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Abstract
Hypophosphatasia is caused by deficiency of activity of the tissue-nonspecific alkaline phosphatase
(TNSALP), resulting in a defect of bone mineralization. Enzyme replacement therapy (ERT) with
partially purified plasma enzyme was attempted but with little clinical improvement. Attaining
clinical effectiveness with ERT for hypophosphatasia may require delivering functional TNSALP
enzyme to bone. We tagged the C-terminal-anchorless TNSALP enzyme with an acidic oligopeptide
(a six or eight residue stretch of L-Asp), and compared the biochemical properties of the purified
tagged and untagged enzymes derived from Chinese hamster ovary cell lines. The specific activities
of the purified enzymes tagged with the acidic oligopeptide were the same as the untagged enzyme.
In vitro affinity experiments showed the tagged enzymes had 30-fold higher affinity for
hydroxyapatite than the untagged enzyme. Lectin affinity chromatography for carbohydrate structure
showed little difference among the three enzymes. Biodistribution pattern from single infusion of
the fluorescence-labeled enzymes into mice showed delayed clearance from the plasma up to 18h
post infusion and the amount of tagged enzyme retained in bone was 4-fold greater than that of the
untagged enzyme. In vitro mineralization assays with the bone marrow from a hypophosphatasia
patient using each of the three enzymes in the presence of high concentrations of pyrophosphate
provided evidence of bone mineralization. These results show the anchorless enzymes tagged with
an acidic oligopeptide are delivered efficiently to bone and function bioactively in bone
mineralization, at least in vitro. They suggest potential advantages for use of these tagged enzymes
in ERT for hypophosphatasia, which should be explored.
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Introduction
Alkaline phosphatases (ALP) comprise several plasma membrane-bound isozymes, some of
which show tissue specific localization. Hypophosphatasia is an inherited metabolic disorder
of defective bone mineralization caused by deficiency of the tissue-nonspecific alkaline
phosphatase (TNSALP). Clinical severity is remarkably variable, ranging from death in utero
to merely premature loss of dentition in adult life [1,2]. Despite the presence of TNSALP in
bone, kidney, liver, and adrenal tissue in healthy individuals, clinical manifestations in patients
with hypophosphatasia are limited to defective skeletal mineralization that manifests as rickets
in infants and children and osteomalacia in adults [2]. In the most pernicious form of
hypophosphatasia, the perinatal lethal variant, profound skeletal hypomineralization results in
caput membranaceum with shortened and deformed limbs noted. Some affected neonates
survive for several days or weeks. They often succumb to respiratory failure brought on by
pulmonary hypoplasia and structural failure of the skeleton, weakened from demineralization
[3].

Osteoblasts modulate the composition of the bone matrix, where they deposit mineral in the
form of hydroxyapatite. Specialized buds from the osteoblasts’ plasma membrane are called
matrix vesicles (MVs). The initiation of matrix calcification by osteoblasts and chondrocytes
appears to be mediated by release of MVs, which serve as a sheltered environment for
hydroxyapatite crystal formation [4–7]. MVs are alkaline phosphatase enriched, extracellular,
membrane-invested bodies, inside which the first crystals of hydroxyapatite bone mineral are
generated. TNSALP hydrolyzes inorganic pyrophosphate (PPi) to monophosphate (inorganic
phosphate; Pi), which is important for growth of the hydroxyapatite crystal [4,5,8–10]. Thus
ALP functions as an inorganic pyrophosphatase (PPi-ase) [14,15]. PPi itself impairs the growth
of hydroxyapatite crystals and acts as an inhibitor of mineralization [8,11–13]. If TNSALP
activity is insufficient, it fails to hydrolyze PPi and the resulting build-up of unhydrolyzed
PPi in the perivesicular matrix inhibits the proliferation of pre-formed hydroxyapatite crystals
beyond the protective confines of MV membranes.

The level of plasma PPi increases in hypophosphatasia [16–18]. Even in the absence of
TNSALP, the other phosphatases (AMPase and inorganic pyrophosphatase) can hydrolyze
PPi, supplying some Pi for incorporation into initial mineral within MVs [19], but this activity
is insufficient to remove excess PPi at the perimeter of MVs. Thus, despite TNSALP deficiency,
initial mineral could form within MVs, while its propagation into perivesicular matrix would
be inhibited by a local build-up of PPi [20,21]. These findings suggest PPi as a plausible
candidate as an inhibitor of mineralization and as a primary factor that causes clinical
manifestations of hypophosphatasia.

Enzyme replacement therapy (ERT) has proven effective in preventing or reversing lysosomal
storage in patients and animal models with several lysosomal storage diseases (LSDs) [22–
28]. Tremendous progress in the development of ERT has been made in the last three decades.
Cellular uptake of enzyme from the blood following intravenous administration requires
specific oligosaccharides on the enzyme itself corresponding to oligosaccharide receptors on
the target cells. Examples include the binding of high-mannose oligosaccharides of the enzyme
to the mannose receptor (MR) and binding of phosphorylated high-mannose oligosaccharides
of the enzyme to the cation-independent mannose 6-phosphate receptor (M6PR). Thus, LSDs
have provided a prototype for therapy with exogenously supplied enzymes.

A cell-specific delivery system was designed to enhance the clinical effectiveness of ERT in
Gaucher disease. Delivery of the enzyme to the affected cells was achieved by modifying the
N-linked carbohydrate on the enzyme. This exposed core mannose residues [29,30], enabling
the enzyme to bind to the MR, which is highly abundant on cells of the reticuloendothelial
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system [31,32], the principal site of storage in Gaucher disease. Over 3500 patients have been
treated with dramatic clinical results [22,33].

Moreover, to overcome the limited delivery of an enzyme to a specific tissue, peptide-based
targeting strategies have been attempted experimentally by using a lysosomal enzyme, β-
glucuronidase [34,35]. LeBowitz et al. fused a portion of IGF-II to this enzyme, retaining the
ability to bind to IGF-II receptor, which is present in many mammalian cell types. This fused-
enzyme was taken up by cells through an IGF-II receptor-mediated mechanism. Orii et al. also
fused the C-terminus portion of Tat HIV protein containing the 11 amino acid transduction
domain to (β-glucuronidase. Although neither fusion protein delivered enzyme to brain,
distribution to tissues not typically targeted by control enzymes was demonstrated [35].

Since hypophosphatasia is caused by a deficiency of a single enzyme, TNSALP, this disorder
is potentially amenable to ERT. The results of ERT, however, with intravenous infusion of
plasma ALP or purified liver ALP in patients with hypophosphatasia have been disappointing
[36–40]. Recently, one report suggested that continuous delivery of high dose of TNSALP to
bone would be needed to induce physiological bone mineralization [41]. These observations
suggested that these ALP enzymes administered intravenously are consumed mainly in visceral
organs and not delivered to bone at physiologic levels capable of rescuing lesions of the targeted
tissue, namely bone. Thus, development of targeted enzyme delivery to bone might enhance
clinical effectiveness of the administered ALP. Recently, Kasugai et al. [42] have demonstrated
that a small peptide consisting of acidic amino acids (L-Asp or L-Glu) was selectively delivered
to and retained in bone after a systemic administration. Furthermore, estrogen conjugated with
an acidic oligopeptide was selectively targeted to bone, leading to dramatic improvement of
the bone mineral density in ovariectomized mice with no or few adverse effects on liver and
uterus [43]. Whether the bone-targeting system with an acidic oligopeptide would be applicable
to a large molecule, like the TNSALP enzyme, remains to be determined.

In this study, we characterized acidic oligopeptide-tagged TNSALP enzymes, evaluated the
bone-targeting property of these tagged enzymes pharmacokinetically and bioactively, in the
hopes of developing a bone-targeting TNSALP as a potential therapeutic agent.

Materials and methods
Production of human recombinant acidic oligopeptide-tagged and untagged TNSALPs
(GenBank: NM_000478.2)

The glycosylphosphatidylinositol (GPI) anchoring signal peptide sequence of TNSALP (5′-
CTTGCTGCAGGCCCCCTGCTGCTCGCTCTGGCCCTCTACCCCCTGAGCGTCCTGT
TC-3′: C.1516C to c.1572 C: Leu506 to Phe524) was deleted from the full-length of TNSALP
cDNA to produce a secreted form of the enzyme. To produce acidic oligopeptide-tagged
TNSALP, a stretch of six or eight of L-Asp codons (six L-Asp, 5′-
GACGATGACGACGATGAT-3′: eight L-Asp, 5′-
GATGATGATGATGATGATGACGAC-3′) was introduced additionally at the C-terminus
after c.1515C of Ser505 (CD6- or CD8-TNSALP, respectively) between the spacer (5′-
ACCGGTGAAGCAGAGGCC-3′) and a termination codon. The three enzymes used for the
further experiments were named: rhTNSALP (anchorless recombinant human TNSALP),
CD6-TNSALP (anchorless human TNSALP tagged with a stretch of six L-Asp at the C-
terminus), and CD8-TNSALP (anchorless human TNSALP tagged with a stretch of eight L-
Asp at the C-terminus).

For the preparation of the first strand cDNA, reverse transcriptase reaction was performed by
using total RNA isolated from healthy human peripheral blood. To amplify rhTNSALP, CD6-
TNSALP, and CD8-TNSALP cDNA, PCR reactions were carried out with the following
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primers: TNSALP, forward 5′-
GAATTCACCCACGTCGATTGCATCTCTGGGCTCCAG-3′ and reverse 5′-
ctcgagTCAGCTGCCTGCCGAGCTGGCAGGAGCAC-3′: CD6-TNSALP, forward 5′-
GAATTCACCCACGTCGATTGCATCTCTGGGCTCCAG-3′ and reverse 5′-
tcaatcatcgtcgtcatcgtcggcctctgcttcaccggtGCTGCCTGCCGAGCTGGCAGGAGCACAGTG-
3′: CD8-TNSALP, forward 5′-
GAATTCACCCACGTCGATTGCATCTCTGGGCTCCAG-3′ and reverse 5′-
tcagtcgtcatcatcatcatcatcatcggcctctgcttcaccggtGCTGCCTGCCGAGCTGGCAGGAGCACA
GTG-3′. The nucleotide sequences compatible with six or eight L-Asp were added to the
reverse primers used here. The amplified cDNAs were cloned and sequenced. The cDNAs
were then transferred into EcoRI cloning sites of mammalian expression vector pCXN, kindly
provided by Miyazaki J., Osaka University, Suita, Japan [44].

The rhTNSALP, CD6-TNSALP, and CD8-TNSALP cDNAs subcloned in pCXN were then
transfected into Chinese hamster ovary (CHO-K1) cells with lipofectamine according to
manufacturer’s instruction (Invitrogen, CA). Selection of colonies was carried out in growth
medium with Dulbecco’s modified Eagle’s medium supplemented with 15% fetal bovine
serum (FBS), plus 600 μg/ml G418 (Sigma–Aldrich, MO) for 10–12 days. Individual clones
were picked, grown to confluency, and analyzed for enzyme expression by measuring secreted
enzyme activity in the medium as described below. The highest-producing clone was grown
in collection medium with Ex-Cell tm 325 PF CHO protein-free medium (JRH Biosciences,
KS) and 15% FBS. When the cells reached confluency, the cells were rinsed with PBS and fed
with collection medium without FBS to collect enzyme for purification.

Measurement of alkaline phosphatase activity
A 50 μl volume of sample was combined with 250 μl of 10 mM p-nitrophenyl phosphate
(pNPP) (Sigma–Aldrich, MO) as a substrate in 1 M diethanolamine, pH 9.8, containing 1 mM
magnesium chloride, 0.02 mM zinc chloride, and incubated at 37°C. The time-dependent
increase in absorbance at 405 nm (reflecting p-nitrophenolate production) was measured on a
plate spectrophotometer (EL800, Bio-Tek Instrument, Inc., VT). One unit of activity was
defined as the quantity of enzyme that catalyzed the hydrolysis of 1 μmol substrate in 1 min.

Enzyme purification
The rhTNSALP, CD6-TNSALP, and CD8-TNSALP enzymes were purified by a two-step
column procedure. Tris buffer was 25 mM Tris–HCl, pH 8.0, containing 0.1 mM magnesium
chloride and 0.01 mM zinc chloride. Unless stated otherwise, all steps were performed at 4°
C.

Step 1. The medium containing enzyme was filtered through a 0.2 μm filter and then
dialyzed against Tris buffer using Amicon stirred-cell ultrafiltration unit with Millipore
ultrafiltration membrane YM-30.

Step 2. The dialyzed medium was applied to a column of DEAE-Sepharose (Sigma–
Aldrich, MO) equilibrated with Tris buffer. The column was first washed with Tris buffer
and then the enzyme was eluted with 0 0.4 M NaCl in a linear gradient.

Step 3. The active eluted fractions were pooled and dialyzed against Tris buffer containing
0.1 M NaCl by using Centricon centrifugal filter device with Millipore ultrafiltration
YM-10 filter. The dialyzed fractions were then concentrated for Step 4.

Step 4. The concentrated enzyme was applied to a column of Sephacryl S-400-HR (Sigma–
Aldrich, MO) equilibrated with Tris buffer containing 0.1 M NaCl. The enzyme was eluted
with Tris buffer containing 0.1 MNaCl.
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Step 5. The active eluted fractions were pooled and dialyzed against Tris buffer containing
0.1 M NaCl by using Centricon centrifugal filter device with Millipore ultrafiltration
YM-10 filter. The dialyzed fractions were then concentrated and stored at − 80°C until
use.

Polyacrylamide gel electrophoresis
Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS–PAGE)
was performed, followed by silver staining [45,46].

Hydroxyapatite-binding assay
Hydroxyapatite beads (Sigma–Aldrich, MO) were suspended in 25 mM Tris–HCl buffered
saline (TBS), pH 7.4, at concentration of 100 μg/100 μl. The purified enzyme was mixed with
the hydroxyapatite suspension at a final concentration of 1.0, 2.5, 5.0, and 10.0 μg/ml. The
mixture was mixed at 37°C for 1 h, and centrifuged at 14,000 × rpm for 10 min to separate the
unbound enzyme and the bound enzyme. To determine the unbound enzyme, the enzyme
activity in supernatant was measured, and the bound enzyme was determined from the amount
of the total enzyme and the unbound enzyme. The dissociation constant (Kd) and the maximal
binding rate (Bmax) were determined from double-reciprocal plots.

Lectin affinity chromatography
To evaluate the carbohydrate chain structure, we analyzed the enzymes by two types of lectin
affinity chromatography. Both the concanavalin A (Canavalia ensiformis, ConA)-Sepharose
4B (Sigma–Aldrich, MO) and the wheat germ agglutinin (Triticum vulgaris, WGA)-agarose
CL-4B (Fluka, SG, Switzerland) columns were equilibrated with TBS (10 mM Tris–HCl, pH
8.0, supplemented with 0.5 M sodium chloride, 1 mM calcium chloride, 1 mM magnesium
chloride, 1 mM manganese chloride, and 0.01 mM zinc chloride) at a flow rate of 0.2 ml/min.
Lectin affinity chromatography was performed as described previously [47]. Briefly, the
purified enzyme in 0.6 ml of TBS was applied to the ConA and WGA columns, and left to
stand for 3h at room temperature. Three fractions were obtained by using two different
concentrations, 0.01 and 0.5 M of α-methyl-D-mannopyranoside (αMM) (Sigma–Aldrich,
MO) from ConA column, and 0.1 and 0.5 M of N-acetyl-D-glucosamine (GlcNAc) (Sigma–
Aldrich, MO) from the WGA column: unbound fraction, weakly bound fraction, and strongly
bound fraction.

Neuraminidase digestion
We digested the enzymes with α(2→ 3,6,8,9) neuraminidase (Arthrobacter ureafaciens)
(Sigma–Aldrich, MO) to quantify the content of sialic acids at the carbohydrate chain. Twenty
units of each purified TNSALP enzyme were exposed to 0.01 U neuraminidase in 250 mM
sodium phosphate, pH 6.0, overnight at room temperature. The digested enzyme was then
analyzed by polyacrylamide gel electrophoresis and lectin affinity chromatography, as
described above.

Biodistribution of Alexa-labeled enzymes
Purified enzymes (1 mg/ml) were labeled with Alexa Fluor 546 Protein Labeling Kit following
manufacturer’s instruction (Molecular Probes, OR). The Alexa-labeled enzyme was injected
into B6 mice (6–7-weeks-old) via tail vein at a dose of 1 mg/kg of body weight. Mice were
sacrificed at 6, 24, 72, and 168h after a single infusion, and multiple tissues including brain,
lung, heart, liver, spleen, kidney, and leg were dissected. The tissues were immersion-fixed in
10% neutral buffered formalin, embedded in paraffin, and sectioned. Tissues were studied by
fluorescence microscopy for enzyme distribution, and the areas of fluorescence from three
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fields of fluorescent images around the growth plate were quantitated by using Alpha-EaseFC
(Alpha Innotech Corp., CA).

In vitro mineralization assay
To evaluate the level of bioactivity of the TNSALP enzymes, in vitro mineralization
experiments were performed using bone marrow cells derived from a hypophosphatasia patient
with an infantile form (10 month old). The bone marrow was obtained with an informed consent
approved by the ethical committee at Shimane University. The bone marrow cells were seeded
into 150 × 25 mm tissue culture dishes. These cells were allowed to attach without disturbance
for seven days in growth medium consisting of minimum essential medium alpha (MEMα)
supplemented with 10% FBS, 50U/ml penicillin, and 50 μg/ml streptomycin sulfate. The
medium was then replaced to fresh growth medium at 3-day intervals. When the cells reached
confluency, they were subcultured in the 12-well plates at a density of 10,000 cells/cm2. On
the following day, the growth medium was replaced with the differentiation medium: with
MEMα supplemented with 10% FBS, 50 U/ml penicillin, 50 μg/ml streptomycin sulfate, 0.3
mM ascorbic acid, and 100nM dexamethasone. The differentiation medium also included 2.5
mM Pi or β-glycerophosphate as a phosphate source as well as either rhTNSALP, CD6-
TNSALP, or CD8-TNSALP at 2.5 or 5.0 U/ml. To further investigate the effect of the three
enzymes on mineralization in the presence of PPi, 50 μM PPi was always added with each
enzyme to the bone marrow cell culture throughout the differentiation period.

The differentiation medium was replaced at 3-day intervals. At 12 days after the initiation of
the differentiation of the cells, the cells were fixed with 4% paraformaldehyde, followed by
staining with Alizarin Red S to detect calcium phosphate deposits [48].

Results
Preparation and biochemical characterization of enzymes

The GPI anchoring signal peptide (19 amino acids) sequence was removed from the C-terminus
of the human TNSALP cDNA to allow secretion of the enzyme in the medium of CHO-K1
cells. The resultant rhTNSALP enzyme (>95%) was primarily secreted in culture medium in
a transient expression study (Fig. 1A). The acidic oligopeptide-tagged enzymes (CD6-
TNSALP and CD8-TNSALP), which also do not include the GPI anchoring signal peptide,
were secreted into culture medium as well. Other results showed that the presence of greater
than eight Asp residues caused substantial reduction of the enzyme activity secreted into culture
medium during the transient expression. Therefore, we chose the CD6- and CD8-TNSALP
enzymes for further experiments. The stably transfected CHO-K1 cells secreted the active
TNSALP enzyme into the medium in linear fashion for 12h. However, the expression of
enzyme after 12h reached a plateau.

The purification of these enzymes from secretion media of stably transfected cells was
performed by two-step column chromatography using DEAE-Sepharose and Sephacryl S-400-
HR, and summarized in Table 1. The overall purification yield of rhTNSALP, CD6-TNSALP,
and CD8-TNSALP was 32, 62, and 56% of the total enzyme in the initial culture medium,
respectively, and the specific activity of each enzyme was 2744, 2411, and 2374 U/mg,
respectively. The lower yield of rhTNSALP compared to those of the tagged enzymes was
apparently the result of the broader peak eluted from the DEAE column. When the purified
rhTNSALP was subjected to SDS–PAGE under reducing conditions, a single band with a
molecular mass of approximately 80kDa was detected. The anticipated increase in molecular
mass associated with the addition of acidic oligopeptides was observed with CD6- and CD8-
TNSALP(Fig. 1B).
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There was no significant difference in the Michaelis constant (KM) among rhTNSALP, CD6-
TNSALP, and CD8-TNSALP defined by the pNPP substrate with double-reciprocal plots
(0.37, 0.39, and 0.37 mM, respectively) (Table 2). The values of kcat among three enzymes
showed little difference as well. Similarly, chemical inhibition by L-phenylalanine (10mM;
83, 86, and 86% of remaining enzyme activity, respectively) and L-homoarginine (10mM; 12,
13, and 12% of remaining enzyme activity, respectively) revealed no significant difference.

In contrast, remarkable differences were observed between the tagged and untagged enzymes
in their affinity for hydroxyapatite. The affinity for hydroxyapatite for the tagged enzymes was
30-fold greater than that for the untagged enzyme. The binding to hydroxyapatite was seen
even at low concentrations of the tagged enzyme (Fig. 2). The binding parameters, Kd and
Bmax, are shown in Table 3. The values of Kd and Bmax of the tagged enzymes were 30-fold
and 3-fold, respectively, greater than those of the untagged enzymes, although no significant
difference was observed between CD6- and CD8-TNSALP.

Elution profiles of enzymes by lectin affinity chromatography
The three enzymes, rhTNSALP, CD6-, and CD8-TNSALP were applied to ConA columns.
The ConA column bound nearly all of the applied enzymes, but the weakly bound and strongly
bound enzymes were differentiated by the concentration of α-acetate, which eluted them. The
elution profiles of these enzymes did not differ when the two different concentrations of αMM,
the competitive sugars, were added (Fig. 3). We concluded that these three enzymes did not
differ with respect to exposed mannosyl residues with which ConA has a high reactivity. In
contrast, the WGA elution profiles between the tagged and untagged enzymes were remarkably
different with regard to the ratio of strongly bound enzyme and weakly bound enzyme (Fig.
4A, a–c). Table 4 shows the percentages of the relative enzyme activity of three fractions on
the WGA column. By contrast, approximately 30% of the tagged enzymes was weakly bound
and 70% was strongly bound to the WGA column, and 66% of the untagged enzyme was
weakly bound and 34% was strongly bound to the WGA column. The content of the weakly
bound enzyme fractions ranged from greatest to least in the order of TNSALP >CD6-TNSALP
> CD8-TNSALP. This suggests a greater fraction of the wild-type TNSALP contains fewer
sialic acid complex chain oligosaccharides.

To evaluate the content of the sialic acid residues of the enzyme, we treated the three enzymes
with neuraminidase, removing the sialic acid residues from the enzymes. After the treatment
with neuraminidase, the molecular masses of the three enzymes decreased in different
proportion (Fig. 4B). The elution profile of the untagged enzyme on the WGA column changed
after the neuraminidase digestion. The early fraction, accounting for the weakly bound enzyme,
shifted to a later fraction consistent with the highly bound enzyme (Fig. 4A, d). The elution
profiles of the tagged enzymes on the WGA column showed a similar change after
neuraminidase digestion (Fig. 4A, e and f), but the tagged enzymes originally included a smaller
amount of weakly bound enzyme.

Biodistribution of fluorescence-labeled enzymes
To evaluate the pharmacokinetic tissue distribution pattern of the enzymes, fluorescence-
labeled enzymes were prepared with Alexa dye. The efficiencies of labeling each of three
enzymes were approximately 10mol/mol of protein as dye content. Fig. 5A shows the
histological pictures of biodistribution of three enzymes at the proximal epiphyseal region of
mouse femur at 6, 24, 72, and 168h after a single intravenous infusion. Fig. 5B shows the
average of the relative area of fluorescence. The three enzymes were distributed in the
mineralized region, but not at the growth plate. At 6 h, the relative areas of fluorescence of the
tagged enzymes were 4-fold larger than the area of the untagged enzyme. Moreover, the
fluorescence-labeled tagged enzymes were detectable until 168h with a 2- to 3-fold increase
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compared to the untagged enzyme. These results were consistent with the result of the in vitro
hydroxyapatite affinity experiment. A relatively high level of enzyme was distributed in the
liver (Fig. 6) compared to the other tissues. The distribution was widespread throughout the
liver including hepatocytes and sinus-lining cells. The distribution patterns in the liver were
comparable among three enzymes. In the other tissues, including brain, lung, heart, spleen, and
kidney, no significant differences were observed among three enzymes (data not shown).

Effect of control and tagged enzymes on mineralization in the presence of PPi in primary
bone marrow cell culture

We had the opportunity to ask whether the tagged enzymes enhance mineralization in the
presence of PPi in primary bone culture. The effect of normal TNSALP has been reported
previously. We found that the addition of one of the tagged enzymes resulted in marked
recovery of mineralization like that seen with the untagged enzyme (data not shown).
Mineralization was observed when Pi, was used in the medium instead of β-glycerophosphate
even in the absence of any enzyme. In the presence of Pi, none of the enzymes provided any
additive effect on mineralization. These findings indicate that like the TNSALP enzyme, the
tagged enzyme can play a biological role in the mineralization process in vitro by providing
free Pi released during the hydrolysis of β-glycerophosphate. We added PPi, an inhibitor of
mineralization, to see whether the TNSALP enzymes hydrolyze PPi to restore the
mineralization. In the absence of added TNSALP, PPi itself completely inhibited the
mineralization even in the presence of Pi. The addition of the tagged enzymes restored the
mineralization level to PPi free control culture as had been reported for TNSALP (data not
shown). Taken together, these results suggested that the tagged and untagged enzymes show
similar bioactivity on mineralization by degrading PPi.

Overall, we found no biochemical or pharmacokinetic differences between the CD6 and CD8
forms of tagged TNSALP.

Discussion
This study demonstrated that: (1) the removal of the GPI anchoring signal peptide sequence at
the C-terminus of TNSALP cDNA allowed us to produce large amounts of human recombinant
enzyme in a secreted form: (2) tagging an oligopeptide of six or eight L-Asp to the C-terminus
of rhTNSALP enhanced the affinity of rhTNSALP for hydroxyapatite with little influence on
other biochemical properties; (3) the tagged rhTNSALP enzymes were delivered more
efficiently to and retained longer in bone; and (4) the tagged enzymes were bioactive in vitro
and able to initialize bone mineralization in cultured bone marrow from a hypophosphatasia
patient.

In vivo, the TNSALP is bound to plasma membranes by the GPI anchor and functions as an
ectoenzyme. In this study, we removed the GPI anchoring signal peptide coding sequence from
human TNSALP cDNA in order to produce an anchorless secretory form of TNSALP in the
culture medium of overexpressing CHO-K1 cells. As a consequence, sufficient human
recombinant enzyme could be obtained for additional studies. The CD6- and CD8-TNSALP
enzymes possess biochemical properties similar to the rhTNSALP with regard to specific
activity, in vitro bioactivity, kinetic parameters, heat stability, and chemical inhibition,
suggesting that the acidic oligopeptide tag did not markedly affect any functions of the alkaline
phosphatase, at least in vitro. These findings are similar to those in a previous report, where
the biochemical properties of wild-type GPI-anchored TNSALP were compared to those of
enzyme containing an eight amino acid FLAG epitope at the C-terminal of the enzyme [49].
However, the acidic oligopeptide-tagged TNSALP showed markedly higher affinity for
hydroxyapatite compared to the untagged TNSALP. This high affinity for hydroxyapatite
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resulted in more efficient delivery of tagged enzymes to bone. Hydroxyapatite is produced in
extracellular matrix near osteoblasts and is one of the major components of bone [42,43].

TNSALP is a glycoprotein with potential glycosylation sites. Little is known about the
physiological role of specific carbohydrate structures present in the ALP isoenzymes except
that a. larger sialic acid residue content at the terminus of the carbohydrate chain contributes
to longer half-lives of ALP in the blood circulation [50–52]. Thus, an analysis of the
carbohydrate structure, especially the enzyme’s sialic acid content, may be important for
estimation of the efficiency of bone-targeting. Enzyme circulating longer in blood may
reasonably have more opportunity to reach bone. We observed a difference in the elution profile
of the three enzyme variants on the WGA affinity chromatography, when these enzymes were
eluted by two different concentrations of GlcNAc. Specifically, the percentage of the enzyme
bound weakly to the column varied from greatest to least in the order of rhTNSALP >CD6-
TNSALP>CD8-TNSALP. After neuraminidase digestion, the enzymes which had bound
weakly to the WGA column were retained more strongly. Both GlcNAc and sialic acid residues
bind to WGA, although sialic acid residues are more weakly bound than GlcNAc residues
[53]. Gallagher et al. demonstrated WGA binds with high affinity to internal GlcNAc residues
in large oligosaccharides containing repeat sequence of Galβ(1 → 4)GlcNAcβ(1 → 3)
(polylactosamine-type glycans), and with low affinity to sialic acid-dependent binding [54].

The lectin binding results suggest that the untagged TNSALP is more highly sialylated. The
three recombinant TNSALP enzymes used here showed no M6P-receptor-mediated uptake,
indicating that the enzymes were not phosphorylated (data not shown). Therefore, this study
indicates that all three enzymes produced by CHO-K1 cells have internal polylactosamine-
type glycans as well as a substantial amount of sialic acid. Interestingly, these findings differ
from those of human TNSALP from osteosarcoma cells, where the affinity of human bone
TNSALP isoenzyme to WGA was largely lost after neuraminidase treatment, suggesting that
human TNSALP from osteosarcoma cells has few polylactosamine-type glycans [55]. The
effect on in vivo function of the alkaline phosphatase caused by abundance of internal GlcNAc
residues will require additional study.

Based on our present data, we propose that there are three possibilities for carbohydrate
structure related to the sialic acid content in the three enzyme variants: (1) the acidic
oligopeptide-tagged enzymes have fewer sialic acid residues than the untagged enzyme as
indicated by a lower percentage of the weakly bound enzyme observed during the WGA affinity
chromatography; (2) the tagged enzymes have similar sialic acid residue content to the
untagged enzyme but larger internal polylactosamine-type glycans. This conclusion is
supported by the similar proportional reduction of molecular mass of the three enzymes after
the neuraminidase digestion and the higher percentage of the strongly bound enzyme during
WGA affinity chromatography; and (3) the tagged enzymes include a slightly decreased
amount of sialic acid and increased content of internal polylactosamine-type glycans. The
enzymes have slightly different half-lives in circulation (rhTNSALP, 19.1h; CD6-TNSALP,
14.4h; and CD8-TNSALP, 13.5h) after a single intravenous infusion (Fig. 7).

The next question we addressed is whether the tagged enzymes could be targeted more
efficiently to bone. We have demonstrated that more of each tagged enzyme was retained longer
compared to the untagged enzyme in the mineralized region close to growth plate, where
physiological mineralization is initiated. The distribution to other tissues was not significantly
different among the three enzymes. In vitro bone mineralization experiments with the bone
marrow cells from a hypophosphatasia patient indicated that the tagged TNSALP enzymes are
functionally active, like the untagged enzymes in the presence of PPi levels, and enhance
mineralization at the cellular level.
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ERT is an established strategy for treating LSDs and is clinically available or in clinical trials
for Gaucher disease [22], Fabry disease [28], Pompe disease [56], MPS I [26], MPS II, and
MPS VI. Those ERTs result in marked improvement in the visceral organs but little
improvement in the bone and the brain since the enzymes are not delivered effectively to these
tissues. Initial ERT attempts at clinical trials on patients with hypophosphatasia were conducted
in early 1980s, before the cloning of the TNSALP gene, by using plasma from the patients
with Paget disease. These produced discouraging results [36]. The potential reasons for the
unsatisfactory outcome were: (1) the TNSALP present in administered plasma was not
delivered adequately to bone sufficiently to metabolize the high level of PPi to normal
physiologic levels locally; and/or (2) the TNSALP administered did not function as native ALP
in bone.

The potential of selective drug delivery to target tissues has stimulated significant biochemical
inquiry because it can enhance clinical efficacy, reduce pathology and limit a drug’s side effects
in other tissues. Positively charged hydroxyapatite is a major inorganic component of bone and
is not present in soft tissues. Bone is remodeled by a cycle of resorption and formation
throughout life. Therefore, a drug absorbed by hydroxyapatite in the bone, may be released in
the bone resorption process. Such targeting of the drug to hydroxyapatite could be a potential
strategy for a selective drug delivery to the bone [57,58]. Moreover, some bone matrix proteins
(osteopontin, bone sialoprotein, etc.) that bind to hydroxyapatite have been found to have a
repetitive sequence of negatively charged acidic amino acids (Asp or Glu), a possible
hydroxyapatite-binding site [34,59]. In osteoblast cell culture, osteopontin and bone
sialoprotein rapidly bind to hydroxyapatite after the osteoblasts secrete these proteins [60].
Kasugai et al. showed that oligopeptides containing six residues of L-Asp (Asp6 or D6) could
be localized specifically in bone by administering D6 conjugated with fluorescein
isothiocyanate intravenously to mice. The first therapeutic candidate was osteoporosis, the
most common metabolic bone disorder, characterized by microarchitectural deterioration of
bone tissue leading to enhanced bone fragility and an increase in fracture risk. The L-Asp
homopeptides consisting of two to ten residues were conjugated with estradiol and the binding
affinity of each L-Asp homopeptide to hydroxyapatite was investigated. The results showed
that estradiol tagged with D6 is bone-specific compared to estradiol. The uptake level in soft
tissues was less than in estradiol. Thus, estradiol with at least six residues of L-Asp was
observed to prevent bone loss in ovariectomized (osteoporosis) mice without causing liver
damage or increasing uterine weight [61]. Bone density improved with fewer adverse effects,
suggesting that estradiol tagged with the acidic oligopeptide is a potential drug to treat a
postmenopausal osteoporosis [43]. These results indicated the usefulness of tagging a drug
with six or more acidic amino acids in order to more effectively deliver the drug to bone with
bioactivity at least in vitro.

In conclusion, this study provides important new information on the acidic oligopeptide-
tagging strategy designed to deliver a large molecule, like an enzyme, to bone and suggests
the possible clinical application of ERT for hypophosphatasia. Further studies are needed to
prove that these tagged enzymes are physiologically functional in vivo. We demonstrated
bioactivity by the in vitro mineralization experiment, and have determined the optimal number
of L-Asp to tag to TNSALP. The established hypophosphatasia mouse model [62,63] should
provide a great opportunity to evaluate the clinical effectiveness of ERT through the use of
tagged and untagged recombinant enzymes.
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Fig. 1.
Transient expression of rhTNSALP, CD6-TNSALP, and CD8-TNSALP and SDS–PAGE of
the purified enzymes. (A) The cDNA of each enzyme subcloned in pCXN vector was
transfected into CHO-K1 cells with lipofectamine. At 24 and 48h after transfection, the culture
medium and cells were separately collected, and the enzyme activity was determined. (B) The
purified enzymes (0.2 μg) were subjected to SDS–PAGE under reducing condition and stained
with silver. A single band appeared in all the three enzymes. The molecular mass of the
untagged rhTNSALP (lane 1) was approximately 80 kDa, while those of CD6- and CD8-
TNSALP were larger (lanes 2 and 3, respectively).
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Fig. 2.
Concentration-dependent binding curves of the three enzymes to hydroxyapatite. The purified
enzyme was mixed with the hydroxyapatite suspension at a final concentration of 1.0, 2.5, 5.0,
and 10.0μg/ml. The mixture was mixed at 37°C for 1 h, and centrifuged at 14,000× rpm for 10
min to separate the unbound and bound enzymes. To determine the amount of the unbound
enzyme, the enzyme activity in supernatant was measured, and the amount of the bound enzyme
was determined from the amount of both total and unbound enzymes. The affinity to
hydroxyapatite for the tagged enzymes was 30-fold higher than that for the untagged enzyme
and the binding to hydroxyapatite was seen even at low concentration of the tagged enzyme.
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Fig. 3.
ConA affinity chromatography of the three enzymes. The rhTNSALP (A), CD6-TNSALP (B),
and CD8 TNSALP (C) enzymes were applied to the ConA column. After washing the column,
two fractions were eluted by the two different concentrations, 0.01 M (arrow; a) and 0.5 M
(arrow; b) of αMM. There was no difference in the elution profile among the three enzymes.
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Fig. 4.
WGA affinity chromatography and SDS –PAGE of three enzymes before and after
neuraminidasc digestion. (A) Three enzymes before (a –c) and after (d–f) neuraminidase
digestion were applied to the WGA affinity chromatography. The rhTNSALP (a and d), CD6-
TNSALP (b and e), and CD8-TNSALP (c and f) enzymes were applied to the WGA column.
After washing the column, two fractions were eluted by the two different concentrations. 0.1
M (arrow; a) and 0.5 M (arrow; b) of GlcNAc. (B) The enzymes (0.3 μg) were subjected to
SDS –PAGE under reducing condition and stained with silver. A single band was observed at
all the lanes. After the treatment with neuraminidase, the molecular mass of the three enzymes
decreased in a similar proportion.
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Fig. 5.
Biodistribution of fluorescence-labeled enzyme to bone. The three fluorescence-labeled
enzymes were infused into mice by tail vein injections at a dose of 1 mg/kg of body weight.
At the indicated time points, the legs were dissected and sectioned. The sections of legs were
observed under a fluorescent microscopy to evaluate the enzyme distribution at the epiphyseal
region. Three enzymes were distributed to the mineralized region, but not to the growth plate,
gp, growth plate; m, mineralized region (A). The average of the relative areas of fluorescence
from three fields of the fluorescent images at epiphyseal region was quantitated. *p < 0.05 in
comparison with the untagged enzyme. **p < 0.01 in comparison with the untagged enzyme
(B).
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Fig. 6.
Biodistribution of fluorescence-labeled enzyme to liver. The fluorescence-labeled three
enzymes were infused to mice from tail vein at the dose of 1 mg/kg of body weight. At 6 h
after the infusion, the livers were dissected and sectioned. The sections of legs were observed
under a fluorescent microscopy. The distribution patterns in these tissues were comparable
among three enzymes.
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Fig. 7.
Blood clearance of rhTNSALP, CD6-TNSALP, and CD8-TNSALP. The three purified
enzymes were intravenously administered to 1-month-old mice at a dose of 2 U/g body weight.
Plasma was obtained from infraorbital vein at the indicated time points, and the remaining
enzyme activities in plasma were determined.
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Table 3
Binding parameters of three enzymes to hydroxyapatite

Kd (U/ml) Bmax (U/100 μg hydroxyapatite)

rhTNSALP 1.66 ± 0.86 1.0 ± 0.3
CD6-TNSALP 0.059 ± 0.017 3.3 ± 0.8
CD8-TNSALP 0.044 ± 0.005 3.4 ± 0.9

Each value represents means ± SD of three experiments. Kd, dissociation constant, and Bmax, maximal binding rate, were determined from double-
reciprocal plots.
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