as substrates.

Lnzyme stability

The inorganic pyrophosphatase from B.
subtilis was incubated in 20 mM Tris-HCI
buffer, pH 7.3, in the presence and absence of

Table 1. Purification of inorganic pyrophosphatase from Bacillus subtilis (200 g of cell paste used)

Protein (mg) Total activity

Crude extract 11090.0 15 800
(NH,):SOy fractionation 3260.0 10 460
DE-52 406.0 7026
Phenyl sepharose 484 6270
DEAE-HPLC 4.11 1980
Phenyl-HPLC 0.20 349

(units)  Specific activity (units/mg protein)  Yield (%)
1.42 100.0
321 662
17.3 445
130.0 39.7
482.0 12.5
1750.0 2.2
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Fig. 3. (A) Molecular weight determination of PPase on Sephacryl S-300 and (B) of its subunit by

SDS-PAGE. As molecular size markers, (1) ferritin, (2) catalase, (3) aldolase, (4) bovine surum albumin,

and (5) ovalbumin, were all used in (A); and (1) myosin, (2) B-galactosidase, (3) phosphorylase b, (4)

bovine serum albumin, (5) ovalbumin, (6) carbonic anhydrase, (7) trypsin inhibitor, and (8) lysozyme, were
all used in (B). The open symbols show the positions of PPase and its subunit.

Mg?* at various temperatures, and the remain-
ing activity was measured at various times. The
results are shown in Fig. 6. In the absence of
Mg?*, the enzyme was quite stable at 30°C, but
the enzyme activity decreased gradually on
incubation even at 35°C. The rate of inacti-
vation increased with increasing incubation
temperature. The enzyme activity was com-
pletely lost on incubation for 55 min at 55°C
and for 30 min at 60°C [Fig. 6(A)]. However,
the enzyme showed remarkable thermostability
on the addition of 2mM Mg?’* to the
incubation medium. No loss of activity was
observed on incubation for 1 hr at 55°C, but the
enzyme lost its activity beyond 60°C [Fig. 6(B)].
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Fig. 4. Effect of divalent cations on the activity of B. subtilis
PPase. The concentration of sodium pyrophosphate was
fixed at 1 mM. O, Mg'*; A, Mn’* ; @, Co®*.

DISCUSSION

Tono and Kornberg (1967) reported the
purification and some properties of the inor-
ganic pyrophosphatase from Bacillus subtilis.
They purified the enzyme by means of
preparative PAGE twice, with a yield of 30%.
However, since the preparative PAGE needs the
apparatus, we prepared electrophoretically
homogeneous PPase from B. subtilis by means
of several column chromatographies as de-
scribed in the present paper, although the yield
was low. The molecular weight of the purified
enzyme was revealed to be 120 000 and that of

60
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Fig. 5. Effect of the pyrophosphate concentration on the
enzyme activity. The activity was measured in the presence
of I mM Mgi* (O), S mM Mg** (@), I mM Mn?* (A)

and | mM Co** (A).
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Fig. 6. Thermal inactivation of B. subtilis PPase in the (A) absence and (B) presence of 2 mM Mg?*.

The enzyme (30 pg/ml) was incubated in 20 mM Tris-HCI, pH 7.3, in the absence and presence of 2 mM

Mg?* at various temperatures as indicated. Aliquots were withdrawn at the indicated times and assayed
at 37°C.

the subunit to be 24 000 on gel chromatography
and SDS-PAGE, respectively, suggesting that
the B. subtilis PPase consists of six identical
subunits. Tono and Kornberg (1967) reported
that the molecular weight of their preparation
was 68 000, as judged from the results of sucrose
gradient sedimentation. Since the amino acid
composition and pH-activity profile (data not
shown) indicated that our preparation is the
same protein with that prepared by Tono and
Kornberg (1967), the difference in estimation in
molecular weight might be due to the difference
in analytical methods. Studies so far report that,
most eubacterial and archaebacterial PPases are
homohexamers or homotetramers composed of
approx. 20 000 subunits (Tominaga and Mori,
1977, Hachimori et al., 1979; Lahti and Niemi,
1981; Verhoeven et al., 1986; Lahti et al., 1988;
Richter and Schifer, 1992; Wakagi et al., 1992;
Teplyakov et al., 1994; Van Alebeck et al., 1994;
Meyer et al., 1995), except those from
Desulfovibrio desulfuricans, which is a monomer
of molecular weight of 42000 (Ware and
Postgate, 1971) and from Methanothrix soehn-
geni which have an a, f, oligomeric structure of
33 000 and 35 000 subunits (Jetten et al., 1992).
Although we cannot say which estimation is
correct at present, our estimation seems to be
more -likely because PPases from Bacillus
stearothermophilus and thermophilic bacterium
PS-3 which belongs to Bacillus are homohexam-
ers composed of about 20 000 subunits (Iachi-
mori ef al., 1979).

The B. subtilis PPase showed a very
characteristic property in terms of cation
requirement. Mg?* activated the enzyme in two
steps in a concentration-dependent manner,

which was not detected by Tono and Kornberg
(1967) because they examined the cation
requirement with a fixed metal ion concen-
tration: 0.5 mM metal ion at the PPi concen-
tration of 1 mM. They found that Mn?* was
most effective at this lower metal ion concen-
tration, which was confirmed in the present
study. Beyond 1 mM concentration, the enzyme
activity decreased gradually when Mn?* was
used, whereas it increased again rapidly with
increasing concentration when Mg>* was used,
and became constant beyond 3 mM Mg?* when
the PP; concentration was fixed at 1 mM
(Fig. 4). However, higher concentration of PP;
inhibited the enzyme activity when the Mg?*
concentration was fixed (Fig. 5). Butler and
Sperow (1977) suggested three roles of Mg?* in
PPase: structural, substrate and activator, in
order of effectiveness. Our data suggested that
there are more than two binding sites for Mg?*
with different affinity constants in the B. subtilis
enzyme. This is likely because the E. coli and
yeast enzymes were reported to bind 3-4 Mg?*+
and 3 Mg?* per subunit molecule, respectively
(Cooperman et al., 1992). Since PP; makes a
complex with Mg?* which is the true substrate
for PPase, a higher concentration of PP,
probably decreases the effective concentration
of free Mg’* which is necessary for letting
PPase conformation more active as to the
hydrolysis of a substrate. Therefore, B. subtilis
PPase decreased its activity at higher ¢oncen-
tration of PP;. The conformational change on
binding with Mg?* might also make the enzyme
molecule thermostable heat denaturation. The
Mg?*-induced conformational change and ther-
mostability have been reported for the PPases
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from yeast, E. coli, B. stearothermophilus,
thermophilic bacterium PS-3 and T. ther-
mophilus, although the maximum temperature
for thermostability is different in each case
(Hachimori et al., 1979; Kuranova ef al., 1987;
Ichiba ez al., 1988). Thus, Mg?*-induced
thermostability might be a common property of
PPases irrespective of their origin, except for the
enzyme from Sulfolobus acidocaldarius, which is
extremely thermostable even in the absence of
divalent cation (Wakagi et al., 1992). The effect
of Mg?* on the conformation of the B. subtilis
PPase is now being examined in our laboratory.
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