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Human PHOSPHO1 is a phosphatase enzyme for which expres-
sion is upregulated in mineralizing cells. This enzyme has been
implicated in the generation of Pi for matrix mineralization, a
process central to skeletal development. PHOSPHO1 is a member
of the haloacid dehalogenase (HAD) superfamily of Mg2+-depen-
dent hydrolases. However, substrates for PHOSPHO1 are, as yet,
unidentified and little is known about its activity. We show here
that PHOSPHO1 exhibits high specific activities toward phos-
phoethanolamine (PEA) and phosphocholine (PCho). Optimal

enzymic activity was observed at approx. pH 6.7. The enzyme
shows a high specific Mg2+-dependence, with apparent Km values
of 3.0 µM for PEA and 11.4 µM for PCho. These results provide
a novel mechanism for the generation of Pi in mineralizing cells
from PEA and PCho.

Key words: bone, haloacid dehalogenase (HAD) superfamily,
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INTRODUCTION

Matrix vesicle (MV)-mediated mineralization is a process central
to the formation of bone, cartilage and teeth. Inside the MV, cal-
cium phosphate accumulates until sufficient amounts are present
for precipitation to occur. This is then converted to an intermedi-
ate, octa-calcium phosphate, crystals of which are transformed
into the less soluble hydroxyapatite [1]. The MV membranes
then breakdown and release preformed hydroxyapatite into the
extracellular fluid. Calcium accumulation is controlled by Ca2+-
binding molecules, such as annexin I and phosphatidylserine [2,3].
Pi accumulation is associated with the action of alkaline and acid
phosphatases [4,5]. The most abundant of these being tissue non-
specific alkaline phosphatase (TNAP), an isoenzyme of alkaline
phosphatase expressed in bone, liver and kidney [6]. In addition
to its structural role, Pi has also been shown to regulate multiple
genes during osteoblast differentiation, including the immediate
response gene, Nrf2 [7].

Deficiency of Pi in skeletal tissue (termed hypophosphatasia)
is highly variable in its clinical expression, ranging from death
in utero with an unmineralized skeleton to premature loss of
teeth [8]. Hypophosphatasia is usually attributed to a reduction
in TNAP activity. In newborn TNAP knockout mice, bone deve-
lopment and mineralization appear to be normal, although hypo-
mineralization and other abnormalities of the skeleton and denti-
tion have subsequently been observed [9–11]; failure occurs in
the propagation of the mineral from the MV to the surrounding
extracellular matrix [12,13]. Support for this concept comes from
earlier work [14], which shows that the catalytic activity of TNAP
decreases in direct proportion to the extent that MVs induce
mineral formation. TNAP is known to hydrolyse inorganic PPi

[15], which is a potent inhibitor of hydroxyapatite crystal for-
mation [16]. Abnormalities found in TNAP knockout mice are,
however, not present in TNAP/PC-1 double-knockout mice [9].
PC-1 (now known as NPP1) encodes the enzyme, phospho-
diesterase I in mineralizing cells and generates PPi from nucleo-
tide triphosphates [17]. Studies have also shown that TNAP can

be removed from some preparations of MVs without reducing
their potential to mineralize [18], whilst specific inhibitory studies
on TNAP provide additional evidence that other phosphatases
are present within mineralizing chondrocytes [19]. These obser-
vations suggest that the primary role of TNAP in skeletal develop-
ment is to hydrolyse PPi, preventing its inhibition of mineral
crystal growth. It therefore appears that TNAP is not essential, at
least for the initial events leading to MV-induced mineralization
and implies that other phosphatases are involved.

Recently a novel phosphatase, PHOSPHO1, was identified
which is expressed at levels approximately 100-fold higher in
mineralizing chondrocytes than in non-skeletal tissues [20]. Im-
munolocalization studies have since shown that PHOSPHO1 is
specifically localized to mineralizing regions of skeletal tissue
[21]. The amino acid sequence of PHOSPHO1 contains three
peptide motifs that are conserved within the haloacid dehalogen-
ase (HAD) superfamily of Mg2+-dependent hydrolases. Human
PHOSPHO1 shares approximately 30 % homology at the amino
acid level with the LePS2 family of phosphatases [22,23]. Mole-
cular modelling of human PHOSPHO1, based upon the crystal
structure of phosphoserine phosphatase from Methanococcus
jannaschii, shows that all the characteristic features of the cata-
lytic site, with regard to the HAD superfamily, are preserved [24].
Despite these structural data, little is known about the phosphatase
activity of PHOSPHO1. We report here a biochemical character-
ization of the enzyme and establish its substrate specificity and
conditions for optimal activity. The data allow us to propose a
new pathway for the generation of Pi in mineralizing cells that is
coupled to the degradation of phospholipids.

EXPERIMENTAL

Materials

SaOS-2 osteosarcoma cells were purchased from the European
Collection of Cell Cultures (ECACC; CAMR Centre for Applied
Microbiology & Research, Porton Down, Salisbury, Wilts, U.K.).

Abbreviations used: BAP, brain alkaline phosphatase; CDP-Cho, cytidine 5′-diphosphocholine; CDP-EA, cytidine 5′-diphosphoethanolamine; HAD,
haloacid dehalogenase; MALDI–TOF-MS, matrix-assisted laser-desorption ionization–time-of-flight mass spectrometry; MESG, 2-amino-6-mercapto-7-
methylpurine ribonucleoside; MV, matrix vesicle; Ni-NTA, nickel-nitrilotriacetate; PEA, phosphoethanolamine; PCho, phosphocholine; PNPase, purine
nucleoside phosphorylase; TBS, Tris-buffered saline; TNAP, tissue non-specific alkaline phosphatase.
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Reverse transcriptions were carried out using the Gibco Super-
ScriptTM First-Strand Synthesis System for RT-PCR. Custom
DNA oligonucleotides were purchased from MWG-Biotech UK
Ltd. (Milton Keynes, U.K.). Plasmid isolation and purification
was carried out using the Promega Wizard DNA purification kit.
The chemically competent Escherichia coli TOP10 cells, the
pBAD TOPO TA expression kit and the V5 antibody were pur-
chased from Invitrogen (Paisley, U.K.). Restriction enzymes
were purchased from New England BioLabs (Hitchin, Herts.,
U.K.). Thermal cycling was performed using a Hybaid PCR
Express Thermal Cycler. Nickel-nitrilotriacetate (Ni-NTA)-
agarose was purchased from Qiagen (Crawley, West Sussex,
U.K.). Complete® protease inhibitor cocktail was purchased
from Roche. SDS/PAGE was performed on precast 10 % acryl-
amide mini-gels using a Bis-Tris buffered system (NuPAGE, In-
vitrogen). Gels were stained directly for protein using Coomassie
Brilliant Blue R (Sigma). Tryptic digests and matrix-assisted
laser-desorption ionization–time-of-flight mass spectrometry
(MALDI–TOF-MS) were carried out by the Functional Genomics
Unit at the Moredun Research Institute. BioDesign dialysis tubing
(8,000 Molecular mass cut-off) was purchased from VWR Inter-
national. Human PHOSPHO1 concentrations were determined in
96-well plates using the Bio-Rad protein assay kit with gam-
maglobulin as standard. Optical spectroscopy of 96-well plates
was performed using a Dynatech MR7000 plate-reader unless
otherwise stated. Ammonium molybdate, L-arabinose, ATP, β-
glycerol phosphate, fructose 6-phosphate, glycone phosphate,
Hepes, imidazole, MgCl2 (99 % pure), Malachite Green, NaCl,
p-nitrophenylphosphate, PCho (phosphocholine), PEA (phospho-
ethanolamine), phospho-L-serine, phospho-L-tyrosine, pyridoxal-
5-phosphate, pyrophosphate sodium salt, ribose-5-phosphate and
Trizma base were purchased from Sigma Chemical Co. CaCl2,
CoCl2, NiCl2 and MnCl2 (all AnalaR grade) were purchased from
BDH–Merck Ltd. (Lutterworth, Leics., U.K.). ZnCl2 (99.99 %
pure) was purchased from Acros Organics (Den Bosch, The
Netherlands).

Production of recombinant human PHOSPHO1

RNA was isolated from SaOS-2 osteoblast-like cells by phenol/
chloroform extraction and reverse transcribed. cDNA corres-
ponding to Met19–Cys267 of human PHOSPHO1 was amplified
with the specific primers, hs_phos1-f1 primer (5′-ATGGCCG-
CGCAGGGC-3′) and hs_phos1-r1 primer (5′-GCACGACTTC-
AGCACCTGTTGC-3′). This strategy was adopted in view of
the ambiguity concerning the initiation codon of PHOSPHO1
and, therefore, we expressed a protein containing only the region
that would be common to all predicted forms. The cDNA fragment
was subcloned into the pBAD TOPO TA vector. The construct was
designed to express PHOSPHO1 fused to a V5 epitope and
6 His-tag at the C-terminus. A clone (pBAD-PHOSPHO1) con-
taining the PHOSPHO1 fragment in the correct orientation was
identified by restriction digestion of plasmid minipreps. The
E. coli cells were grown in Luria–Bertani broth (10 litres, 37 ◦C)
and recombinant protein expression was induced by treatment
with 0.1 % (w/v) L-arabinose for 4 h. Bacteria were harvested
by centrifugation and were resuspended in a lysis buffer con-
taining 50 mM potassium phosphate pH 8.0, 300 mM NaCl,
10 mM imidazole and 1.6 mg/ml of Complete® protease inhibitor
cocktail. Cells were lysed using a French press (16 000 p.s.i.,
16 ◦C). A clarified lysate was prepared by centrifugation at
20 000 g for 1 h. A 5 ml Ni-NTA–agarose column was equi-
librated with 50 ml of lysis buffer. Following equilibration, a
20 ml aliquot of the clarified lysate was applied to the column.
The column was then washed with 50 ml of Tris-buffered saline

(TBS) pH 8.0 containing 20 mM imidazole, and eluted in 5 ml
fractions each by addition of a single column volume of TBS,
pH 8.0, containing 250 mM imidazole. The fraction containing
the pure recombinant protein was then dialysed three times in
TBS, pH 7.2 (5 l, 4 ◦C, 24 h) and stored at 4 ◦C prior to use.

Western blotting

Following dialysis, 1 µg of purified protein was subjected to SDS/
PAGE as described above and transferred to nitrocellulose filters
using the transfer buffer supplied by the manufacturer. After
transfer, filters were blocked for 1 h in PBS containing 4 %
dried milk powder and 20 % horse serum. The filters were then
incubated in blocking solution containing 1:3000 dilution of
mouse monoclonal horseradish peroxidase-labelled anti-V5 anti-
body and washed three times in PBS. They were then developed
by incubation in a solution containing 25 mM Tris/HCl, pH 7.2,
75 mM NaCl, 0.25 mg/ml diaminobenzidine, 0.1 mg/ml CoCl2,
0.15 mg/ml urea hydrogen peroxide.

Phosphatase assays

The standard discontinuous colorimetric assay used was based
on that of Baykov et al. [25]. The reactions were measured in
96-well plates containing 200 µl of 25 % (w/v) glycerol, 20 mM
TBS, pH 7.2, 25 µg/ml BSA, 2.5 mM substrate, 2 mM of the
corresponding divalent metal chloride salt and 600 ng of purified
recombinant PHOSPHO1. For investigation of the effect of pH on
PHOSPHO1 activity, 20 mM Mes was used to obtain pH values
between 5.0 and 6.7, and 20 mM 3-(cyclohexylamino)propane-
1-sulphonic acid (Caps) for pH 9.0, in place of TBS. The ionic
strength of each buffer was adjusted to that of 20 mM TBS by
addition of NaCl. Standard solutions containing known concen-
trations of KH2PO4 were included in each plate. Reactions were
allowed to proceed for 15 min at 37 ◦C then stopped by the
addition of 50 µl of 3.75 M sulphuric acid containing 3 % ammo-
nium molybdate, 0.2 % Tween 20 and 0.12 % Malachite Green.
The absorbance of each well at 630 nm was measured and the spe-
cific activity was calculated in units of activity per mg of enzyme,
where 1 unit of activity represents the hydrolysis of 1 nmol of
phosphate per min.

The continuous spectrophotometric assay was performed
using the EnzChek® Phosphatase Assay Kit (Molecular Probes,
Eugene, OR, U.S.A.), which is based upon the purine nucleoside
phosphorylase (PNPase)-coupled assay reported by Webb [26].
The reactions were measured in 96-well plates containing 25 %
(w/v) glycerol, 20 mM Mes, pH 6.7, 500 mM NaCl, 2 mM
MgCl2, 0.2 unit PNPase, 200 µM MESG (2-amino-6-mercapto-
7-methylpurine ribonucleoside) and 144 ng of purified recom-
binant PHOSPHO1 at 37 ◦C. PNPase and MESG concentrations
were optimized to ensure that the phosphatase activity was rate-
limiting. PHOSPHO1 substrate concentrations were varied ac-
cordingly. Absorbances were measured continuously at 355 nm
using a VICTOR HTS plate-reader.

RESULTS

Purification of recombinant human PHOSPHO1

Recombinant His-tagged PHOSPHO1 protein in fractions eluted
from a Ni-NTA–agarose column was assayed by SDS/PAGE.
Typically, fraction 2 yielded a single band of the expected mass
(32 kDa) consistent with > 99 % purity (Figure 1A). The final
yield of protein was approx. 35 mg per 10 litres of culture.
Western blotting of the purified protein yielded a band of expected
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Figure 1 SDS/PAGE and Western analysis of purified recombinant human
PHOSPHO1

(A) The cell lysate (L) and the flow-through (FT), wash (W) and eluted fractions 1 and 2 (F1
and F2) from each stage of Ni-NTA purification were subjected to SDS/PAGE under reducing
conditions and visualized by Coomassie Blue staining. Molecular mass standards are also
shown (M). (B) Western blot (WB) of the purified protein (1.2 µg) with anti-V5 antibody, which
recognizes the V5 epitope tag fused to the recombinant protein near its C-terminus.

Table 1 Substrate specificity of recombinant human PHOSPHO1

Recombinant human PHOSPHO1 (3 µg/ml) was incubated with each substrate and assayed
for phosphatase activity by the discontinuous assay at 37 ◦C. The 200 µl reaction mixture
contained 25 % (w/v) glycerol, 20 mM TBS, pH 7.2, 25 µg/ml BSA, 2.5 mM substrate and
2 mM MgCl2. The results are the means +− S.E.M. of triplicate assays.

Compound Specific activity (units/mg)

Phosphoethanolamine 4600 +− 582
Phosphocholine 2980 +− 335
Ribose 5-phosphate 74.8 +− 6.2
p-Nitrophenyl phosphate 64.5 +− 36.6
β-Glycerol phosphate 39.6 +− 6.2
Pyridoxal-5-phosphate 17.6 +− 12.4
Pyrophosphate < 0.1
Phospho-L-serine < 0.1
Glycone phosphate < 0.1
Fructose 6-phosphate < 0.1
Phospho-L-tyrosine < 0.1
ATP < 0.1

size and showed the presence of the V5-epitope tag (Figure 1B).
The purified protein was also confirmed as recombinant
PHOSPHO1 by MALDI–TOF MS of tryptic fragments (results
not shown).

Catalytic properties of recombinant human PHOSPHO1

Twelve phosphate compounds were investigated as potential
substrates for human PHOSPHO1. The resultant specific activities
are shown in Table 1. PHOSPHO1 was found to have the highest
specific activities toward PEA and PCho, with PEA being hydro-
lysed approx. 1.5 times faster than PCho. Six of the potential
substrates tested (PPi, phospho-L-serine, glycone phosphate, fruc-
tose 6-phosphate, phospho-L-tyrosine and ATP) yielded no
detectable phosphatase activity.

The concentration of MgCl2 was varied between 2 µM and
200 mM and activity was found to be maximum at 2 mM MgCl2.

Figure 2 The pH optimum for activity of recombinant PHOSPHO1

Enzymic activity was measured in the presence of 3 µg/ml enzyme and 2 mM Mg2+ by the
discontinuous assay (as described in the Experimental procedures) for phosphoethanolamine
(solid line) and phosphocholine (broken line).

In the presence of 2 mM Mg2+ at 37 ◦C, the recombinant enzyme
exhibited a pH optimum around 6.7 for both PEA and PCho
(Figure 2). High catalytic activity (>70% of maximum) was
observed between pH 6.0 and 7.2. This high level of activity
extends up to at least pH 7.5 for PEA but begins to decline signi-
ficantly for PCho at pH values higher than pH 7.2. The kinetic
constants of recombinant PHOSPHO1 were determined for PEA
and PCho using the continuous coupled assay in the presence of
2 mM Mg2+ at 37 ◦C. The enzyme exhibited Michaelis–Menten
kinetics for both substrates (Hill coefficients = 1.00). A plot of
reaction rate versus substrate concentration for PEA and PCho
and also Lineweaver–Burke plots, allowing the calculation of Km

and Vmax values, are shown in Figure 3. PHOSPHO1 displayed an
apparent Km of 3.0 µM and a kcat of 2.27 s−1 for PEA, and a Km

of 11.4 µM and a kcat of 1.98 s−1 for PCho.

Requirement for metals

To investigate the requirement of metal ions for the recombinant
enzyme, the purified enzyme solution was extensively dialysed
against metal-free buffer to remove any weakly bound metal ions.
The effect of different metal ions on the hydrolysis of PEA and
PCho was assessed by addition of 2 mM concentrations of various
metal salts. As controls, reactions were also carried out in buffers
without added metal ions. The results are shown in Figure 4.
The phosphatase activity was approximately 80-fold higher for
both substrates in the presence of Mg2+ compared with the metal-
free control. Co2+, Mn2+ and Ni2+ also stimulated activity but to
a lesser extent than Mg2+, whereas the presence of Ca2+ and
Zn2+ had no significant effect on activity compared with the
control (Mg2+ > Co2+ > Mn2+ > Ni2+ > Ca2+ = Zn2+ = no metal).
Interestingly, PHOSPHO1 has a higher activity toward PCho than
to PEA in the presence of Co2+ and Mn2+. This is most probably
due to an allosteric effect caused by a difference in the metal-
binding properties of each enzyme–substrate complex.

DISCUSSION

The results presented here show that PHOSPHO1 has activity
which is typical of most enzymes within the HAD superfamily,
with a strong Mg2+-dependence and a pH optimum within the
acid-to-neutral pH range [27–29]. A high level of activity extends
to pH values at least as high as pH 7.5 for PEA but begins to de-
cline significantly for PCho at pH values higher than pH 7.2. The
pH of the extracellular fluid of growth plate cartilage is close
to pH 7.6 [30] and so the activity of PHOSPHO1 may be restricted

c© 2004 Biochemical Society



62 S. J. Roberts and others

Figure 3 Kinetic analysis of the hydrolysis reactions catalysed by recombinant PHOSPHO1

Kinetic activity toward (A) PEA and (B) PCho, measured using a method based upon the purine nucleoside phosphorylase-coupled assay [26] as described in the Experimental procedures. Shown
are the reaction velocities (V) as a function of substrate concentration. Insets, Lineweaver–Burke plots from which K m and V max values were calculated.

mainly to PEA at this region. Overall, PHOSPHO1 has a high spe-
cific activity toward PEA and PCho compared with the other phos-
phomonoesters investigated. The results are highly significant for
the mineralization process in cells. Both PCho and PEA are pre-
sent in mineralizing cells and are the two most abundant phos-
phomonoesters in cartilage [31]. The very low Km values for both
PEA and PCho (µM range) suggest that they would be half-
saturated at levels of 3 and 11.4 µM, respectively. This indicates
that under the reported conditions both substrates would be rapidly

hydrolysed. These compounds are therefore likely to be natural
substrates of PHOSPHO1.

The hydrolysis of PEA and PCho is known to occur in vivo,
although the enzyme responsible has not been identified pre-
viously. It has been hypothesized that PEA is a natural substrate
for TNAP [8,32] due to an increase in its urinary excretion in
patients diagnosed with hypophosphatasia [33]. However, this
appears unlikely following examination of kinetic data for the
TNAP-catalysed hydrolysis reaction at physiological pH, with
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Figure 4 Metal requirement for activity of recombinant PHOSPHO1

Enzyme activity toward phosphoethanolamine (filled bars) and phosphocholine (open bars) was measured in the presence of the indicated metal ions (final concentration 2 mM). The activity of the
apoenzyme was measured in the absence of added metals (No Metal). Inset, concentration dependence of apoenzyme activation by Mg2+ for PEA (solid line) and PCho (broken line); enzyme activity
was measured by the discontinuous assay.

Scheme 1 Human PEA and PCho metabolism

Proposed metabolic pathways for the generation of PEA and PCho. The basis of the diagram is information from the Kyoto Encyclopedia of Genes and Genomes (KEGG) [41].

reported high Km values at millimolar concentrations [34–36].
It is therefore possible that the genetic defect assumed to be
caused by a loss of TNAP in hypophosphatasia is actually due to a
loss or defect of PHOSPHO1. Brain alkaline phosphatase (BAP),
an isoenzyme of TNAP, is reported to have PCho phosphatase
activity [37]. However, the specific activity of BAP toward PCho
in the reported study was measured under alkaline conditions
(pH 8.5) and is likely to be much lower at physiological pH.
PCho hydrolysis has been studied in hamster heart and is not

catalysed by alkaline phosphatase, but by a separate unidentified
enzyme [38]. It has also been shown that the hydrolysis of PEA
and PCho is due to the action of an acid phosphatase in a variety of
tissues, including bone and teeth [39], a study which agrees well
with our present finding that PHOSPHO1 displays high activity
toward both substrates between pH 6.0 and 7.2.

PEA and PCho are metabolites in the cytidine 5′-diphospho-
ethanolamine (CDP-EA) and cytidine 5′-diphosphocholine (CDP-
Cho) pathways respectively (Scheme 1). These are the main
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pathways involved in the formation of phosphatidylcholine and
phosphatidylethanolamine [40], which are involved in the meta-
bolism of complex glycerolipids, glycosylphosphatidylinositol-
anchors, prostaglandins, leukotrienes and the amino acids glycine,
serine and threonine [41]. These pathways are also implicated
in the pathogenesis of Alzheimer’s and Huntington’s disease
[42,43]. Therefore the identification of a phosphatase with speci-
ficity toward PEA and PCho is highly significant. Conversely,
phosphatidylethanolamine and phosphatidylcholine may be hy-
drolysed by phospholipase C to form PEA and PCho respectively
[44]. The synthesis of phosphatidylcholine from choline by the
CDP-Cho pathway in mineralizing cells has previously been
investigated. PCho accumulation is much decreased in neo-natal
rat calvaria compared with the liver of the same animal [45]. PCho
concentration is usually determined by the relatively higher activ-
ity of choline kinase compared with that of phosphate cytidylyl-
transferase 1. However, the low PCho accumulation in mineral-
izing compared with non-mineralizing cells may be due to the
upregulation of PHOSPHO1. PHOSPHO1 is highly expressed at
sites of mineralization [21], and as a consequence will reduce the
levels of PCho and PEA in chondrocytes and osteoblasts. Pi may
be scavenged from PEA and PCho during the mineralization
process in order to generate the concentration required for hy-
droxyapatite crystal formation.

The MV-membrane is a rich source of both phosphatidylethan-
olamine and phosphatidylcholine and may act as a pool for PEA
and PCho in MVs. Wuthier et al. have found that the phospha-
tidylethanolamine and phosphatidylcholine composition of the
MV membrane decreases during mineralization and that 1,2-
diacyl glycerol accumulates in MVs, indicative of phospholipase
C activity [46]. However, in the absence of any kinetic data relating
to phosphatidylethanolamine or phosphatidylcholine degradation
in MVs it is impossible to say at this time whether such a mech-
anism exists as a viable means of generating PEA or PCho. Ca2+

and Pi are present at high levels in MVs even before induction
of mineral formation, and are derived from cellular activity prior
to MV formation [47]. Since the ambient concentration of Pi in
the extracellular fluid is close to 2 mM [48], it is doubtful that
the amount of Pi released from MV lipids would be sufficient to
increase the overall level of extracellular Pi. However, the local
effect of this limited release may be sufficient to facilitate mineral
formation.

In conclusion, these results show for the first time that human
PHOSPHO1 is a phosphoethanolamine and phosphocholine phos-
phatase. PHOSPHO1 is known to be upregulated in mineralizing
cells, these findings therefore provide a novel means of generating
Pi in mineralizing cells and may have implications for the diag-
nosis of hypophosphatasia and treatment of bone mineralization
abnormalities such as osteomalacia and pathological soft-tissue
ossification, a process clinically significant in atherosclerosis and
heart failure.
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