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We previously reported the isolation from bovine liver of a novel 56-kDa inorganic
pyrophosphatase named phospholysine phosphohistidine inorganic pyrophosphate
phosphatase (LHPPase). It is a unique enzyme that hydrolyzes not only oxygen-phos-
phorus bonds in inorganic pyrophosphate but also nitrogen-phosphorus bonds in
phospholysine, phosphohistidine and imidodiphosphate in vitro. In this study, we
determined the partial amino acid sequence of the purified bovine LHPPase. To
investigate whether humans have the same enzyme, we isolated a cDNA clone from a
HeLa cell cDNA library that encodes for the human homologue of LHPPase. Although
its sequence does not include the consensus sequence of a typical inorganic pyro-
phosphatase, it does contain a similar sequence of the active site in other phos-
phatases such as protein-tyrosine phosphatase, dual-specific phosphatase and low
molecular weight acid phosphatase. Human LHPPase was highly expressed in the
liver and kidney, and moderately in the brain. The recombinant protein was pro-
duced in E. coli. Its ability to hydrolyze oxygen-phosphorus bonds and nitrogen-phos-
phorus bonds was confirmed. The enzymatic characteristics of this human protein
were similar to those of purified bovine LHPPase. Thus, we concluded that the cDNA
encoded the human counterpart of bovine LHPPase.
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Abbreviations: LHPPase, phospholysine phosphohistidine inorganic pyrophosphate phosphatase; His-hLHPPase,
His-Tag human LHPPase fusion protein; p-CMPS, p-chloromercuriphenyl sulfonic acid; PNP, imidodiphosphate;
O-P, oxygen-phosphorus; N-P, nitrogen-phosphorus; SDS-PAGE, SDS—polyacrylamide gel electrophoresis; PPase,
inorganic pyrophosphatase; PNPase, imidodiphosphatase.

Inorganic pyrophosphate is produced as a byproduct in
many biosynthetic reactions using nucleotide triphos-
phates in cells. Inorganic pyrophosphatase [EC 3.6.1.1] is
an enzyme that hydrolyzes inorganic pyrophosphate
(PP;) to produce two molecules of orthophosphate (P, (1,
2). Although the reaction is bidirectional, the equilibrium
tends to produce orthophosphate. It is believed that this
enzyme is coupled with the reactions producing inorganic
pyrophosphate. Consequently, it facilitates reactions that
produce orthophosphate and prevents the reactions from
reversing (3). Inorganic pyrophosphatase exists in many
organisms including animals, plants and bacteria. It is
an essential enzyme for controlling the cellular level of
inorganic pyrophosphate. Human inorganic pyrophos-
phatase is 94% identical to the bovine one (4, 5). Inor-
ganic pyrophosphatases are classified by their enzymatic
characteristics. A mammalian cytosolic enzyme is a
homodimer of 30- to 36-kDa subunits and requires Mg2*
for its full activity (6—8). Its hydrolytic activity on PPi is
competitively inhibited by imidodiphosphate (PNP), an
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analog of PPi (7-9). On the other hand, a yeast enzyme
hydrolyzes PNP into P, and amidophosphate in a Mg?*-
dependent manner, although the hydrolytic rate of PNP
is very low compared with that of PP; (10).

We surveyed phosphatases that hydrolyze PNP in
mammals and found a novel 56-kDa enzyme that is a
homodimer in bovine liver (11). This enzyme hydrolyzes
PNP into two molecules of Pi and ammonia. It also hydro-
lyzes PPi in the presence of Mg?*. The main difference
between this enzyme and the yeast enzyme is that the
former works as a phosphoamidase (EC 3.9.1.1), while
the latter hydrolyzes substrates having diphosphate
bonds. We also reported that this enzyme hydrolyzes 3-
phosphohistidine and 6-phospholysine in addition to PNP
and PPi (12). We designated this novel inorganic pyro-
phosphatase as phospholysine phosphohistidine inor-
ganic pyrophosphate phosphatase and abbreviated it as
LHPPase (phospho-Lysine phospho-Histidine inorganic
Pyrophosphate Phosphatase). In this study, we deter-
mined partial amino acid sequences of the purified
bovine LHPPase.

To investigate if humans have the same enzyme, we
isolated a human ¢cDNA encoding the corresponding pro-
tein. To confirm that the cDNA clone codes for a func-
tional enzyme, we measured the enzymatic activity of the
protein to hydrolyze oxygen-phosphorus (O-P) bonds and
nitrogen-phosphorus (N-P) bonds by the methods used
for bovine LHPPase (11).
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MATERIALS AND METHODS

Protein Sequencing of Bovine LHPPase—Bovine LHP-
Pase was purified from the liver as previously described
(11). The purified enzyme was applied to an Applied Bio-
systems model 477A/120A protein sequencer. It was also
digested with V8 proteinase (Takara, Shiga) in 50 mM
ammonium bicarbonate (pH 8.0). The digests were sepa-
rated by 13% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (13). The partial amino acid sequence of a
peptide fragment (peptide 1) was determined using the
protein sequencer. The purified enzyme was also S-car-
boxymethylated and digested with lysylendopeptidase
(Wako Pure Chemical, Osaka). The peptide fragments
were separated by reverse phase chromatography with
TSK gel ODS-80Ts (4.6 x 150 mm) in a linear gradient of
acetonitrile/1% TFA (9:1). A partial amino acid sequence
of a second peptide fragment (peptide 2) was determined
by using a Shimadzu PSQ-1 Systems protein sequencer
in APRO science (Tokushima).

Cloning of a cDNA Encoding the Human Homologue—
Based on the partial amino acid sequence of the bovine
LHPPase, a nucleotide sequence (accession No. H75601)
reported in the EST project (14) was selected as a probe
to isolate a ¢cDNA encoding a full-length human homo-
logue. Two oligonucleotides, 5'-GGCCGAGCGCCATGG-
CACCGTGGG-3' and 5'-CGTTAATCATGTTTTIAATAAG-
AA-3', were designed as PCR primers. The DNA frag-
ment was amplified by a polymerase chain reaction using
a heat-stable DNA polymerase KOD dash (Toyobo,
Osaka) and a human HeLa S3 5'-stretch plus ¢cDNA
library (Clontech, Tokyo) as a template. The amplified
DNA fragment was ligated into a pT-Adv vector (Clon-
tech). The DNA fragment of 425 bp was labeled with 32P
using random primers and used as a screening probe. A
c¢DNA clone was isolated from the HeLa cells S3 ¢cDNA
library and subcloned into a plasmid Bluescript II SK
M13+ (Stratagene, La Jolla, CA). The nucleotide se-
quence was determined by the dideoxy chain termination
method with an Applied Biosystems model 373A stretch
DNA sequencer (15). An online homology search of the
DDBJ/EMBL/GeneBank database was made with the
FASTA software program (16, 17). The gene location was
searched for in the EBI human genome database (18).

Northern Blot Analysis—The coding region was sub-
cloned into a pT-Adv vector. The DNA fragment was
obtained by digesting with EcoRI and labeled with 32P by
random primer labeling. Two kinds of commercial mem-
branes (Human 12-lane MTN blot and human fetal MTN
blot II, Clontech) were hybridized with the labeled probe
in ExpressHyb Hybridization Solution (Clontech). They
were washed according to the manufacturer’s procedure.
The signals were detected on Fuji RXU X-ray films (Fuji
Film, Tokyo). Human 12-lane MTN blot and human fetal
MTN blot II contained approximately 1 pg and 2 pg of
polyA+ RNA per lane, respectively.

Preparation of His-Tag Human LHPPase Fusion Pro-
tein—The coding region was amplified with EcoRI sites
at both ends by PCR and subcloned into pET30a plasmid
(Novagen, Madison, WI). The His-Tag human LHPPase
fusion protein (His-hLHPPase) was expressed in Escheri-
chia coli BL21(DE3)pLysS and isolated by use of a Ni2*
chelating affinity column (His-Bind, Novagen) according
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to the manufacturer’s instructions. The protein concen-
tration was measured by the Bradford assay (Bio-Rad,
Tokyo) (19). The fusion protein was dialyzed in 50 mM
Tris-Cl (pH 6.5) containing 1 mM MgCl,. The protein
was mixed with an equal volume of glycerol and stored at
—20°C for the enzyme assay.

Molecular Mass Estimation of Human LHPPase—The
molecular mass of human LHPPase was estimated by
SDS-PAGE. Five micrograms of the His-hLHPPase was
dissolved in 50 mM Tris-Cl (pH6.8), 2% SDS, 0.1%
bromophenol blue, 10% glycerol in the presence or
absence of 100 mM dithiothreitol. Each sample was
boiled for five minutes and subjected to electrophoresis
on a 15% SDS-polyacrylamide gel (13). Proteins were
stained with Coomassie Brilliant Blue R250. The molecu-
lar mass of human LHPPase was also estimated by gel
filtration. Two hundred micrograms of the His-hLHP-
Pase or standard proteins were applied on a Sephadex G-
100 superfine column (0.9 x 54 ¢cm, Amersham Pharma-
cia Biotech, Tokyo) equilibrated with 20 mM Tris-Cl (pH
7.5) and 0.15 M NaCl and fractionated to estimate the
molecular mass. The fractionated fusion protein was
detected by the Bradford assay (19). The molecular mass
was estimated from the standard curves calculated by
the method of least squares.

Measurement of Phosphatase Activity—Malachite green
reagent was used to detect phosphate (11). Briefly, solu-
tion M was prepared as 1.5 mM Malachite green oxalate
(Certistain, Merck, Tokyo) containing 2% polyvinyl alco-
hol 1500 (Wako Pure Chemical). Solution A was prepared
as 40 mM hexaammonium heptamolybdate (Nacalai
tesque, Kyoto) in 6 N HCI. Aliquots of solutions M and A
were mixed to make the Malachite green reagent con-
taining 0.2 mM Malachite green oxalate, 0.27% polyvinyl
alcohol, 5.3 mM hexaammonium heptamolybdate in 0.8 N
HCI. The solution was incubated at room temperature for
more than 30 min after mixing. One or two ml of Mala-
chite green reagent was added to 100 pl of the reaction
mixture described as follows. Absorbance at 630 nm was
measured 30 min after the addition of the reagent.

A 100 mM GTA buffer consisting of 33.3 mM 3,3-
demethylglutaric acid, 33.3 mM Tris, and 33.3 mM 2-
amino-2-methyl-1,3-propanediol was used as reaction
buffer. Optimum pH was obtained in 100 ul of 100 mM
GTA buffer (pH 4.0-10.0) containing 1 mM MgCl,, 1 mM
PP, or 0.125 mM PNP, and 0.5 pg of the His-hLHPPase.
The reaction was performed at 30°C for 30 min in dupli-
cate. One milliliter of Malachite green reagent was added
to each sample. The standard curve of phosphate was
obtained with 100 ul of 0-300 pM sodium phosphate.

Inorganic pyrophosphatase (PPase) and imidodiphos-
phatase (PNPase) activities were measured as previously
described (11). PPase activity was measured in 100 pl of
reaction mixture containing 100 mM GTA buffer (pH
5.5), 1 mM MgCl,, 0-4 mM PP, and 1 pg of the fusion pro-
tein at 30°C for 30 min. One milliliter of Malachite green
reagent was added. PNPase activity was measured in 100
pl of reaction mixture containing 100 mM GTA buffer
(pH 7.0), 1 mM MgCl,, 0-4 mM PNP, and 1 pg of the
fusion protein. The reaction was performed in triplicate.
Standard deviations were calculated by use of Excel
(Microsoft, Tokyo).
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AAGAACTTTAAAAATCACCTAGGTGTGGGCCGGECACGGTGGCTAACGCCTGTAATCCCA
GCACTTTGAGATGCTGAGGCAGGTGGATCACGAGGTCAGGAGATCGAGACCATCCTGGAT
AACACGGAGAAACCCCGGCGGAGCTGAGGAGCAGGGCCGGGCGCCATGGCACCGTGGGGE
(*) - M A P W G
AAGCGGCTGGCTGGCETGCGCEGEGTGCTGCTTGACATCTCGGGCRTGCTGTACGACAGT
K R ll A GV R G V HI L DI S G V ll Y D S
GGCGCGGGCEECEGCACGGCCATCGCCGGCTCGGTGGAGGCGETGGCCAGACTGAAGCGT
G A GGG TATIAGTSTYVTEA ATYVA AT RTILTZEK R
TCCCGGCTGAAGGTGAGGTTCTGCACCAACGAGTCGCAGAAGTCCCGGGCAGAGCTGGTG
S R L K V R F (:) T N E S Q (:)(:) R A E L V
GGGCAGCTTCAGAGGCTGGGATTTGACATCTCTGAGCAGGAGGTGACCGCCCCGGCACCA
G Q9 LQ RLGTFTDTISTETG QETYVTA ATPA ATP
GCTGCCTGCCAGATCCTGAAGGAGCGAGGCCTGCGACCATACCTGCTCATCCATGACGGA
A A CQ@ I L KEU RTGTELU RU PJTYTLTILTIUHTD G
GTCCGCTCAGAATTTGATCAGATCGACACATCCAACCCAAACTGTGTGGTAATTGCAGAC
V RS EF D QI DTSN NU PNTGCT VUV I AD
GCAGGAGAAAGCTTTTCTTATCAAAACATGAATAACGCCTTCCAGGTGCTCATGGAGCTG
A G E S F S Y QNM©NUSNAGATFOQUV L M E L
GAAAAACCTGTGCTCATATCACTGGGAAAAGGGCGTTACTACAAGGAGACCTCTGGCCTG
E K P VL I S L @K GRUYJTYTZ EKTETSG L
ATGCTGGACGTTGGTCCCTACATGARGGCGCT TGAGTATGCCTGTGGCATCAAAGCCGAG
M L DV G P ¥ M K AULTETYA ATCGTITZEK A E
GTEETGGGEGAAGCCTTCTCCTGAGT TTTTCAAGTCTGCCCTGCAAGCGATAGGAGTGGAA
V v @ K P S P EF F K S A LG QA ATIGV E
GCCCACCAGGCCGTCATGATTGGGGACGATATCGTGGGCGACGTCGGCGGTGCCCAGCGE
A H Q AV MTIGDTUDTIJVYVGDUTVGGAOQ R
TGTGGAATGAGAGCGCTGCAGGTGCGCACCGGGAAGTTCAGGCCCAGTGACGAGCACCAT
G M R A L Q V G K F R P S D E H H
CCGGAAGTGAAGGCTGATGGGTACGTGGACAACCTCGCAGAGECAGTGGACCTGCTGCTG
P EV K ADG G YVDINTLATEA ATVTDTLL L
CAGCACGCCGACAAGTGATGGCCTCCTGGGAGAGCCCCGCCTCCTCCACCCCTGCCTCTC
Q H A D K +
CTCCACCCCTGCCTCCCCTCCACCCCTGCCTCTCCTCCACCCGCCCAGGAGAGCCCCACT
TCCTCCACCCCTGCCTCTCCTCCACCCCTGCCTCCCCTCCACCTGCCCCAGTGCCCAGAC
CAACCAAGGCCCTGACAGCCCTGCCTTCTGCCCTCTGCCCTGCATGGGCAGGCATTTGTT
CCCTACCTGGETGECCTGCTCCCCTGCCTGGGCCCTGACTTCAGCTCCCTGTAGTGAAGT
CCAGGAGGGTGGGACAGGCCTGTCAGGCCTCTGGGAATCTCCCAAATCCCAGAACTCACC
ACTCACCATGGGCCTTTAAATGCAGTAAACTCCACCTAACCAGATTCAGGGGCACTATGC
CCACTGCCTCCTCTTCAGACTCTTTGCATTTCAGTGAAGAGCCTGGAAGAAACCCAGGEE
CCTCCTATGCACAGATCTTGCAGCCCAGAACCAAGTCAGCCTCCCTGCGACTGCCCAGGE
ACACTGCCCACCACCCCACCCCCGAAACAATGCCAGCCCGCTGCTTTTTCTATCCTCCCA
GTCACCTTTGCAGACAAAGACCAGGGGCAGCTCCCGAGGGCACTGTGAAGGCTCCCATGE
CACACAGTGAGAACTGTAGCCTCTGCGTCCAAGGCACACAGGGTACTTTCTGGACCCACT
GCTGGACAGACTTGAAGGTGTCATGCCCGGTGTGTGCAGGAGGAAACTAACAGTTCAGTA
AACTCTGCCTTGACCAGCAARAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAR
AAAAAAAAAAAAAA

hLHPPase MAPWGKRLAGVRGVLLDISGVLYDSGAGGGTAIAGSVEAVARLKRSRLKV

60
120
180
(5)
240
(25)
300
(45)
360
(65)
420
(85)
480
(105)
540
(125)
600
(145)
660
(165)
720
(185)
780
(205)
840
(225)
900
(245)
960
(265)
1020
(270)
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1814

(50)

hLHPPase RFCTNESQKSRAELVGQLQRLGFDISEQEVTAPAPAACQILKERGLRPYL (100)

khkkkk *k hhkkhkhkkkkk * K

Bp2 RLGFDVSEGEVTAPAPAAXLIL

hLHPPase LIHDGVRSEFDQIDTSNPNCVVIADAGESFSYQNMNNAFQVLMELEKPVL (150)

hkhkkkhkkhkkkdk *k *

Bpl FDQIDTSNPNXVVDA

hLHPPase ISLGKGRYYKETSGLMLDVGPYMKALEYACGIKAEVVGKPSPEFFKSALQ (200)
hLHPPase AIGVEAHQAVMIGDDIVGDVGGAQRCGMRALQVRTGKFRPSDEHHPEVKA (250)
hLHPPase DGYVDNLAEAVDLLLQHADK (270)

609

Fig. 1. Nucleotide and derived amino
acid sequence of a cDNA coding human
LHPPase. The stop codon is marked by the
asterisk. The Kozak sequence in vertebrates
is underlined. The amino acids in two puta-
tive phosphatase active site sequences are
shown in circles. The three leucines in a leu-
cine-zipper-like sequence are shown in
squares.

Fig. 2. Comparison of the amino acid
sequences of human and bovine LHPPase.
The determined partial amino acid sequences
of bovine LHPPase (Bpl: peptide 1 and Bp2:
peptide 2) are indicated under the correspond-
ing human LHPPase sequence (hLHPPase).
The amino acid number of human LHPPase is
indicated in parentheses. Asterisks indicate
identical residues.

PPase activity was also measured in 100 pl of reaction  measured in 100 pl of reaction mixture containing 100
mixture containing 100 mM GTA buffer (pH 5.5), 1 mM  mM GTA buffer (pH 7.0), 1 mM MgCl,, 0-10 uM p-CMPS,
MgCl,, 0-10 pM p-chloromercuriphenyl sulfonic acid (p- 0.1 mM PNP, and 0.5 pg of the fusion protein. The reac-
CMPS), 1 mM PP, and 1 pg of the fusion protein, which  tion mixtures in triplicate were incubated at 30°C for 30
was incubated at 30°C for 30 min before the addition of 1 ~ min. Then 2 ml of Malachite green reagent was added.

ml of Malachite green reagent. PNPase activity was
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Fig. 3. Expression of LHPPase in human tissues. The expres-
sion of LHPPase was analyzed by Northern blotting using human
fetal MTN blot II and human 12-lane MTN blot (Clontech). Arrows
indicate human LHPPase mRNA. (A) Samples from fetal tissues.
From left to right: (1) brain, (2) lung, (3) liver, and (4) kidney. (B)
Samples from adult tissues. From left to right: (1) brain, (2) heart,
(3) skeletal muscle, (4) colon (no mucosa), (5) thymus, (6) spleen, (7)
kidney, (8) liver, (9) small intestine, (10) placenta, (11) lung, and
(12) peripheral blood leukocyte.

RESULTS

Partial Amino Acid Sequence of Bovine LHPPase—To
investigate whether humans have LHPPase, we analyzed
the primary structure of the bovine LHPPase and used
the data to isolate a cDNA encoding the human counter-
part. Bovine LHPPase was purified from the liver as pre-
viously described (11) and subjected to amino acid
sequencing. However, no substantial sequence was
obtained, suggesting that the bovine LHPPase N-termi-
nus was blocked. To obtain its internal sequence, the pro-
tein was digested with V8 protease and lysylendopepti-
dase. Two peptide fragments were isolated and their
partial amino acid sequences were determined. A homol-
ogy search indicated that the two peptides were similar
to those encoded in ¢cDNA clone H75601 analyzed in the
human EST project (14).

A ¢cDNA Encoding the Human Homologue—Although
the homology search suggested that the cDNA encoded a
human counterpart of the bovine enzyme, the human
EST cDNA sequence was incomplete and too short to
encode the full length of a corresponding human enzyme.
Thus, we tried to isolate a cDNA clone that encodes a full-
length human homologue. A ¢cDNA clone encoding an
insert of 1,814 bp was isolated from a ¢cDNA library of
HeLa cells (Fig. 1). The translation initiation site was
predicted from the Kozak’s sequence in vertebrates (20,
21). The cDNA contained an in-frame stop codon
sequence between 976 bp and 978 bp. There was a stop
codon (145-147 bp) upstream of the predicted in-frame
initiation codon and no other intervening initiation
codon. This indicated that the sequence upstream of the
predicted initiation codon did not encode any amino
acids. Thus, the open reading frame encoded 270 amino
acids, and the molecular mass of the protein was pre-
dicted to be 29,192 Da. Because the sequence was similar

F. Yokoi et al.

1 2
kDa
45 —

- | -ffp—
21,
18. B
1237

Fig. 4. SDS-PAGE of the His-hLHPPase. The migration of His-
hLHPPase on SDS-PAGE in the absence (1) or presence (2) of the
reducing reagent. The molecular mass was estimated from compar-
ison with the migration of the standard proteins (45-kDa ovalbu-
min, 21.1-kDa trypsin inhibitor, 18.8-kDa myoglobin, 12.3-kDa
cytochrome c). The arrow indicates His-hLHPPase.

to the partial amino acid sequences of the bovine LHP-
Pase as shown in Fig. 2, we designated the gene as lhpp.

The human LHPPase sequence had no similarity to the
consensus sequences of known inorganic pyrophos-
phatases (22, 23). Thus, we compared the human LHP-
Pase sequence with that of other phosphatases. Protein-
tyrosine phosphatase, dual-specific phosphatase and low
molecular weight acid phosphatase are known to have a
consensus sequence of XCX;RS(T) at their active sites
(24). We compared the sequences around the five cysteine
residues of human LHPPase with the consensus sequence
and found two homologous regions, as shown in Fig. 1.
There is a candidate sequence of XCX;KS at residues 52—
60, although lysine is substituted for arginine, another
basic amino acid. Another candidate is XCX;RT at resi-
dues 225-235, although there are seven amino acids
between cysteine and threonine instead of five. Motif
analysis also indicated that human LHPPase had a leu-
cine-zipper—like sequence (i.e. three leucines accounted for
every seventh residue at positions 8, 15, and 22).

Expression of Human LHPPase—LHPPase was origi-
nally purified from bovine liver, but its presence in other
tissues has not been reported. We analyzed the expres-
sion of human LHPPase by Northern blotting. Although
the mRNA was expressed at low level in other tested tis-
sues, it was highly expressed in the liver and kidney, and
moderately in the brain (Fig. 3). The expression patterns
were the same in both fetal and adult tissues. The results
indicated that LHPPase plays an important role in these
tissues. The RNA detected in the Northern blot was 1.8
kb in length.

Subunit Interaction of Human LHPPase—Because the
purified bovine enzyme is a homodimer, we analyzed the
molecular mass of human LHPPase. We used the His-
hLHPPase because it was possible to purify the proteins
containing His-Tag sequence in one step by immobilized
metal affinity chromatography. The His-hLHPPase was
expressed in E. coli and purified on a Ni%* chelating affin-
ity column as a single band protein on SDS-PAGE (Fig.
4). The fusion protein was composed of 322 amino acids,
and the molecular mass was predicted to be 34,900 Da.

oJ. Biochem.
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Fig. 5. Gel filtration of the His-hLHPPase. (A) Elution profile of
the His-hLHPPase from a Sephadex G-100 superfine column. The
fusion protein was detected by the Bradford assay at 595 nm. (B)
Estimation of molecular mass. The molecular mass was estimated
from the standard curves calculated by the method of least squares.
Symbols are: open circles, His-hLHPPase; x, 96-kDa hexokinase;
solid triangles, 45-kDa ovalbumin; solid squares, 18.8-kDa
myoglobin.

The migration of the fusion protein on SDS-PAGE was
the same in the presence or absence of reducing reagents.
The fusion protein was fractionated from Sephadex G-
100 superfine gel and the molecular mass was estimated
with standard proteins (Fig. 5). The fusion protein was
eluted in the 80-kDa fraction, and its molecular mass was
almost double the 35-kDa molecular mass of the fusion
protein estimated from the sequence and migration on
SDS-PAGE. These results suggest that the human LHP-
Pase is also a homodimer, at least in this buffer condition,
and the disulfide bonds are not used for LHPPase dimer-
ization.

Optimal pH for the Phosphatase Activities—To con-
firm that the cDNA encodes an active enzyme, the phos-
phatase activities of the His-hLHPPase were assayed as
previously described (11). The hydrolysis of nitrogen-
phosphorus bonds in PNP and oxygen-phosphorus bonds
in PPi by human LHPPase was tested through assays in
various pH ranges of GTA buffers (Fig. 6). The optimal
pH for the reaction was 7.0 and 5.5, respectively. Accord-
ingly, the activity hydrolyzing PPi appeared to function
in a lower pH range than the activity hydrolyzing
PNP. These enzymatic characteristics were similar to
those of the purified bovine enzyme. The enzyme activity

Vol. 133, No. 5, 2003
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Fig. 6. The pH curves of His-hLHPPase hydrolyzing PP, and
PNP. Phosphatase activities of the His-hLHPPase to hydrolyze PP,
(solid circles) and PNP (solid triangles) were assayed under the
indicated pH conditions (pH 4.0-10.0). The activities are shown as
the released Pi (nmol)/reaction time (min) / enzyme (ug). The aver-
age values of duplicate experiments are shown.
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Substrate {(mM)
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4
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0.0

Activity (nmol/min/ug)

0.0 2.0 4.0 6.0 8.0 10.0
P-CMPS (uM)

Fig. 7. Phosphatase activities and the effect of p-CMPS. (A)
PPase (solid circles) and PNPase (solid triangles) activities of the
His-hLHPPase were measured with PP, and PNP as substrates,
respectively. The activities are shown as the released P; (nmol)/reac-
tion time (min)/enzyme (ug). The standard deviations of triplicate
experiments are shown in bars. (B) PPase (solid circles) and PNPase
(solid triangles) activities of the His-hLHPPase were measured in
100 pl of reaction mixture with 0-10 uM p-CMPS. The standard
deviations of triplicate experiments are shown in bars.

to hydrolyze nitrogen-phosphorus bonds was higher than
that for oxygen-phosphorus bonds at the optimal pH.
Effect of a Thiol Reagent—The PPase and PNPase
activities of the His-hLHPPase were each measured at
their optimal pH (Fig. 7A). High concentration of PNP
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inhibited the PNPase activity of human LHPPase. Simi-
lar substrate inhibition has been reported for the bovine
enzyme (12). Because p-CMPS inhibited both PPase and
PNPase activities of the purified bovine LHPPase, we
analyzed the effect of this strong thiol reagent on the
human LHPPase. Both PPase and PNPase activities
were inhibited by p-CMPS as predicted (Fig. 7B). More
than half of the full activity of PPase and PNPase were
inhibited by 0.1 uM and 1 uM p-CMPS respectively. The
results indicate that the hydrolytic activity on PPi was
slightly more sensitive to p-CMPS than that on PNP.
These enzymatic characteristics were similar to those of
the purified bovine enzyme.

DISCUSSION

LHPPase was found as a novel inorganic pyrophos-
phatase in bovine liver in 1997 (11). Because the enzy-
matic characteristics of the purified bovine enzyme were
unique, it was expected that LHPPase sequence would be
quite different from those of typical inorganic pyrophos-
phatases. We confirmed this hypothesis by sequencing.
To investigate whether humans have the same enzyme,
we isolated a cDNA clone encoding the human homo-
logue. We registered the human ¢cDNA sequence as lhpp
to DDBJ/EMBL/GeneBank database in 2000 (AB049629).
After our registration, the human genome projects
reported the draft sequence of the whole human genome
in 2001 (25, 26). In this paper, we detail the isolation of
the human LHPPase cDNA and the enzymatic activities
of its translated product. A homology search against the
genome sequence database indicated that LHPPase is
encoded by seven exons on chromosome 10 q26.13. The
official gene name of lhpp is now identified as LHPP in
the human genome database.

We suggested that human LHPPase is a dimer, but the
disulfide bonds are not used for dimerization. There is a
leucine-zipper-like sequence (three leucines at intervals
of seven residues at positions 8, 15, and 22). This sug-
gests a possible dimerization domain of LHPPase to form
a homodimer. Mutation analysis of these residues will
determine the dimerization domain.

The purified bovine enzyme has two different catalytic
sites for hydrolysis of imidodiphosphate and N-phosphor-
ylated amino acids, respectively (12). Two candidates for
the active site may function to promote hydrolysis of the
different substrates. The actual active site may be deter-
mined by point mutation analysis in further studies. A
similar sequence was also found in phosphoarginine
phosphatase purified from rat liver (27-30). Although
human LHPPase hydrolyzes O-P bonds in inorganic
pyrophosphate, it hydrolyzes N-P bonds more effectively.
This suggests that another, more suitable substrate than
inorganic pyrophosphate exists in vivo. One possibility is
that LHPPase works as a protein phosphatase which
hydrolyzes phospho-proteins containing phospholysine
and/or phosphohistidine. The similarity of the putative
active site to the consensus sequence of other phos-
phatases functioning as signal transduction components
suggests that LHPPase may transduce signals in a novel
signal transduction pathway.

It was suggested that the N-terminal amino acid of
the bovine enzyme was blocked. In the case of a phos-

F. Yokoi et al.

phoarginine phosphatase, the first methionine was
removed and the second alanine was acetylated (30).
LHPPase may also have such a modification. Tandem
mass analysis of the modified N-terminal peptide frag-
ment will determine the type of modification. Although
the meaning of the N-terminal amino acid modification is
not known at present, the N-terminus of LHPPase does
not seem important for the enzymatic activity itself. In
fact, the fusion protein containing a large extension at its
N-terminal region of this protein has an activity to hydro-
lyze N-P and O-P bonds at the same level as that
reported for the purified bovine enzyme.

The nucleotide sequence reported in this paper has been
submitted to the DDBJ/EMBL/GenBank databases with an
accession number of AB049629. We would like to express our
special thanks to Professor emeritus Akira Kumon for his
excellent teaching. We thank Drs. Minoru Tanaka, Eiji
Majima, Tatsuya Wakasugi, Tsunehiro Mukai, Shuji Toda,
Hajime Sugihara, Yuqing Li and Mr. Toshihiro Kondo for their
technical advice, assistance and encouragement. We also
thank Ms. Shizuko Furukawa for her secretarial assistance,
and Dr. Shinichi Mitsui, Mr. Steve Lamos, Ms. Mai Tu Dang,
Mr. Victor Campos, Ms. Mary Lindsey and Dr. Kazuhiko
Arima for their critical reading of the manuscript.
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