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Each of the 10 proline residues of the inorganic pyrophosphatase (PPase) subunit of
thermophilic bacterium PS-3 (PS-3) was replaced with alanine by the PCR-mutagenesis
method. The variants were classified into three groups according to the effects of the
replacements on their catalytic activities in 20 mM Tris-HCl, pH 7.8, containing 5 mM
MgCl,: the catalytic activity was (i) slightly affected (P39A and P69A), (ii) considerably
reduced (P14A, P43A, P59A, and P116A), and (iii) completely or almost completely abol-
ished (P72A, P100A, P104A, and P146A). HPLC-gel chromatography in the presence of 5
mM MgCL, revealed the following subunit assembly of the variants: group (i), a hexamer;
group (ii), a hexamer or a mixture of a hexamer and a trimer, although the hexamer was
predominant; and group (iii), a trimer or a monomer. The thermostability of the variant
PPases depended upon the amount of hexamer remaining in the presence of Mg?* at
high temperature. The results indicated that the hexamer state formed through pro-
tomer-protomer and trimer-trimer interactions is necessary for the PS-3 PPase to retain
the correct structure for full catalytic activity and thermostability.
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Inorganic pyrophosphatase [EC 3.6.1.1] specifically cata-
lyzes the hydrolysis of pyrophosphate to orthophosphate.
This reaction provides a thermodynamic pull for many bio-
synthetic reactions (I-3) and is essential for life (4-6).
PPases require bivalent metal ions for catalysis, Mg?* con-
ferring the highest activity. Based on their primary struc-
tures, soluble PPases can be divided into two families that
exhibit no sequence similarity to each other.

Family I includes most of the currently known PPases
(7). Family II, to which Bacillus subtilis PPase belongs, was
discovered only recently (8-10), and all 19 of its proved or
putative members are from bacteria (11). Family I can be
further divided into prokaryotic, plant and animal/fungal
PPases. The best-studied PPases are those from Escheri-
chia coli and Saccharomyces cerevisiae in Family I, which
have been extensively characterized by X-ray crystallogra-
phy (12-16), and site-directed mutagenesis in combination
with kinetic and thermodynamic measurements (17-23).
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We previously determined, through studies involving
Edman degradation (24) and cloning and expression of the
gene (25), the primary structure of the PPase from thermo-
philic bacterium PS-3, which exhibits high sequence iden-
tity, including the evolutionarily well-conserved active-site
residues, with the family I PPases (7). PS-3 PPase forms a
hexamer derived from trimers in the presence of Mg?* to
become enzymatically active and thermostable (26). Previ-
ously we reported that the newly formed interchain hydro-
gen bonds arising through the trimer-trimer interaction in
the presence of Mg? (>1 mM) partially contribute to the
thermostability of PS-3 PPase (27), along with unknown
mechanism(s) operating within the protein structure itself.

Proline residues restrict backbone bond rotation because
of their pyrolidine rings. Therefore, prolines are believed to
decrease the entropy during protein unfolding by reducing
the number of unfolded conformations that can be sampled
by the protein (28). PS-3 PPase contains 10 proline residues
per subunit. Based on the alignment of the primary struc-

tures of the 37 PPases of Family I (7), these proline resi- .

dues in PS-3 PPase are classified into five groups: proline
residues found in (i) all prokaryote, plant, and animal/fun-
gal PPases [Pro-59 (34) and Pro-104 (26)], (ii) prokaryote
and animal/fungal PPases [Pro-14 (30)], (iii) prokaryote and
plant PPases [Pro-43 (28), Pro-69 (21), Pro-72 (23), and Pro-
116 (20)], (iv) prokaryote PPases [Pro-39 (7) and Pro-100
(A7), and (v) only the PS-3, Bacillus stearothermophilus
and Solanum tuberosum PPases [Pro-146] (the number in
brackets after each proline residue indicates the number of
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Fig. 1. Structural model of the PPase from PS-3. The model was
constructed by homology modeling with the program package
QUANTA/CHARMm. The X-ray structure of the Tth PPase served
as a scaffold (26). Proline residues and active-site residues are
shown in red and green, respectively. The protomer-protomer inter-
face region (35) is shown in yellow.

PPases having that proline residue at the corresponding
position among the 37 soluble PPase of Family I). Thus,
these proline residues located at the corresponding posi-
tions are considered to be conserved evolutionarily, and
they might play important roles in the integrity of the
respective PPase structures, since the three-dimensional
structures of the E. coli (Eco), Thermus thermophilus (Tth),
and Sulfolobus acidocaldarius (Sac) PPases were reported
to be quite similar to each other (29). The three-dimen-
sional structure of the Saccharomyces cerevisiae PPase was
also found to be similar to those of prokaryotic enzymes in
spite of the little sequence similarity beyond the evolution-
arily conserved residues of the active site and the different
oligomeric organization (12). The three-dimensional struc-
ture of PS-3 PPase, predicted by computer analysis on
homology modeling with the QUANTA/CHARMm program
(Molecular Simulation) using the crystallographic data for
the Tth PPase as a scaffold (30), is also very similar to
those of both the Eco and Tth PPases (Fig. 1).

In the present study, site-directed mutagenesis of PS-3
PPase was conducted to replace each of the 10 proline resi-
dues with an alanine residue in order to determine its con-
tribution to the structural integrity and thermostability of
the enzyme.

MATERIALS AND METHODS

Materials—Restriction endonucleases, T4 DNA poly-
merase, Taq polymerase, a DNA ligation kit and Easytrap
(gene clean kit) were purchased from Takara Shuzo. Antibi-
otics, egg-white lyzozyme, ribonuclease A and low-gelling-
temperature agarose (type S) were obtained from Nippon
Gene. Phenyl-Sepharose CL4B, and TSK-gel Phenyl-5PW
and TSK-gel G3000 SW were purchased from Pharmacia
and Tosoh, respectively. All other chemicals were of analyti-
cal grade.
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Mutagenesis—Oligonucleotide-directed mutagenesis was
performed by the PCR-mutagenesis method with MUT 1
(Takara Shuzo) as the mutagenesis primer in vitro. The oli-
gonucleotides used as primers were as follows: 5-CT TCC
GGT CGC AAT TTC G-3' (P14A), 5-A AAA CAT CGC TGA
ATA TAA GAC-3' (P39A), 5-GTA TTC AGC CGC ATA AAA
C-3 (P43A), 5’-T GTC GAG CGC GTC ACC A-3' (P59A), 5'-
G GAA CGT CGC ATT TGT CG-3’' (P69A), 5-C GCA GCC
CGC GAA CGT-3 (P724A), 5-C TTC GAC CGC AAC GCC-
3’ (P100A), 5-C AAA ACG CGC ATC TTC GAC-3" (P104A),
5-T GTG CTG CGC GAG GTC-3' (P116A), and 5-C TGC
TTC CGC CCC CTC C-3’ (P146A), the underlined nucle-

otides being the mutated Ala codons. A plasmid, pTTP3,

containing the intact PS-3 ppa gene (25) was used as the
template of the ppa gene manipulated in this work. pUC
118 was used as a vector for mutagenesis. JM109 was used
as a host for the mutagenesis. Sequencing by the dideoxy
chain-termination method (31) was performed to check the
mutations.

Purification of PPase—E. coli JM109 cells expressing the
wild-type and variant PS-3 PPases were produced by inocu-
lating 1 liter of LB medium containing 80 uM isopropyl §-
D-thiogalactoside and 50 pg/ml ampicillin with 2 ml of an
overnight culture of the respective cells. Crude extracts of
cells were obtained by grinding with Al,O, and extraction
with 20 mM Tris-HCI buffer, pH 7.8, containing 5 mM
MgCl,. All PPases were purified to an electrophoretically
homogeneous state according to the procedure reported
previously (27). Samples were concentrated to approx. 10
mg/ml and then stored at —-80°C.

Enzyme Assay—PPase activity was determined by the
procedure described previously (32). The assay medium
contained 2 mM PP,, 5 mM MgCl,, 0.1 mM EDTA, and 50
mM Tris-HCl (pH 8.0) in a total volume of 0.5 ml. The reac-
tion was initiated by adding 0.02 ml of enzyme solution,
run for 10 min at 37°C, and arrested with 0.5 ml of 3% per-
chloric acid. The liberated phosphate was assayed by the
method of Peel and Loghman (33). The protein concentra-
tion in a solution was determined with a Pierce bicinchro-
mic acid protein assay kit, with BSA as the standard.

Molecular Weight Estimation—The molecular mass of
PPase was determined by gel filtration. The protein solu-
tion (0.1 mg of protein in 100 pl) was applied to an HPLC
column of TSK-gel G3000SW (0.75 cm x 30 cm), then
eluted with a buffer comprising 20 mM Tris-HC], pH 7.8, in
the presence of 5 mM MgCl, at a flow rate of 0.75 ml/min.
The molecular mass markers used were as follows: aldolase
(158 kDa), bovine serum albumin (68 kDa), egg albumin
(43 kDa), and trypsin inhibitor (23 kDa).

CD Spectroscopy—CD spectra were obtained with a
Jasco J-600 automatic recording dichrograph at room tem-
perature. A cell of 0.1 mm path length was used for the
measurements in the far-UV region. CD data were ex-
pressed in terms of mean residue ellipticity, (6], using the
mean residue molecular mass of 114.6 calculated from the
amino acid sequence (25).

RESULTS

Effects of Replacements on the Enzyme Activity—The &k,
values of the wild-type and mutant PPases at pH 7.8 are
shown in Table 1. The plasmid-encoded wild-type PPase
showed slightly higher enzyme activity than the authentic
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PPase from cells (26). The replacement of Pro-39 with Ala
- resulted-in-enhancement of the-catalytic-activity, and P69A
showed almost the same activity as the wild-type PPase.
The enzyme activities of P14A, P43A, and P116A were con-
siderably reduced, and their K values were about twice
that of the wild-type enzyme. P100A, P104A, and P146A
almost completely lost their enzyme activities, and the
P72A variant was completely inactive.

The enzyme activities of the wild-type and variant
PPases were measured at various pHs, from 5.5 to 10.0, as
shown in Fig. 2. With the exception of P39A, P59A, and
P116A, the variants showed almost the same pH-activity
profile as the wild-type PPase; the maximum activity was
observed between pH 7.5 and 9.0, and the activity de-
creased rapidly outside this pH range. P39A and P116A
exhibited wide optimum pH ranges, with almost full activ-
ity even at pH 10.0. On the contrary, P59A had a narrow
optimum pH range with the maximum activity at pH 8.0.

Effects of Replacements on the Thermostability—To ex-
amine the effects of the replacements on the thermostabil-
ity of PS-3 PPase, the wild-type and variant PPases were
incubated at 70°C for various times at a protein concentra-
tion of 1 mg/ml in 20 mM Tris-HC] buffer, pH 7.8, contain-

TABLE I. Rate constants for the wild-type and variant
PPases.

. Rea K, k. /K., Degree of
Strain (s (mM) (s“-r{\M“) conservation?
Wild-type 817.0 0.47 1,7386 —

P14A 74.3 0.82 90.6 30 (Pr,A)

P39A 1,098.0 0.60 1,830.0 7 (Pr)

P43A 288.7 1.0 288.7 28 (Pr, P1)

P59A 413.3 0.96 430.5 34 (Pr, P, A)
P69A 744.3 0.47 1,583.6 21 (Pr, P))

P72A 0 — — 23 (Pr, PD)

P100A 2.8 0.88 3.2 17 (Pr)

P104A 1.3 1.0 1.3 26 (Pr, P1, A)
Pl16A 236.7 0.64 369.8 20 (Pr, PD)

P146A 19.0 0.55 34.5 3 (PS-3, Bst, Stu)

#The number of PPases having a proline residue at the correspond-
ing position in 37 family I PPases. Pr, prokaryote; P], plant; A, ani-
mal/fungi; PS-3, Thermophilic Bacterium PS-3; Bst, Bacillus
stearothermophilus; Stu, S. tubersum (potato).

100}

Relative Activity (%)
-
< .

Fig. 2. Effect of pH on the catalytic activities of the wild-type
and variant PPases from thermophilic bacterium PS-3. The
activity of each enzyme at pH 7.8, at which all the PPases showed
the maximum activity, was taken as 100%. The buffers used were 2-
(N-morpholino)-ethane sulfonic acid (pH 5.5-7.0), Tris-HCI (pH 7.2~
8.8), and glycine-NaOH (pH 9.0-10. 5) 0, wild- type PPase; @, P39A;
-4, P59A; a;-P116A. -
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ing 5 mM MgCl,, and the enzyme activity remaining was

measured-at-37C~The-results-are-shown-in-Fig~3—The-

wild-type PPase was thermostable, no loss of activity being
observed after incubation for 1 h at 70°C in the presence of
5 mM MgCl,. The replacement of individual prolines with
alanines affected the thermostability to varying degrees. As
a whole, the thermostabilities of the variant PPases were
related to their enzyme activities; the higher their enzyme
activity was, the more thermostable they were, except for
P116A, which was as thermostable as the wild-type PPase
in spite of its low activity. P100A, P104A, and P146A,
which were trimers before and after heat treatment, were
thermolabile. The thermostability of P72A could not be
examined by measuring the remaining activity after heat
treatment since it was completely inactive.

Effects of Replacements on the Subunit Assembly—We
previously found, through a study on its sedimentation co-
efficient, that PS-3 PPase exists as a trimer in the absence
of Mg? and as a hexamer in its presence (26). Thus, the
effects of replacement of the prolines with alanines on the
subunit assembly before and after incubation at 70°C for 1
h at a protein concentration of 1 mg/ml in the presence of 5
mM MgCl, were examined by measuring the molecular
mass by HPLC-gel chromatography. The results are shown
in Fig. 4. The wild-type PPase in the presence of 5 mM
MgCl, was a hexamer, as reported, and incubation at 70°C
for 1 h did not affect its subunit assembly. P116A was also
a hexamer both before and after heat treatment, notwith-
standing its considerably reduced enzyme activity. P39A
and P69A, whose enzyme activities were almost the same
as that of the wild-type PPase, also existed as a hexamer in
the native state, but a small amount of trimer was
observed for both variants after heating. For P59A, a con-
siderable amount of trimer was observed after heat treat-
ment, although it comprised only a hexamer before heat
treatment. On the contrary, a small amount of trimer was
observed in addition to a hexamer for the native states of
P14A and P43A, and trimers were dominant after heat
treatment. P100A, P104A, and P146A, whose enzyme ac-
tivities were extremely low, were trimers both before and
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Fig. 3. Thermal inactivation of the wild-type and variant
PPases from PS-3. The enzymes (1 mg/ml) in 20 mM Tris-HCI
buffer, pH 7.8, containing 5§ mM MgCl, were incubated at 70°C. Ali-
quots were withdrawn at the indicated times and assayed at 37°C.
The enzyme activity without heating was taken as 100%. o, wild-
type PPase; ®, P116A; a, P69A; a, P39A; O, P59A; m, P43A; o, P14A;

-07-P100A and P104A;v,-P146A. - — - - .
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after heat treatment. Completely inactive P72A existed as
a monomer before incubation at 70°C but was precipitated
during heat treatment.

CD Spectra—In order to determine the effects of replace-
ment of prolines with alanines on the protein conformation,
CD spectra of the wild-type and variant PPases were mea-
sured at room temperature in the far-ultraviolet region
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Fig. 4. HPLC-gel chromatography elution profiles of the PS-3
wild-type and variant PPases before (A) and after (B) incu-
bation for 1 h at the protein concentration of 1 mg/ml at 70°C
in the presence of 5 mM MgC\L,. The buffer used was 20 mM Tris-
HCI, pH 7.8, containing 5 mM MgCl,. The arrowheads (v) indicate
the elution positions of marker proteins: (1) aldolase (158 kDa), (2)
bovine serum albumin (68 kDa), (3) egg albumin (43 kDa), and (4)
trypsin inhibitor (23 kDa).

(A) (B)
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before and after incubation at 70°C for 1 h at the protein
concentration of 1 mg/ml in the presence of 5 mM MgCl,
As shown in Fig. 5A, the CD bands of P72A and P146A
before heat treatment were greatly reduced, indicating that
the main-chain conformation of the wild-type PPase was
partially disrupted by these replacements. The CD bands of
P14A and P43A were also reduced slightly, and the remain-
ing PPases exhibited almost the same CD spectra as the
wild-type PPase.

Heat treatment did not affect the CD spectra of the wild-
type, P39A, P69A, and P116A PPases; these three variant
PPases exhibited almost identical spectra to that of the
wild-type PPase before heat treatment. With the exception
of P72A and P146A, the remaining variant PPases exhib-
ited slightly reduced CD bands after heat treatment: the
CD spectrum of P100A is shown in Fig. 5B as an example.
P146A was profoundly influenced by heat treatment and
its CD bands were further decreased (Fig. 5B). The CD
spectrum of P72A could not be measured because of the
precipitation during heat treatment.

DISCUSSION

The variant most profoundly influenced by the replacement
in the present study was P72A; it existed as a monomer
even in the presence of Mg?* and completely lost its enzyme
activity. Salminen et al. found, on analysis of the three-
dimensional structures determined by X-ray crystallogra-
phy, that residues Tyr-75 to Val-84 of Eco PPase are located
at the protomer-protomer interface (34). Teplyakov et al.
found that the interactions between subunits in the trimer
of Tth PPase were very tight, which was due to four hydro-
gen bonds, including one between Pro-78 and Asn-28,
together with the hydrophobic interactions of five residues
in the region of Tyr-77 to Glu-86 and the parallel 8 bridge
(30). Shinoda et al. deduced that the region Thr-66 to Asp-
77 including Pro-72 in the Bacillus stearothermophilus
(Bst) PPase was one of the protomer-protomer interfaces,
by comparison of its primary structure with those of Eco
and Tth PPases (35). They confirmed the importance of
hydrophobic interaction(s) of Val-75 in this region for the
trimer assembly through a study involving site-directed
mutagenesis. The primary structure of PS-3 PPase is the
same as that of Bst PPase except that the former has two

0 — 0
o
-
x P72A
—_ P146A S,
@ P14A N
— PA3A e
Wi ld-type N
-1} .14
210 230 250 210

Wavelength (nm)

P146A
P14A
P43A
P100A
Wild-type
Fig. 5. CD spectra of the PS-3 wild-type and
variant PPases before (A) and after (B) in-
L - cubation for 1 h at 70°C at the protein con-
230 250 centration of 1 mg/ml in the presence of 5

mM MgCL. The buffer used was 20 mM Tris-
HCl, pH 7.8, and the measurements were car-
ried out at room temperature.
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more amino acids at the C-terminus (25). Furthermore,
Pro-72-and-Asn-19-of PS-3 PPase correspond to-Pro-78-and
Asn-28 of Tth PPase, respectively, as judged from align-
ment of their primary structures; and the three-dimen-
sional structure of PS-3 PPase, predicted by computer
analysis of homology modeling, was very similar to those of
both Eco and Tth PPases (Fig. 1).

Taking all these findings into account, the present find-
ings strongly indicate that Pro-72 participates directly in
the interaction between subunits in the trimer. Moreover,
Pro-72 might play an important role in the conformational
integrity of PS-3 PPase, because its replacement also re-
sulted in remarkable reduction of the CD bands in the far-
ultraviolet region, and precipitation at high temperature.
Most of the prokaryotic and plant PPases whose primary
structures have been determined (23 out of 28 PPases)
have a proline residue at the position corresponding to Pro-
72 of PS-3 PPase. Thus, a proline residue at this position
might also play an important role in these PPases.

Shinoda et al. pointed out that Pro-100 and Pro-104,
which are specific for prokaryotic PPases, could also be
located at another protomer-protomer interface in Bst
PPase (35). For P100A and P104A, however, only a trimer,
not a monomer, was observed accompanying the consider-
ably reduced enzyme activity, indicating that the region
containing Pro-100 and Pro-104 might not directly contrib-
ute to the protomer—protomer association, but it might be
structurally important for the trimer-trimer association
due to Mg?*.

Another variant profoundly influenced by the replace-
ment was P146A. Pro-146 is only found in the PS-3, Bst
and S. tuberosum PPase among 37 Family I PPases (7) and
is deduced to be located at the beginning of Helix B from
Fig. 1. Its replacement with Ala resulted in almost com-
plete disappearance of the enzyme activity, and remarkable
reductions of the CD bands in the far-ultraviolet region
were also observed, indicating that the backbone structure
was considerably destroyed. P146A was a trimer before and
after heat treatment even in the presence of Mg?. The
breakdown of backbone structure, probably Helix B, by
replacement of Pro-146 with Ala might influence the over-
all structure, which would lead to the inability of trimers to
associate into hexamers. Thus, Pro-146, a residue charac-
teristic of PS-3 PPase, seems to be important for the overall
integrity of the protein molecule.

The replacement of Pro-116, which is located just before
Helix A, gave a contradictory result. Most of the prokary-
otic and plant PPases have a proline at the corresponding
position of P-116 of PS-3 PPase. Although the enzyme

_._.activity of P116A was about_half that of the wild-type

PPase, it was a hexamer before and after heat treatment in
the presence of Mg? and showed an almost identical CD
spectrum in the far-ultraviolet region to that of the wild-
type PPase, which did not change on heat treatment.
Pro-14, Pro-43, and Pro-59, the positions corresponding
to which in most soluble PPases are also occupied by pro-
lines, are located very near to or in the cluster of putative
active-site residues (Glu-12, Tyr-42, Asp-56, Asp-58, and
Asp-61). Therefore, the replacement of these proline resi-
dues might influence the three-dimensional arrangement of
the active-site residues, which would result in a reduction
of the enzyme activity. The replacement of Pro-39 and Pro-
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of Mg, and the enzyme activities of both variants were
almost the same as that-of-the-wild-type=PPase.-Only- 7
prokaryotic PPases out of 37 soluble PPases have a proline
at the position corresponding to Pro-39 of PS-3 PPase,
whereas 21 prokaryotic and plant PPases have a proline at
the position corresponding to Pro-69. However, both Pro-39
and Pro-69 are located relatively far from the active-site
pocket and on the surface of the protein molecule. There-
fore, these two proline residues might not play important
roles in the integrity of protein molecule.

The results of the present study indicate that, with some
exceptions, most of the proline residues in PS-3 PPase play
very important roles, and some of them are critical for the
integrity of the protein molecule. The present results also
indicate that the thermostability of PS-3 PPase is pro-
foundly related with its subunit structure. The catalytic
activity after heat treatment seemed to be proportional to
the amount of hexamer remaining, although CD spectra
indicated that the backbone structure was not affected by
heat treatment, ever for the trimer. On the contrary, the
monomer was less stable and precipitated on heat treat-
ment. Thus, protomer-protomer interactions as well as tri-
mer-trimer ones seem to be important for maintenance of
the correct structure, which is necessary for the catalytic
activity and thermostability. Leppanen et al. (29) and
Teplyakov et al. (30) also reported that the tightly packed
hexameric structure that increases the surface area of the
trimer-trimer interface, which is characteristic of Tth and
Sac PPases, is important for the thermostability of these
two highly thermostable PPases.
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