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The genomic DNA encoding the inorganic pyrophosphatase from an extremely thermo-
philic bacterium, Thermits thermophilus HB8 (ATCC27634), was isolated by colony
hybridization with a probe designed as a part of gene amplified by the PCR method, which
was derived from the partial ami no acid sequence of the enzyme. The DNA was cloned into
a plasmid vector, pUC118, after digestion with BamHl. The inserted nucleotide fragment
was about 1.8 kbp in length and the nucleotide sequence included a 525 bp open reading
frame. The deduced amino acid sequence was completely identical with that of the enzyme
determined by automated Edman analysis of peptide fragments isolated from digests
obtained with Staphylococcus aureus V8 protease and Achromobacter protease I, and also
from products obtained on chemical cleavage with cyanogen bromide and 70% formic acid.
The subunit of this enzyme is composed of 174 amino acid residues with a calculated
molecular weight of 19,084. Then, the gene was overexpressed in Escherichia coli BL21
(DE3) using a plasmid vector, pET15b, system. The recombinant enzyme was fully active,
and exhibited higher thermostability than the E. coli enzyme. Amino acid residues located
on the surface of the recombinant enzyme were determined by means of limited proteolysis,
and the results revealed that the environment of Lys residues is almost the same as the
crystal structure reported previously [Teplyakov, A. et al. (1994) Protein ScL 3, 1098-
1107]. Furthermore, the roles of two tryptophan residues were investigated by site-directed
mutagenesis, which indicated that they may be responsible for the structural integrity and
thermostability.

Key words: amino acid sequence, inorganic pyrophosphatase, molecular cloning, site-
directed mutagenesis, Thermus thermophilus.

Inorganic pyrophosphatase (PPase [EC 3.6.1.1]) catalyzes the cytosol of organisms from vertebrates to microbes, and
the hydrolysis of inorganic pyrophosphate to two ortho- has been isolated from various sources and characterized,
phosphate molecules, and plays an important role in The best studied PPases are those from Saccharomyces
providing a thermodynamic driving force for many biosyn- cerevisiae (Y-PPase) and Escherichia coli {E. coli PPase),
the tic reactions in cells (1). PPase is ubiquitously present in which commonly require divalent cations, being most
. • . , , , —,—•, • • TT-—nr~5 n—r̂ TTT" effective, Mg*+ for their activity and stability, although
1 This study was partly aided by a grant from the Research Institute , , ' ° _ ^ -j. j. j_ / o\ TTL ZI
of Aoyama Gakuin University. The nucleotide sequence reported in t h e y h a v e different subunit structures (2). Procaryotic
this paper has been submitted to the DDBJ, Gen Bank, and EMBL PPases consist of six identical subunits with molecular
nucleotide databases under accession number, AB010580. The amino weights of ca. 18-20 kDa, whereas eucaryotic PPases are
acid sequence reported in this paper has been submitted to the homodimers of 30-35 kDa subunits. Extensive studies on
SWISS-PROT protein sequence database under accession number, chemical modification and site-directed mutagenesis of
fr~5 , • , , , , , _ , „ „ „„ these PPases have indicated that several amino acid resi-

To whom correspondence should be addressed, lei: +81-3-53&4- , . .. , • , , ,. . . . . j L , .
n i l (Ext. 3204T Fax: +81-3-5384-6200, E-mail: samejimaG dues may be essential for catalytic activity and substrate
candy.chem.aoyama.ac.jp binding (3-5). The genes for bacterial PPases have been
Present addresses: • Department of Chemistry, Faculty of Science, cloned and their amino acid sequences were deduced from
Tokyo Metropolitan University, Minami-osawa, Hachioji, Tokyo their base sequences (6, 7). Recently, the amino acid
192-0364; and 'Department of Development, Shino-Test Co., sequence of PPase from thermophilic bacterium PS -3 was
Oonodai, Sagamihara, Kanagawa 229-0011. directly determined by automatic Edman degradation (8)
Abbreviations: PPase inorganic pyrophosphatase; Tth, Thermus ^ ^ m i c d o n i n ^ ( g ) Meanwhile, we have deter-
thermophilus; Y, Saccharomyces cerevisiae; Bst, Bacillus slearother- . . . . . . . , , , __ , „ ...
mophilus; API, Achromobacter protease I. m m e d t h e a m m o acid sequence of the PPase from Bacillus

stearothermophilus (Bst PPase) by both Edman degrada-
© 1998 by The Japanese Biochemical Society. tion and deduction from the base sequence of the gene
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(unpublished result). The results of alignment of the amino
acid sequences of these PPases suggested that the amino
acid residues participating in the catalytic activity are
almost all conserved. Furthermore, recent analysis of the
three-dimensional X-ray crystallographic structures of
Y-PPase, E. coli PPase, and the PPase from Thermus
thermophilus (Tth) HB8 provided important information
on the catalytic mechanisms involving Mg*+ and the sub-
strate binding sites (10-13). With respect to thermo-
stability, it was suggested that some interactions and
oligomerization contribute to the thermostability of Tth
PPase (14). In this paper, we report the entire amino acid
sequence of PPase from Tth, having an optimal growth
temperature of 80*C, and the base sequence of the cloned
Tth PPase gene. Also, several candidate amino acids
contributing to the thennostability were deduced on com-
parison of the amino acid sequence of Tth PPase with those
of procaryotic PPases, and also from the results of studies
involving limited proteolysis and site-directed mutagene-
sis.

MATERIALS AND METHODS

Protein Sequencing—Soluble inorganic pyrophosphatase
from Tth HB8 was isolated and purified as described (15).
It was first reduced and pyridylethylated by the method of
Friedman et al. (16). Enzymatic cleavage of the S-pyri-
dylethylated protein with S. aureus V8 protease (Worth-
ington) and API (Wako Pure Chemicals) was carried out at
37"C for 12 and 6 h, respectively, after denaturation with 4
M urea. Chemical cleavage between the Asp and Pro
residues of the S-pyridylethylated protein was performed
in 70% formic acid at 37"C for 48 h. Chemical scission with
cyanogen bromide (Wako Pure Chemicals) was also carried
out in 70% formic acid at 4°C for 24 h. The peptides were
separated by reverse phase HPLC on a Biofine RPC-SC18
column (JASCO) with a linear gradient of 0-80% aceto-
nitril in 0.1% TFA. The isolated peptides were sequenced
by automatic Edman degradation using a PSQ-1 automatic
gas-phase protein sequencer (Shimadzu).

Bacterial Strains—E. coli JM109 was grown in a Luria-
Bertani (LB) medium at 37"C and transformed by the
method of Chung et al. (17). Tth HB8 was grown in 350 ml
of a medium comprising 0.8% polypeptone, 0.4% yeast
extract, and 0.3% NaCl at 65'C (18).

Genomic DNA Preparation—Genomic DNA of Tth HB8
was extracted as follows, Le. essentially according to the
method of Maniatis et al. (19). A frozen cell pellet was
suspended in 10 ml of 100 mM Tris-HCl (pH 7.6)-150 mM
EDTA-150mM NaCl, and then lysed with lysozyme (1
mg/ml, 1 h, 37'C) and 1% SDS (15 min, 60#C). The lysate
was treated with proteinase K (1 mg/ml, 8 h, 50'C) and
RNase A (1 mg/ml, 1 h, 37'C), and then extracted three
times with phenol. Finally, the DNA was collected by
ethanol precipitation.

Oligonucleotide Primers—Degenerate oligonucleotide
primers encoding the internal sequence of Tth PPase were
prepared by chemical synthesis. These primers had the
sequences 5'-AAYAARTAYGARTAYGAYCC-3' (20mer,
corresponding to amino acid residues 28-34) and 5'-GTY-
TCRAARAARTGYTG-3' (17mer, corresponding to 133-
138), respectively, where Y denotes T or C, and R denotes
A or G. PCR amplification was achieved by incubating a

, mixture comprising 100 ng of genomic DNA, 20 pmol of
each primer, 1 mM of each dNTP and 2.5 units of Taq DNA
polymerase at 92'C for 1 min, followed by 30 reaction
cycles with a temperature program of 92°C for 1 min, 35'C
for 1 min, and 72"C for 2 min. The PCR product was treated
with Klenow fragment. The obtained 333-bp PCR product
was used as a probe.

Screening of a Genomic Library— The obtained genomic
DNA mixture was fragmented with BamEI and then
separated on a 1.5% agarose gel, followed by isolation of
DNA fragments of about 1.8 kbp in length. The fragments
were cloned into the BamHI site of a plasmid vector,
pUC118. Screening for the gene encoding the PPase from
Tth HB8 was carried out by colony hybridization. For
colony hybridization, colonies of E. coli JM109 transform-
ed with this plasmid were transferred to a nitrocellulose
membrane filter, lysed in 1% SDS and 5 mM EDTA, and
then UV crosslinked and hybridized in a formamide-based
solution for 6 h at 42°C with the 333-bp PCR product as a
probe by the method for the DIG Luminescence Detection
Kit (Boehringer Mannheim). The filter was washed twice at
room temperature in a 2 X SSC and 1% SDS solution, and
then exposed to X-ray film for 30 min.

Nucleotide Sequencing—The base sequence was deter-
mined by the dideoxy chain termination method with Bca
BEST polymerase (TAKARA) using a DNA sequencer
model SQ-3000 (Hitachi).

Construction of an Expression Vector for Tth PPase—An
expression vector for Tth PPase, pETTP, was constructed
as follows. At first, we constructed a plasmid vector,
pUCTP, in which the Tth PPase gene was cloned as
described above. The pUCTP vector was used as the
template for PCR in order to construct the expression
vector. The sense-primer for add-on PCR corresponding to
Ala-l-Leu-3 with initiation codon ATG, was 5'-GGGAAT-
TCCATGGCGAACCTG-3' (21mer). The antisense-primer
to Arg-171-Gly-174 with stop codon TAG was 5'-AAGGA-
TCCTTAGCCCTTGTAGC-3' (22mer). The once amplified
DNA fragment was inserted into the EcoBI-BamHI site of
a plasmid vector, pUCH8, and then sequenced. Thus, we
constructed a pUCTPPCR vector. After digestion with
Ncol and BamHl endonucleases, the fragment was inserted
into the Ncol-BamHl site of the pET15b vector (TAKA-
RA), yielding the expression vector named pETTP.

Site-Directed Mutagenesis by Polymerase Chain Reac-
tion—Site-directed mutagenesis was performed by means
of polymerase chain reaction. Two variants, W149F and
W149F- W155F, were constructed as described below. The
sense-primer for W149F was 5'-GGCTCGAGGCTAAGA-
AGGGGAAGTTTGTCAAG-3' (32mer, corresponding to
Leu-142-Lys-151). The antisense-primer for W149F was
5'-CGCGGAGACGTCAGAGCTTGT-3' (22mer, which was
complementary to a sequence in the pUC118 vector). The
amplified fragment was digested with Xhol and Noel, and
then inserted into pUCTPPCR after digestion with the
same endonucleases. Then, it was sequenced, digested with
Ncol and BamHI, and then inserted into the same site of
the pETl5b vector, the resultant variant being named
pTPW149F. The other variant, W149F-W155F, was con-
structed by means of the recombinant PCR method (20).
The pTPW149F vector was used as the template for PCR.
The upper fragment was amplified by using a sense-primer,
5'-GGGAATTCCATGGCGAACCTG-3' (21mer, the same
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primer as described above), and an antisense-primer,
5'-CCTTCCGGTCCCGAAAGCCCGTGAC-3' (25mer, cor-
responding to Val-152-Lys-159). Meanwhile, the lower
fragment was amplified with a sense-primer, 5'-GGGCT-
TTCGGGACCGGAAGGCGGCTCTAGAGGA-3' (33mer,
corresponding to Gly-154-Lys-159), and an antisense-
primer, 5'-CGCGGAGACGTCAGAGCTTGT-3' (22mer,
the same primer as described above). The upper and lower
fragments amplified in the first PCR were denatured and
annealed, followed by the second PCR. The amplified DNA
fragment was digested with Xhol and BamHl, and then
inserted into the same site of the pUCTPPCR vector. Then,
it was sequenced, digested with Ncol and Barn-Hi, and then
inserted into the same site of the pET15b vector.

Purification of the Recombinant Tth PPase—Purification
of the recombinant Tth PPase was performed as follows. E.
coli BL21 (DE3) cells transformed with the expression
vector, pETTP, were cultured in 1 liter of LB/Amp
medium at 37*C for 20 h. The cells were harvested by
centrifugation and then lysed by sonication, the soluble
fraction being collected. This fraction was subjected to
DEAE-Sephacel (Pharmacia) anion-exchange column chro-
matography, followed by Sephacryl S-200HR (Pharmacia)
gel filtration chromatography. If necessary, HPLC on an
anion-exchange column was performed until the enzyme
gave a single band on polyacrylamide gel electrophoresis.

Enzyme Assay—The activity of PPase was assayed at
37"C essentially according to the method described previ-
ously (21), the liberation of inorganic phosphate being
determined by the method of Peel and Loughman (22).
Protein concentrations were determined by the method of
Lowry et al. (23), using bovine serum albumin as the
standard.

SDS-Polyacrylamide Gel Electrophoresis (SDS-
PAGE)—SDS-polyacrylamide gel electrophoresis was
performed by the method of Laemmli (24), on a 15%
polyacrylamide gel. The proteins were stained with Co-
omassie Brilliant Blue R-250.

Circular Dichroism (CD) Spectra Measurements—CD
spectra were recorded with a J-600 automatic recording
dichrograph (JASCO) at room temperature with protein
concentration of 0.1-0.2 mg/ml. Far-UV CD spectra were
measured, between 200 and 250 nm, in a 1 mm optical path
cuvette. CD data are expressed in terms of mean residue
ellipticity, [0], using the mean residue molecular weight
determined from the determined primary structure.

Fluorescence Measurements—Fluorescence measure-
ments were made with an FP777 spectrofluorometer

(JASCO) at room temperature. The protein concentration
was always adjusted to 0.1 mg/ml with 20 mM Tris-HCl
buffer (pH7.8). Tryptophan excitation was at 295 nm,
whereas tyrosine excitation was at 275 nm. Both emission
spectra were set between 300 and 400 nm.

Limited Proteolysis through Digestion with API—Lim-
ited proteolysis of the recombinant Tth PPase was per-
formed as described below: the purified recombinant Tth
PPase was dialyzed against 50 mM Tris-HCl buffer (pH

-180 CCGGGATCGGCGAGaCCAGGCGTTGaCCCCaGGTCGCTCAGGAAGAGGAGCGCCGTT

-120 TCCGTGACCGCGAGAAGCCCaCCGGCCaCCAGTTGGGCGAGGGGGCGacCCCGAGAC

-60 GGGCGAGCTCGCCTTCATACfrTGCCOMGGCCCCATTaATACGGCATAATGGGqflcgqT

1 ATGGCGAACCTGAAGAGCCTTCCCGTGGGCGACAAGGCGCCCGAGGTGGTCCACATGGTC
1 M A N L K S L P V G D K A P E V V H M V

61 ATTGAGGTCCCCCGCGGCTCGGGCAACAAGTACGAGTACGACCCGGACCTCGGGGCGATC
2 1 I E V P R G S G N K Y E Y D P D L G A I

121 AAGaGGACCGGGTCaGCCGGGAGCCaGTTaACCCCGGGGACTACGGCTTCATCCCC
4 1 K L D R V L P G A Q F Y P G D Y G F I P

181 TCCACCCTGGCCGAGGACGGGGACCCCTTGGACGGCCTCGTCaaCCACCTACCCCaC
6 1 S T L A E D G D P L D G L V L S T Y P L

241 aCCCCGGGGTGGTGGTGGAGGTCCGGCTGGTGGGCaCaCaaTGGAGGACGAGAAG
8 1 L P G V V V E V R V V G L L L M E D E K

301 GGCGGGGATGCCAAGGTCATCGGGGTGGTGGCCGAGGACCAGCGCaGGACCACATCCAG
1 0 1 G G D A K V I G V V A E D Q R L D H I Q

361 MaTCGa^WCCTCCCCWGCGCGTGAAGCAAGAGATCCAGaCTTCTTTGAGACCTAC
1 2 1 D I G D V P E G V K Q E I Q H F F E T Y

421 AAGGCCCTCGAGGCCAAGAAGGGGAAGTCGGTCAAGGTCACGGGaGGCGGGACCGGAAG
1 4 1 K A L E A K K G K N V K V T G N R D R K

481 GCGGCCTTGGAGGAGGTCCGGGCaGCATCGCCCGCrACAAGGGaAGGGGCTGAAAGGC
1 6 1 A A L E E V R A C I A R Y K G " "

541 GCTTTCCGGGCCGGGGACGCCCCGGCCATTAGAATTCAGGGGGGTGTGCATGGTaGCCC

601 GGTCrGCGCGAGGCGCTGGAGCTGGAAGGGTACGAGGTGGGGGACCTCGTGGACTGCGAG

661 GCaGCGGGGCGGTCaCCGCTCaaaCCGATGGGGGCaGGAGGTGGTGGTGCCCCG

721 GGGGGGGAGAAGGAGCCTCTGGGGCCT

Fig. 2. The nucleotlde sequence of the gene and its deduced
atnlno acid sequence for the inorganic pyrophosphatase from
Tth HB8. The nucleotides are numbered starting at the initiation
codon, ATG (corresponding to a Met residue). The boxed and
underlined nucleotides represent the —35 and —10 regions, respec-
tively. Asterisks show the stop codon (TAG). The putative ribosome
binding sequence and the deduced p-dependent terminator were
indicated by lower-case letters and double underlining, respectively.
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Fig. 1. The complete ami no acid sequence
of inorganic pyrophosphatase (PPase) from
Thermos thermophilus (Tth) HB8. The
amino acid residues are shown as one-letter
abbreviations. The arrows indicate the deter-
mined sequence for each peptide obtained on
digestion with S. aureus V8 protease (V8) and
Achromobacier protease I (API), and also on

x > chemical cleavage with formate-pyridine (Aap-
Pro) and cyanogen bromide (CNBr). The

amino-terminal sequence was determined for the reduced and S-pyridylethylated
enzyme (intact). X indicates a residues not identified.
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9.0), followed by concentration to 1.5 mg-protein/ml. An
aliquot of Tth PPase (0.5 mg) was digested with API (molar
ratio, 1:100) at 37'C for 6 and 24 h. The reaction was
stopped by adding 99% formate. The digested sample was
centrifuged and filtered on a 0.45 //m membrane filter
(Millipore), and then separated by reverse-phase HPLC on
a Microsorb-MV column (RAININ) with a linear gradient of
0-80% acetonitrile in 0.1% TFA. The isolated peptides
were sequenced by automatic Edman degradation using a
PSQ-1 automatic gas-phase protein sequencer (Shimadznu).

Computer-Aided Protein Sequence Alignment—Align-
ment of the primary structures of several PPases was
performed with the GENETYX program package (Soft-
ware Development) on an Apple Macintosh Computer.

RESULTS

Determination of the Amino Acid Sequence of Tth
PPase—The complete amino acid sequence of the PPase
from Tth was determined by overlapping the sequences of

Tth HB8

Bom HI

f

M13IC

genomic
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1
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^ y
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\ \
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f Tlh PPase gene
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Eco Rl
Bam HI
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Bam HI
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EcoRl N
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7>A PPase
gene

Bam

1
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1 Polymerase Chain Reaction

co 1 Bam HI

Tth PPase gene

£co Rl
Bom HI

\
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Nco I
Aim HI
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pUCTPPCR X Eco^
\ M<^ Nco I

^ ^ ^ ^ ^yW Tth PPase gene
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t
Bam HI

Tth PPase gene

Amp'

M»I
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Fig. 3. Construction of the cloning
vector, pUCTP, and the expression
vector, pETTP, for the Tth PPase
gene. A cloning vector for the Tth
PPase gene, pUCTP, was constructed
as described under "MATERIALS
AND METHODS." The vector,
pUCTP, was used as the template for
PCR to construct pUCTPPCR, which
contains introduced £coRI, Ncol, and
BamHl sites. After digestion with iVcol
and BamHl, the Tth PPase gene frag-
ment was inserted into the same site of
the pET15b vector.
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Recombinant Pyrophosphatase from T. thermophilus 83

peptide fragments obtained on digestion with proteases and
chemical cleavage after automatic Edman degradation. The
sequence of the enzyme at the protein level was aligned
based on the overlapping of at least two or more residues.
Seventeen residues of the N-terminal region were se-
quenced by automatic Edman degradation of the entire S-
pyridylethylated protein. And the C-terminal residue, Gly,
was determined by treatment with carboxypeptidase P.
Twenty-seven peptides were isolated from the V8 protease
digest of the enzyme by reverse phase (RP)-HPLC, which
were numbered in their order of elution and were almost all
subjected to sequence analysis. The C-terminal residue of
these digested fragments was either Glu or Asp, except for
the (V8-19) fragment (residues 65-75), which ended with
Ser, which may be due to non-specific cleavage by the V8
protease. But we could not detect residues 15-21 and 97-
98. The alignment of the V8 protease fragments was mostly
performed by sequencing of the isolated 19 peptides of the
enzyme digested with API. We could not detect fragments
corresponding to residues 1-4 and 146-148, and residue
81-104 could not be further sequenced to the C-terminal
residue. The chemical cleavage of Asp-Pro by formic acid
yielded 4 peptide fragments, which were separated by
RP-HPLC, and only the third fragment (Asp-Pro) was
sequenced. This peptide was only sequenced from residue
68 to 115, since it was too long for complete sequence
analysis, and this sequencing was good enough to align and
determine the whole sequence. Chemical cleavage with
cyanogen bromide (BrCN) yielded four peaks, and only the
second eluted fraction on RP-HPLC (BrCN-2, 96-174) was
sequenced to 6 cycles. As a result, the complete amino acid
sequence of Tth PPase was determined as shown in Fig. 1,
174 residues comprising the monomer chain of this enzyme.

Genomic Cloning and Base Sequence of Tth PPase—On
the basis of the amino acid sequence determined above, we
attempted to clone the Tth PPase gene to determine the
thermostability of Tth PPase from the genetic information.
At first, we prepared genomic DNA from Tth as described
under "MATERIALS AND METHODS,' which was digested with
BamHl. The mixture was explored by means of Southern
hybridization at 68"C with a probe corresponding to nu-
cleotide 85 to 416. As a result, it gave a single positive band
corresponding to about 1.8 kbp, and the genomic BamHI
fragments were inserted into the multicloning site (MCS)
of a plasmid vector, pUCH8. Then, the colony hybridiza-
tion of transformed E. coli JM109 was performed, which
revealed only one positive colony among 50 colonies. The
plasmid derived from this colony was found to contain an
about 1.8 kbp fragment derived from genomic DNA, which
included the open reading frame (ORF) coding for the
putative sequence of the Tth PPase gene. This fragment
was subcloned and sequenced in both directions after its
digestion with several restriction enzymes. Its whole base
sequence and the deduced amino acid sequence are shown in
Fig. 2. The amino acid sequence deduced from the base
sequence of this cloned gene coincided completely with the
primary structure determined at the protein level. Also, we
observed similar sequences to the — 35 and —10 regions of
the promoter upstream of the coding region of Tth PPase.
Furthermore, downstream of theTth PPase gene, a puta-
tive terminator region was present. Then, we confirmed
that the structural gene of Tth PPase was cloned complete-
ly.

Expression of the Tth PPase Gene in E. coli BL21
(DE3)—£LS described above, cloning of the Tth PPase gene
was accomplished. Therefore, we tried to establish an
expression system for Tth PPase in E. coli. The cloning
vector of the Tth PPase gene, pUCTP, was used as the
template for PCR in order to construct an expression
vector. As described under "MATERIALS AND METHODS," the
DNA fragment amplified by PCR was inserted into the
EcoBI-BamHI site of a plasmid vector, pUCl 18 (pUCTPP-
CR) and then sequenced. Using this pUCTPPCR plasmid,
the pETTP vector for expression in E. coli BL21(DE3) was
constructed as shown in Fig. 3. After digestion of pUCTPP-
CR with Ncol and BamHI endonucleases, the resultant
fragment was inserted intoLthe Ncol-BamiQ site of the
pET15b vector. Then, E. coli cells were transformed with
the expression vector, and cultured in LB/Amp medium.
The cell extract was examined by SDS-PAGE, and expres-
sion of the Tth PPase was confirmed in the extract of E. coli
BL21(DE3)/pETTP. Starting with 6 g wet cells per 1 liter
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(B)

40 50 60 70 80 90
Temperature ( t )

Fig. 4. Thermostabllity of the recombinant Tth and E. coli
PPases. Each enzyme solution (0.1 mg/ml) was incubated in Tris-
HC1 buffer (pH 7.8) at the indicated temperature for 1 h. (A) The
remaining activities of the two enzymes after heat incubation. The
enzyme activity was measured at 3VC. The activity after incubation
at 40*C was taken as 100%. (B) Conformational changes of the both
enzymes after heat incubation, as detected with CD spectra. The
relative ellipticity of the CD band at 222 nm is plotted against the
temperature taking the value at 40'C as 100% and that at 90*C as 0%.
The ratio was calculated with the following equation. Fraction folded
(raHo of native protein) = (y-YD)X100/(y:,-yD),where yDand yN
are the mean residue ellipticities, [6], at 222 nm after incubation at
90 and 40'C, respectively, and y is the measured mean residue
ellipticity at the indicated temperature. Symbols: (•) recombinant E.
coli PPase; (A) recombinant Tth PPase.
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culture, the recombinant Tth PPase was purified to an
electrophoretically homogeneous state, as described under
"MATERIALS AND METHODS." The yield of the purified
enzyme was about 10 mg, and the specific activity was 200-
500 units/mg when the activity was measured at 37'C.

Characterization of the Recombinant Tth PPase—The
recombinant Tth PPase was obtained effectively, therefore,
we examined some of its characteristics. The sequence of
the N-terminal 12 residues was the same as that in Fig. 1,
without the initiation Met residue being detected. The
results of amino acid composition analysis of the recom-
binant enzyme were almost identical with those for the
authentic enzyme. The secondary structure of the recom-
binant enzyme was examined by measuring the CD spec-
trum in the far-UV region. This spectrum indicated that the
recombinant enzyme contains abundant a -helices and
y9-forms, and its profile resembled that of E. coli PPase
(data not shown). Meanwhile, the thermostability of the
recombinant enzyme was measured in 20 mM Tris-HCl
buffer (pH 7.8). As shown in Fig. 4A, the recombinant Tth
enzyme was highly thermostable, it not being inactivated
completely on incubation at 90*C, whereas the E. coli
enzyme was inactivated completely at 70*C. Furthermore,
to obtain information on the change in the secondary
structure on heating, it was chased with far-UV CD spectra
as the criterion. The spectra of the recombinant Tth

enzyme did not change on heating up to 80*C, which
suggested that the secondary structure was retained even at
80°C, as shown in Fig. 4B. Therefore, these results showed
that the recombinant Tth PPase must be endowed with the
same thermostability as the authentic enzyme (25).

Limited Proteolysis of the Recombinant Tth PPase by
Digestion with API—As described above, the recombinant
Tth PPase exhibited the same characteristics as the authen-
tic enzyme. Then, we investigated the conformation of the
recombinant Tth PPase in solution by limited proteolysis to
determine whether or not the recombinant enzyme differs
in conformation from the authentic enzyme as reported
previously (10). Based on the information on the three-di-
mensional structure of the authentic Tth PPase (10), we
selected Acromobacter protease I (API) from among many
proteases. Because several Lys residues are present in the
active-site pocket, and the hydrophilicity of a Lys residue
enhances the probability of its presence on the surface of a
molecule, it was expected that the Tth enzyme was cleaved
on the C- terminal side of some Lys residues on the surface
by API. When the recombinant enzyme was digested with
API for 6h, 23 peptide fragments were separated on
reverse phase HPLC, although there must be 15 peptides
theoretically, while 34 peptides were detected after 24 h.
The digestion fragments after 6 and 24 h were sequenced

=. 1.0

Lys129
Fig. 5. Cleavage sites in the three-dimensional structure (rib-
bon representation) of the Tth PPase subunit on digestion with
API. (A) Cleavage sites on digestion for 6 h. (B) Cleavage sites on
digestion for 24 h. N and C indicate the amino- and carboxy-termini,
respectively.

300 400

Wavelength (nm)

Fig. 6. CD and fluorescence spectra of the recombinant Tth
PPase (wild type) and its variants, W149F and W149F-W155F.
(A) CD spectra in the far-UV region. (—) wild type; (---) W149F;
( ) W149F-W155F. (B) Fluorescence emission spectra with excita-
tion at 275 nm. (C) Fluorescence emission spectra with excitation at
295 nm. The protein concentration was 0.1 mg/ml in 20 mM Tris-
HCl buffer (pH7.8).
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by automatic Edman degradation. In the case of digestion
for 6 h, the C-terminal sides of the Lys4, Lys40, Lysl45,
Lysl46, Lysl48, Lysl51, and Lysl59 residues were
cleaved. Furthermore, the additional cleavage on Lysll,
Lys29, LyslO4, Lysl29, and Lysl40 was confirmed after
24 h. Figure 5, A and B, show the cleavage sites in a model
of the Tth PPase molecule on digestion with API for 6 and
24 h, respectively. The environment of Lys residues in the
recombinant Tth PPase may be similar to that in the
authentic enzyme.

Substitution of Tryptophan Residues in the Tth PPase by
Site-Directed Mutagenesis and Its Effect on Thermostabi-
lity—From the results of studies on chemical modification,
some candidate amino acids taking part in the catalysis and
stability of the molecule have been deduced. Trpl49 of two
Trp residues in E. coli PPase affects Mg*+ binding (26). In
the case of Y-PPase (27) and PS-3 PPase (28), Trp residues
were also very effective as to Mg2+-binding. Therefore, we
expected that either of the two Trp residues in. the Tth
PPase may be related with the Mg*+ binding and Mg*+-in-
duced thermostability directly. Therefore, in order to
increase our understanding of the role of the Trp residues
in PPase, we examined the relationship between the Trp
residues and the thermostability or Mg2+-induced thermo-
stability by site-directed mutagenesis. Two Trp-substi-
tuted variants, W149F and W149F-W155F, were con-
structed as described under "MATERIALS AND METHODS."
The specific activities of the two variants were 151 and 53
units/mg, respectively, while that of the wild type was 222

units/mg under the standard conditions. To explain the
significant reduction in the specific activities of the two
variants, their CD spectra in the far-UV region and
fluorescence spectra were measured, as shown in Fig. 6.
Their CD spectra were almost identical with that of the wild
type, while complete quenching of the fluorescence spec-
trum for W149F-W155F was observed. On the other hand,
the W149F variant showed appreciable quenching. These
results suggested that the secondary structure could be
maintained even if either or both Trp residues were
replaced by Phe in the Tth PPase, and the environment
around Trpl55 was not affected by the absence of Trpl49.
Furthermore, the thermostabilities of the two variants
after heating for 1 h were measured as their activity, CD
and fluorescence spectra, as shown in Fig. 7. Without the
addition of Mg2"1", the two Trp variants showed lower
thermostabilities than that of the wild type in terms of
activity and fluorescence spectra, as shown in Fig. 7, A and
C. However, the behavior as to Mg2+-induced thermo-
stability was somewhat different between the wild type and
the two variants. W149F showed almost the same degree of
thermostability as the wild type in the presence of 1 mM
Mg" (Fig. 7, B and D). On the other hand, W149F-W155F
showed no change in the activity even in the presence of
Mg2+ (Fig. 7B). This suggested that Trpl55 might be
responsible for the Mg2+-induced thermostabilization of
the Tth PPase, whereas Trpl49 may contribute to the
thermostability of the Tth PPase itself. From this view-
point, we need to determine the kinetic parameters, in

70 80 90 100

Temperature ( t ) Temperature ( t )

120

100

20 20

50 60 70 80 90

Temperature ( t ) Temperature ("C)

Fig. 7. Thermal stability of the re-
combinant Tth PPase (wild type) and
its variants, W149F and W149F-
W155F. The remaining activity of each
enzyme was measured at 3TC after heat
incubation for 1 h. The activity after
incubation at 40'C was taken as 100%. (A)
No Mg1* addition; (B) in the presence of 1
mM Mg1*. On the other hand, the fluores-
cence spectra were measured under the
following conditions; each enzyme was
incubated in 20 mM Tris-HCl buffer (pH
7.8) at the indicated temperature for 1 h.
After heating, the emission spectrum of
each sample was measured with excitation
at 295 run. The fluorescence intensity at
the maximum wavelength was plotted as
the relative value to that at 40'C. (C) No
Mg2* addition; (D) in the presence of 1
mM Mg1*. Symbols: (•) wild type; (A)
W149F; (•) W149F-W155F.
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general, of the variants as to Mg2+-binding, and some
characterization is now underway.

DISCUSSION

The inorganic pyrophosphatase from Tth HB8 was very
thermostable, and further heat stabilization was induced by
Mg2"1", as reported previously (25). It has been suggested
that several procaryotic PPases are also able to become
thermostable through binding with divalent cations such as
Mg2*. In view of these two types of thermostability, i.e.
intrinsic and Mg2*-induced ones, we tried to solve this
problem by amino acid or base sequence comparison,
employing limited proteolysis and site-directed mutagene-
sis.

At first, the primary structure of PPase from Tth HB8
(authentic Tth PPase) was determined directly at the
protein level and then by deduction from its base sequence.
Although we have already presented some information on
the amino acid sequence for determining the three-dimen-
sional structure of this enzyme (10), we strictly confirmed
that the determined amino acid sequence coincided with
that deduced from its base sequence. At the protein level,
we have determined the complete amino acid sequence of
the authentic Tth PPase by Edman degradation (Fig. 1).
Genomic cloning of the Tth PPase was completed, as
described above, and consequently the base sequence and
its deduced amino acid sequence could be determined (Fig.
2). The amino acid sequence deduced from the gene
coincided well with the sequence determined at the protein
level. From this information, we determined that the Tth
PPase consists of 174 amino acid residues per monomer
with a calculated molecular weight of 19,072. The align-
ment of the amino acid sequences of several PPases and the
Tth PPase is shown in Fig. 8, and the relative homology
between several PPases is shown in Table I. Teplyakov et
al. reported the three-dimensional structure of this enzyme
(10), which indicated that the conserved 15 residues
(Glu21, Lys29, Glu31, Arg43, Tyr51, Tyr55, Asp65,
Asp67, Asp70, Asp97, AsplO2, LyslO4, Tyrl39, Lysl40,
and Lysl48) reside in the active-site cavity of the Tth
PPase. Our information on the primary structure of the Tth
PPase will reinforce and confirm this identification of the
active center of this enzyme.

On the other hand, genetic information on the Tth PPase

was obtained by molecular cloning of its gene. As described
above, it contained the structural gene of the Tth PPase,
which corresponds to the promoter region, initiation codon,
open reading frame (522 bp), stop codon, and terminator
region. In the structural gene, the promoter region was
deduced from the homology between the E. coli PPase gene
and the cloned Tth PPase gene. We found that the —35
region was 5'-TGGCCC-3', whereas the —10 region was
CATAAT, and the interval between the two regions was 19
bp. To confirm that this promoter from Tth acts in E. coli
cells functionally, a cloned plasmid, pUCTP, was trans-
formed into E. coli JM109, which was then cultured. The
cell extract was analyzed by SDS-PAGE so that we could
estimate that the Tth PPase was expressed in E. coli cells
by utilizing the promoter from Tth HB8. Furthermore, we
deduced a ribosome binding sequence from the homology
between various genes of Tth HB8 (29-32), and from the
sequence of Tth HB8 16s rRNA (33). The putative se-
quence was GGCGG at nucleotides - 6 to - 2 (Fig. 2). The
initiation codon of the Tth PPase gene was ATG, however,
the corresponding Met residue would be eliminated on
translation, as described above. On the other hand, the stop
codon was TAG in the Tth PPase gene, whereas the E. coli
PPase gene it was TAA. Furthermore, deduction of the
terminator region was performed with the GENETYX
program (Software Development). In the case of the E. coli
PPase gene, the terminator region was 20 bp downstream
of the stop codon (7). The putative terminator of the Tth
PPase gene exists about 90 bp downstream from the stop

TABLE I. Relative homology of amino acid sequences of
several inorganic PPases from eucaryotic and procaryotic
bacteria (%).

K. la
S.po
A.th
T.ac
E.co
PS-3
Tth

S.ce
84.6
70.1
22.2
30.3
31.2
26.3
24.8

K.la

71.6
21.6
30.7
33.8
30.9
27.4

S.po

22.6
27.2
25.0
30.0
30.2

A.th

44.9
37.1
40.4
40.1

T.ac

42.4
44.2
43.5

E.co

46.4
47.4

PS-3

48.4
S.ce, Saccharomyces cerevisiae (Ref. 6). K.la, Kluyveromyces lactis
(Ref. 35). S.po, Schizosaccharvmyces pombe (Ref. 36). A.th, Ara-
bidopsis thaliana (Ref. 37). T.ac, Thermoplasma acidophilum (Ref.
34). E.co, Escherichia coli (Ref. 7). PS-3, thermophilic bacterium
PS-3 (Ref. 9).

Tac :
Eco :
PS3 :
Tth :

MESFYHSVPVGPKPPEEVYVI\ E I E

AFENKIVBAF3 E I P
ANLKSLPVODKAPEWHMVl|Efl

- ROSR\ KYE [AKDPPGMLV DR VLYSSV\ YI VB tC LIPR
SLLNVPAGKDLPEDIYW: E I P ANADP: KYE tDKESGALFV DH FMSTAMI YI Oi YG *INH

PI-RQSQMKYEtfDPDLOAIKICBfirLPQAOHYFIQrgG PIPS
-TGSCtf KYE TOKEROIFKL DH VLYSPMI YI AE XG JXQN

10 20 30 40 50 60

Tac
Eco
PS3
Tth

Tac
Eco
PS3
Tth

TI YY DGD:

TI Al DGDF L

V* \ LISCITFPG MMrVRPICMMJ! V : 2GE11 K K ELA V FDKD- -PNVSYIKDL
TI SI DGDF V.n\ PTP'V I LC PG 3VIRC R P\ C VLJ ( T 2 EAGI I A K CVA V PHSKLSICEYDHIKDV

70

I |y iTTl fqPFpG^I in^l |<^I jp(V^GE^lJj^IGf4PVED- -PRFDEVRSI
--QRLDHIQDI

80 90 100 110 120

E : LPQHKLKE I \1 FI ETC I

KJVNAHLLDEE U FI SI STK 11 E K < BTKVUJWEGKEAALKEIEVSIKMYEEKYQrKN
K :LPELLXAQ[ U FI EB1TK IIE--KG I »VKV EGWENAKAAKABIVASFEaiAKNK

Q G JRTEI OTWEGPEAAAKLIDBCIARYNEQKNK
/ TGWRDRKAALEETVRACIARYKG

130 140 150 160 170

Fig. 8. Alignment of the amino acid se-
quences of various PPases. The amino acid
sequences of PPases from T. acidophilum (Tac),
E. coli (Eco), and thermophilic bacterium PS-3
(PS3) were aligned using the computer program,
GENETYX. Asterisks indicate the putative
active site residues based on the tertiary struc-
ture of Tth PPase (70). The boxed amino acids
represent invariant residues among all the
PPases. The numbering of the residues is that of
Tth PPase.
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codon, which formed 12 hydrogen-bonds in a hairpin
structure, and the most stabilized form as to energy (Fig.
2). It is considered that this terminator is a type of p-
dependent terminator, the same as reported for Thermo-
plasma acidophilum PPase (34). Overall, the G and C base
content in the Tth PPase gene (67.4%) was higher than
those of several cloned bacterial PPase genes. The G and C
base would be favored for the third letter in codon usage,
whose content was 96.6%, while that of the E. coli PPase
gene was 59.3%. At the DNA level, it seemed likely that the
Tth PPase gene must also adopt the G and C base for
therm ostabilization as much as possible.

Furthermore, we have established an expression system
for the Tth PPase in E. coli cells. As described above, an
expression vector, pETTP, for the Tth PPase was con-
structed and effectively expressed in E. coli BL21(DE3)
cells (Fig. 3). The estimated molecular weight of the
expressed product was about 19 kDa, which exhibits good
agreement with that calculated from the determined amino
acid sequence. After purification to an electrophoretically
homogenous state, the characteristics of the product were
analyzed. Its N-terminal 12 residues and amino acid
composition were identical with those of the authentic
enzyme. And some characteristics of the product, such as
enzyme activity, secondary structure, and thermostability,
implied that the expressed product must be the same that
of the authentic Tth PPase reported previously (25). Thus,
we have succeeded in expression of the recombinant Tth
PPase in E. coli cells.

The next step in investigating the thermostability of the
Tth PPase was to elucidate the structure of the recombinant
enzyme in solution. As described above, the three-dimen-
sional structure of the authentic Tth PPase had been
determined by X-ray diffraction at 2.0 A (10). On the basis
of this conformational information, we have compared the
results on limited proteolysis with this information (Fig. 5).
When the enzyme was digested with API for 6 h, it was
cleaved on the C-terminal sides of Lys4, Lys40, Lysl45,
Lysl46, Lysl48, Lysl51, and Lysl59. The results indicat-
ed that these lysine residues must be localized on the
surface of the recombinant Tth PPase molecule. Salminen
et al. reported that Lys40 could form intratrimeric hydro-
philic contacts with Glu86, while Lysl45 may form inter -
trimeric hydrophilic contacts with Glnl30 (14). It is also
expected from the deduced B-factor that these Lys residues
are present in a hydrophilic environment. Furthermore, it
was apparent from the results of API digestion for 24 h that
cleavage also occurred on the C-terminal sides of Lysll ,
Lys29, LyslO4, Lysl29, and Lysl40. In particular, Lys29
and LyslO4 would be present in the active center of the Tth
PPase, and some interactions occurred around these resi-
dues. Because of these interactions, these five Lys residues
were more resistant to proteolysis than the other residues
described above. These results indicated that Lys29 and
LyslO4 may be located in a more interior region of the
molecule than Lys 140 in the active-site cavity. From the
results of the study involving limited proteolysis, we can
conclude that the environment of Lys residues in the
recombinant Tth PPase in solution may be very similar to
that in the crystal state.

Finally, we investigated the relationship between Trp
residues and thermostabihty by site-directed mutagenesis.
The Tth PPase has two Trp residues, therefore, two Trp-

substituted variants, W149F and W149F-W155F, could be
constructed as described under "MATERIALS AND METH-
ODS." The specific activities of these variants were appre-
ciably reduced, but their secondary structures showed
almost no change, as indicated by far-UV CD spectra (Fig.
6A). However, the fluorescence spectrum of W149F with
excitation at 295 nm showed slight quenching, but its
emission maximum was not affected (Fig. 6, B and C). This
quenching may be caused by the removal of Trpl49, and
the spectrum reflected the environmental state in the
vicinity of the remaining Trpl55. From these results, we
can assume that the environment around Trpl55 may not
be affected by the removal of Trpl49, because we could not
detect any shift of the maxirrfum. And the thermostabilities
of the recombinant wild-type, W149F and W149F-W155F
were examined as their activity, far-UV CD spectra, and
fluorescence spectra. The results indicated that the two
variants became more unstable, to the same extent, than
the wild type in both activity and conformation. Thus, we
suggested that Trpl49 may be responsible for the thermo-
stability of the Tth PPase. We also found that the wild type
enzyme suffered an effect called "heat activation" between
65 and 80°C in the presence and absence of 1 mM Mg2*. On
the contrary, the thermostabilities of the two variants were
not affected on heat activation (Fig. 7A). Meanwhile,
W149F and the wild type exhibited appreciable Mg2+-
induced thermostability, but W149F-W155F was little
affected on the addition of Mg2"1" (Fig. 7B). We suggest that
Trpl55 may somehow contribute to the Mg2+-induced
thermostability of the Tth PPase because we detected a
very weak or no effect on Mg2"1" addition in the case of the
W149F-W155F variant. The three-dimensional structure
of the Tth PPase demonstrated that the two Trp residues
are present in the vicinity of the active-site cavity.
However, we have never obtained the evidence that the Trp
residues could bind to the substrate and Mg2+ directly. We
can explain these results and the role of the Trp residues in
thermostability as follows; we can predict that Trpl49
exists in a flexible region, referred to the B-factor, from the
data on X-ray crystallography, and that intersubunit
hydrogen-bonding occurs between Trpl49 and Glu98, as
reported previously (10). It was deduced that Trpl49 may
affect the thermostability of the molecule itself due to the
effect of this interaction and flexibility, which would be
responsible for the structural integrity. On the other hand,
Trpl55 is present in the internal /9-sheet, and the flexibility
around this residue would be very small, as expected for the
B-factor, and the hydrogen-bonding was not confirmed for
this residue. These results indicated that Trpl55 exists in
the neighborhood of the active-site cavity and affects the
Mg2* -induced thermostability. However, from the infor-
mation on the three-dimensional structure, we suggest that
Trpl55 can not bind with Mg2* and the substrate. Thus, we
postulate that the role of Trpl55 may be as an indirect
regulator of the Mg2* binding. Although we need to perform
further detailed investigations, we can conclude that the
two Trp residues in the Tth PPase must be related to the
two types of thermostability, that is the intrinsic and
Mg2+-induced ones.

We wish to thank M. Yashima, H. Kan, and S. Kawata for their
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proteolysis. Our thanks are also due to N. Sakurai, K. Shibuya, T.
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Sasaki, T. Wakabayashi, and H. Shincxia for the fruitful discussions.
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