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Abstract
Three circulating human bone alkaline phosphatase (BALP) isoforms (B1, B2, and B/I) can be
distinguished in healthy individuals and a fourth isoform (B1x) has been discovered in patients with
chronic kidney disease and in bone tissue. The present study was designed to correlate differing
glycosylation patterns of each BALP isoform with their catalytic activity towards presumptive
physiological substrates and to compare those properties with two recombinant isoforms of the tissue-
nonspecific ALP (TNALP) isozyme, i.e., TNALP-flag, used extensively for mutation analysis of
hypophosphatasia mutations and sALP-FcD10, a chimeric enzyme recently used as therapeutic drug
in a mouse model of infantile hypophosphatasia.

The BALP isoforms were prepared from human osteosarcoma (SaOS-2) cells and the kinetic
properties were evaluated using the synthetic substrate p-nitrophenylphosphate (pNPP) at pH 7.4
and 9.8, and the three suggested endogenous physiological substrates, i.e., inorganic pyrophosphate
(PPi), pyridoxal 5′-phosphate (PLP), and phosphoethanolamine (PEA) at pH 7.4. Qualitative
glycosylation differences were also assessed by lectin binding and precipitation.

The kcat/KM was higher for B2 for all the investigated substrates. The catalytic activity towards PEA
was essentially undetectable. The kinetic activity for TNALP-flag and sALP-FcD10 was similar to
the activity of the human BALP isoforms. The BALP isoforms differed in their lectin-binding
properties and dose-dependent lectin precipitation, which also demonstrated differences between
native and denatured BALP isoforms. The observed differences in lectin specificity were attributed
to N-linked carbohydrates.

In conclusion, we demonstrate significantly different catalytic properties among the BALP isoforms
due to structural differences in posttranslational glycosylation. Our data also suggests that PEA is
not an endogenous substrate for the BALP isoforms or for the recombinant TNALP isoforms. The
TNALP-flag and the sALP-FcD10 isoforms faithfully mimic the biological properties of the human
BALP isoforms in vivo validating the use of these recombinant enzymes in studies aimed at dissecting
the pathophysiology and treating hypophosphatasia.
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Introduction
Despite the generalized use of alkaline phosphatase (ALP) as a biochemical marker of bone
formation, the precise function of bone ALP (BALP) is only now becoming clear. Studies of
hypophosphatasia, a rare inherited disorder, caused by missense mutations of the tissue-
nonspecific (TNALP) gene, have provided evidence for an important role for ALP in the
development and mineralization of the human skeleton [1] and recent studies on TNALP
knockout mice, which recapitulate infantile hypophosphatasia [2,3], suggest a role of BALP
as a pyrophosphatase (i.e., cleaving inorganic pyrophosphate (PPi), a potent inhibitor of
mineralization), thus promoting mineral deposition in vivo [4].

ALP is a glycoprotein that functions as an ectoenzyme attached to the cell membrane by a
glycosylphosphatidylinositol (GPI) anchor [5,6]. In vitro studies have shown that BALP is
released from the surface of osteoblasts in a GPI anchor-intact form attached to membrane
vesicles, called matrix vesicles [7–9]. BALP is cleaved from insoluble membrane fragments
by GPI-specific phospholipase D (GPI-PLD), before it enters the circulation in an anchor-free
(soluble) form [10,11]. Three endogenous phosphocompounds, PPi, pyridoxal 5′-phosphate
(PLP), and phosphoethanolamine (PEA), have been suggested to serve as physiological
substrates for BALP since they accumulate in patients with hypophosphatasia, where there is
a global deficiency of TNALP [1,12]. The most commonly used substrate for determination
of ALP, however, continues to be the synthetic substrate p-nitrophenylphosphate (pNPP) at
pH 9.8 (optimum, in vitro).

In humans, there are four genes that encode for the ALP isoenzymes: tissue-nonspecific,
placental, germ cell, and the intestinal locus [13]. TNALP is expressed at high levels in bone
and liver tissues, and account for approximately 95% of the total serum ALP activity, with a
ratio of approximately 1:1 in healthy adults [14]. Because liver ALP and BALP are encoded
by the same gene locus, they are referred to as isoforms of the same TNALP isozyme.

Human bone tissue contains four BALP isoforms (B/I, B1x, B1, and B2), of which the B/I, B1
and B2 isoforms are commonly found in the circulation by high-performance liquid
chromatography (HPLC) [15,16]. The B/I isoform (bone/intestinal) is not a “pure” bone
isoform since it co-elutes with circulating intestinal ALP and is composed, on average, of 70%
BALP and 30% intestinal ALP. A fourth bone isoform, B1x, has been identified in serum from
some patients with chronic kidney disease [17,18] and in human bone tissue [19]. The
circulating levels of these isoforms can vary independently during the pubertal growth spurt
[20] and in metabolic bone disease [15,17,21], and they differ also with respect to their
distribution in human cortical and trabecular bone [22].

Glycosylation is the most common form of posttranslational modification of proteins and the
carbohydrate chains of glycoproteins have integral roles in the functional properties of
glycoproteins [23]. There are two major types of glycans, N-linked and O-linked. N-linked
glycans are linked to asparagine residues in an Asn-X-Ser/Thr motif, and O-linked glycans are
linked to serine or threonine. Glycosylation produces numerous structural modifications and
increasing evidence indicates that these carbohydrates are important for protein sorting, cell
signaling, immune and receptor recognition and cell differentiation among other processes
[24]. It has been confirmed that both bone and liver ALP are N-glycosylated but the number
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of sites is not known [25]. The differences between bone and liver can also be due to differences
in O-glycosylation.

Most studies aimed at elucidating the biochemical basis for the pathogenesis of
hypophosphatasia make use of recombinant human TNALP expressed in vitro [13]. One such
recombinant enzyme, TNALP-flag, expressed in COS-1 or Chinese hamster ovary cells, has
been used to characterize the residual kinetic properties of different hypophosphatasia
mutations [26]. Another recombinant TNALP, a fusion protein containing the TNALP
ectodomain, an Fc domain and a polyaspartate sequence, has recently been expressed in
Chinese hamster ovary cells and used to prevent all the manifestations of infantile
hypophosphatasia by means of enzyme replacement therapy [27]. The present study was
designed with two goals in mind. First, to investigate the catalytic properties of the four known
BALP isoforms B/I, B1x, B1, and B2, in relation to three suggested endogenous substrates,
PPi, PLP and PEA, at physiological pH 7.4, and the synthetic substrate pNPP at pH 7.4 and
pH 9.8. Second, to relate the kinetic behavior of the two most significant human recombinant
TNALP isoforms, TNALP-flag and sALP-FcD10 to that of the purified human isoforms. As
part of this study, we characterized postulated differences in posttranslational glycosylation
patterns among the BALP isoforms and investigated the role of these carbohydrate side-chains
in influencing their catalytic properties.

Materials and methods
Human BALP isoforms and recombinant human TNALPs

The BALP isoforms (B/I, B1x, B1, and B2) were prepared from human osteosarcoma SaOS-2
cells (ATCC-LGC Promochem, Rockville, MD, USA) and a stable, high-BALP subpopulation
of those cells was used throughout the current studies [28,29].

Two recombinant forms of TNALP were used for kinetic measurements. The TNALP cDNA
(ATCC no. 59635; American Type Culture Collection, Manassas, VA, USA) was used as a
template for the construction of the recombinant form TNALP-flag. To facilitate isolation, a
FLAG epitope (5′-TTA CTT GTC ATC GTC GTC CTT GTA GTC-3′) and a termination codon
to eliminate the GPI-anchoring signal was introduced [26]. TNALP-flag protein was expressed
in SV40-transformed African green monkey kidney COS-1 cells as before [26]. The other
recombinant form, sALP-FcD10, contains recombinant human TNALP (sALP), the constant
region of human IgG1 Fc domain (Fc), and a deca-aspartate (D10) motif for targeting to
mineralizing tissue and was expressed in Chinese hamster ovary DG44 cells [27,30].

Cell culture methods
All reagents were obtained from Sigma (St Louis, MO, USA) if not stated otherwise. The
SaOS-2 cells were grown in 100 mm dishes in Dulbecco’s modified Eagle’s medium - high
glucose, supplemented with 10% fetal calf serum, 1% penicillin/streptomycin, 40 U/mL
nystatin and incubated at 37°C with 95% humidity and 5% CO2. Medium was removed when
the cultures were confluent and the dishes were rinsed three times with phosphate-buffered
saline and stored at −20°C for extraction of BALP.

Purification of GPI-PLD
GPI-PLD was purified from commercially available human serum (Sigma). Serum was
incubated with 9% polyethylene glycol for 1 hour, centrifuged at 2600 × g for 15 minutes to
remove insoluble materials. The supernatant was filtered through a 0.22 fm filter, centrifuged
through a Vivaspin 20 concentrator, MWCO 300 kDa (Vivascience AG, Hannover, Germany),
concentrated with aquacide and dialyzed in “Buffer A” (i.e., 50 mM Tris, 10 mM NaCl, 2 mM
CaCl2, pH 7.75). This solution was applied to a DEAE Sepharose column, eluated with 0.010–
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0.500 M NaCl (total volume 500 mL) in Buffer A. Each fraction was tested for GPI-PLD
activity as reported elsewhere [22] and the fractions containing GPI-PLD was pooled,
concentrated with aquacide and dialyzed in Buffer A. The solution containing GPI-PLD was
applied to a Concanavalin A column and eluated with 0.1 M glucose in Buffer A. The fractions
containing GPI-PLD was pooled, concentrated with aquacide, dialyzed with Buffer A and
stored at −70°C.

Purification of the BALP isoforms
SaOS-2 cells were homogenized in 100 mM Tris, 1 mM benzamidine and 0.01 mg/mL
phenylmethylsulfonyl, pH 8.3, 1 mL per dish and incubated in ice-cool butanol to a final
concentration of 30% for 24 hours at 4°C with constant stirring and centrifuged 1500 × g for
15 minutes to separate the two phases. The lower phase was collected and dialyzed with 10
mM Tris, 0.1 mM MgCl2 and 10 μM zinc acetate, pH 8.3 to remove butanol and GPI-PLD was
added to a final concentration of 25% together with 0.01% NP-40 and 50 μM zinc acetate and
incubated for 16 h at 37°C with constant shaking. To separate the soluble (anchor-depleted)
BALP from insoluble (anchor-intact) BALP, the preparation was incubated 1:1 with 20 mM
Tris, 0.2 mM MgCl2, 20 μM zinc acetate and 4% Triton X-114, pH 8.3 for 30 minutes in a 37°
C water bath and centrifuged at 1500 × g for 10 minutes to separate the two phases.

The upper phase containing soluble BALP was collected, concentrated with aquacide and
dialyzed with 12.5 mM Tris, 12.5 mM NaHCO3, 10 μM zinc acetate, pH 8.5 before applied to
a Q-Sepharose column and eluted with 0.05–0.20 M sodium acetate (total volume 300 mL) in
a buffer of 20 mM Tris and 10 μM zinc acetate, pH 7.6. The isoforms were identified by HPLC.

Measurement of BALP isoforms by HPLC
The BALP isoforms B/I, B1x, B1, and B2 were determined by a previously described HPLC
[15,16]. In brief, the BALP isoforms were separated using a gradient of 0.6 M sodium acetate
on a weak anion-exchange column, SynChropak AX300 (250 × 4.6 mm I.D.) (Eprogen, Inc.).
The effluent was mixed on-line with the substrate solution (1.8 mM pNPP in a 0.25 M
diethanolamine buffer at pH 10.1) and the ensuing reaction took place in a packed-bed post-
column reactor at 37°C. The formed product (p-nitrophenol) was then directed on-line through
the detector set at 405 nm. The areas under each peak were integrated and the total ALP activity
used to calculate the relative activity of each of the detected BALP isoforms.

Kinetic measurements
The purified isoforms were diluted to suitable concentrations with buffer containing 12.5 M
Tris, 12.5 M NaHCO3 and 10 μM Zn acetate at pH 8.5 [31]. Kinetic properties were evaluated
using the substrate pNPP in 1 M diethanolamine buffer containing 1 mM MgCl2 and 20 μM
zinc acetate at pH 7.4 and 9.8 and the three substrates PPi, PLP, and PEA in a 50 mM Tris
buffer with 1 mM MgCl2 and 20 μM zinc acetate at pH 7.4. For pNPP, at pH 7.4 and 9.8, the
absorbance was measured continuously for five and ten minutes, respectively. For the other
substrates, the amount of free inorganic phosphate was determined after 60 minutes for PPi,
120 minutes for PLP and 48 hours for PEA [32]. The used concentrations for pNPP pH 9.8
and 7.4 were 0.1–10 mM, PPi and PLP were 2–10 mM, and for PEA 10–50 mM. The kinetic
parameters, maximum reaction velocity (Vmax), Michaelis constant (KM) and the catalytic rate
constant (kcat) were determined from a Hanes-Wolf plot were the substrate concentration was
plotted against the substrate concentration divided with reaction velocity.

To study the effects of terminal sialic acid residues, the isoforms (1 mL each) were treated with
100 μL neuraminidase 20 U/mL in a 20 mM Tris buffer pH 7.6 containing 20 μM zinc acetate,
and incubated for 2 hours at 37°C. The kinetic properties were assessed in the same approach
as for untreated BALP isoforms.
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The kinetic properties for the recombinant TNALP-flag and sALP-FcD10 were determined by
the same methods as for the isoforms. The substrates tested were pNPP at pH 7.4 and pH 9.8,
PPi, PLP, and PEA at pH 7.4.

Migration of BALP isoforms in a native gel
The four BALP isoforms (with or without neuraminidase treatment) were separated on a Tris/
Glycine polyacrylamide gel 4–12%. The isoforms were treated with 5 μL neuraminidase 20
U/mL in a 20 mM Tris buffer at pH 7.6 containing 20 μM zinc acetate to 20 μL of each BALP
isoform and incubated for 2 hours in 37°C in a water bath. After electrophoresis, the isoforms
were stained in the gel using 1.0 M 2-methyl-2-amino-1,3-propanediol buffer containing 3 mM
MgCl2, 4.4 mM naphthyl phosphate and 1 g/L Variamine Blue RT salt (4-aminodiphenylamine
diazonium sulphate).

Qualitative determination of glycosylation patterns
The BALP isoforms (B/I, B1x, B1, and B2) were denatured in 70°C for 10 minutes and applied
to a SDS polyacrylamide gel and blotted to a nitrocellulose membrane. The glycosylation
pattern of the different BALP isoforms was studied with the DIG Glycan Differentiation kit
(Roche Applied Science, Basel, Switzerland). This kit contains the following digoxigenin
labeled lectins: Datura stramonium agglutinin (DSA), Sambucus nigra agglutinin (SNA),
Peanut agglutinin (PNA), Galanthus nivalis agglutinin (GNA), and Maackia amurensis
agglutinin (MAA). DSA indicates galactose-β(1–4)-N-acetylglucosamine; SNA, sialic acid
terminally linked α(2–6) to galactose or N-acetylgalactosamine; PNA, galactose-β(1–3)-N-
acetylgalactosamine; GNA terminal linked mannose; and MAA, sialic acid terminally linked
α(2–3) to galactose. Each BALP isoform was immobilized to a nitrocellulose membrane and
thereafter incubated with the digoxigenin labeled lectins. The binding of each lectin to a
particular carbohydrate structure was visualized with an ALP-labeled anti-digoxigenin
antibody. The specificity of the lectin binding was tested with positive controls with known
carbohydrate side-chains. Fetuin was a positive control for DSA and MAA, carboxypeptidase
Y for GNA, transferrin for SNA, and asialofetuin for PNA.

The N-Glycosidase F deglycosylation kit was used to assess if the linked carbohydrates were
N- or O-linked. Each BALP isoform was heat-denatured at 70°C, treated with N-Glycosidase
F that cleaves N-linked glycan chains, and thereafter investigated with the DIG Glycan
Differentiation kit with the same approach as for the untreated BALP isoforms.

Lectin precipitation
The BALP isoforms were precipitated by incubation with DSA, PNA and SNA. Duplicate
aliquots of each BALP isoform at 100–300 U/L were incubated with graded doses of each
lectin, in a total volume of 0.1 mL for 30 minutes at 37°C. After precipitation, the samples
were centrifuged at 7500 × g for 10 minutes and the remaining BALP isoform activity was
measured in the supernatant.

Results
Kinetic properties of the BALP isoforms

Significantly different catalytic properties were found among the purified human BALP
isoforms. The kcat/KM was 35-fold and 18-fold higher for B2 in comparison with B1 for the
substrate pNPP at pH 9.8 and pH 7.4, respectively (Fig. 1; Table 1). A similar trend was
observed with the other substrates, i.e., kcat/KM was 38-fold higher for B2 in comparison with
B1 with PPi, and 415-fold higher with PLP. The catalytic activity, using PEA as substrate, was
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barely detectable (Fig. 2; Table 1). Treatment with neuraminidase decreased the catalytic
activity for all the investigated substrates, except for pNPP at pH 9.8.

Kinetic properties of recombinant TNALP-flag and sALP-FcD10
TNALP-flag had higher catalytic activities than sALP-FcD10 for the substrates PPi (3.5-fold)
and PLP (1.7-fold), while sALP-FcD10 had higher catalytic activity than TNALP-flag for pNPP
at pH 9.8 (2.5-fold) and at pH 7.4 (6.9-fold). The catalytic activity for both TNALP-flag and
sALP-FcD10 is comparable with the activity of the human BALP isoforms using pNPP at pH
9.8, as well as PPi and PLP at pH 7.4. The activity, using PEA as a substrate, was next to
nothing for both TNALP-flag and sALP-FcD10 (Table 2).

Glycosylation studies
The BALP isoforms, B/I, B1x, B1 and B2, showed different migration patterns through native
gels, which indicates that they differ with respect to charge and shape. However, all four BALP
isoforms migrated more similar after treatment with neuraminidase, which indicates that the
gel-migrating differences were due to terminal sialic acid residues (Fig. 3).

Qualitative glycosylation patterns of the denatured BALP isoforms were investigated with the
DIG Glycan Differentiation kit, which utilize five different lectins (i.e., GNA, SNA, DSA,
PNA, and MAA). GNA, that bind terminal linked mannose, showed reactivity with B/I, and
SNA that indicates sialic acid, terminally linked α(2–6) to galactose or N-acetylgalactosamine,
and DSA that indicates galactose-β(1–4)-N-acetylglucosamine, had reactivity with B1 and
B1x, but not with B2 and B/I. PNA that bind galactose-β(1–3)-N-acetylgalactosamine, showed
reactivity only with B2, and MAA that indicates sialic acid terminally linked α(2–3) to
galactose did not bind to any of the BALP isoforms (Table 3).

None of the applied lectins had any reactivity towards the BALP isoforms after treatment with
N-Glycosidase F, which indicates that all of the demonstrated lectin binding capacities of
denatured BALP isoforms were due to N-linked oligosaccharides.

The effects of the dose-dependent lectin precipitation with DSA, SNA and PNA on native
BALP isoforms are shown in Figure 4. DSA, which binds galactose-β(1–4)-N-
acetylglucosamine, precipitated all four isoforms. SNA, that binds sialic acid, terminally linked
α(2–6) to galactose or N-acetylgalactosamine and PNA, that binds galactose-β(1–3)-N-
acetylgalactosamine, did not precipitate any of the four BALP isoforms at lectin concentrations
of 0–5 mg/mL.

Discussion
Circulating ALP has been used for many years as a biochemical marker of bone turnover,
specifically bone formation, and for monitoring the treatment of patients with metabolic bone
disease. At least six different ALP isoform peaks can be separated and quantified by weak
anion-exchange HPLC in serum from healthy individuals: three BALP isoforms (B/I, B1 and
B2) and three liver ALP isoforms (L1, L2 and L3) [15,16]. In healthy adults, the BALP
isoforms, B/I, B1 and B2, account on average for 4, 16 and 37%, respectively, of the total
serum ALP activity [19]. In serum, the minor fraction B/I is not a pure bone isoform as it co-
elutes with the intestinal ALP isozyme and is composed, on average, of 70% bone and 30%
intestinal ALP. The BALP isoforms differ with respect to sensitivity to precipitation with wheat
germ lectin, i.e., B1 and B2 have more (or more reactive) sialic acid residues compared with
B/I [31]. The reported differences in the content sialic acid differences result also in differences
in molecular weights and the sialic acid residues present in BALP affect the immunoreactivity
of monoclonal antibodies (MAbs) against bone ALP [33].
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In this paper, we have extended the characterization of the glycosylation differences between
these BALP isoforms. The isoforms did not show the same migration pattern in native gels,
suggesting that they differ in charge and shape; however, they had the same migration pattern
in native gels when the terminal sialic acid residues were removed with neuraminidase. In
addition, the differences in lectin binding properties disappeared after treatment with N-
Glycosidase F, which removes N-linked glycans. These observations confirm indeed that the
core structure of the BALP isoforms is the same, in agreement with the fact that they result
from the expression of a single ALPL gene locus, and that the isoforms differ only in
posttranslational modifications [13]. The dose-dependent precipitation with the lectins DSA,
SNA and PNA showed different results than the binding of the same lectins to the isoforms
immobilized to the nitrocellulose membrane. The isoforms were native in the precipitation
study and denatured when bound to the nitrocellulose membrane. The N-linked glycans are
situated close to the active site of the BALP molecule [33]. In its native form, the protein
structure prevents the lectin from binding, but when the protein is denatured the lectin can bind
to the protein. The N-linked glycans plays a specific role in the catalytic activity and can be
the reason to the different kinetic of the isoforms.

It is of interest, and of methodological importance, that we have previously evaluated the
specificities and target epitopes of 19 monoclonal antibodies raised against BALP and found
that some were capable of distinguishing to some extent between the BALP isoforms [33]. The
epitope specificities of both of the monoclonal antibodies used in available commercial assays
[34,35] were grouped with those antibodies with specificity toward an antigenic domain close
to the active site of BALP. Four of the 5 putative N-glycosylation sites are located within or
in close proximity to this domain. Considering the results from the present study that the
observed differences in lectin specificity were attributed to N-linked carbohydrates, it is not
surprising that these MAbs work sufficiently well in the routine clinical laboratory setting for
measurement of BALP in patients with metabolic bone disease.

Three endogenous compounds, i.e., PPi, PLP, and PEA, have been suggested as physiological
substrates for BALP [1,12]. Importantly, we found largely different kinetic properties of each
of the BALP isoforms at physiological pH for the physiological substrates PPi and PLP. The
B2 isoform had significantly higher kcat/KM values for all the investigated substrates. In human
serum the activity of B2 is much higher than for B1. This difference in activity of the isoforms
in the circulation can thus be explained by the isoforms different catalytic activity. The amount
of B2 is less than the amount of B1 in serum; however, a decrease of B2 will influence the total
ALP activity and show a bigger loss of activity than a decrease of B1. Different reaction kinetics
for the BALP isoforms could result in differences in their ability to regulate the inhibitory
levels of the substrate PPi. All isoforms showed extremely low activity with PEA. The kcat/
KM with PEA was about 10,000 times lower than for PPi and about 800–5000 times lower than
for PLP. This finding indicates that PEA is most likely not a physiological substrate of BALP
[1,12]. However, PEA could still be an endogenous substrate for other isoforms, e.g., liver
ALP, also expressed from the TNALP locus. A study of patients with adult hypophosphatasia
reported an inverse correlation of urinary levels of PEA and phosphoserine with residual liver
ALP but not BALP [36]. Thus, it remains to be investigated if glycosylation differences in
liver ALP may enhance the ability of those TNALP isoforms to catalyze PEA.

Some anatomical differences in the skeletal content of the BALP isoforms have been described
in human femora. Cortical bone had about 2-fold higher activities of B1 compared with B2,
and trabecular bone had about 2-fold higher activities of B2 compared with B1 [19,22]. Ten-
fold higher activities in serum have been reported for the BALP isoforms B1 and B2 during
childhood and adolescence in comparison with adults [20]. The circulating levels of the BALP
isoforms vary also independently during the pubertal growth spurt. Girls, 15–16 years, have
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higher levels than boys for the calculated ratio B2/B1 due to a more rapid decline of B2
compared with the BALP B1 isoform after puberty [20].

We deemed it important to compare the behavior of two commonly used recombinant TNALP
isoforms with those of the BALP isoforms, B1, B2 and B1x, and B/I, to better understand how
they relate to physiological in vivo circumstances. The two recombinant isoforms TNALP-flag
and sALP-FcD10 showed similar catalytic activities as the human BALP isoforms for all the
tested substrates. Therefore, the TNALP-flag and the sALP-FcD10 isoforms faithfully mimics
the biological properties of the human BALP isoforms in vivo and further validates the use of
these recombinant enzymes in studies aimed at dissecting the pathophysiology of
hypophosphatasia. This sALP-FcD10 isoform has recently been used successfully for enzyme
replacement therapy to prevent infantile hypophosphatasia in a murine model of the disease
[27], and its use to treat advanced infantile hypophosphatasia and adult hypophosphatasia is
under investigation. It is reassuring to see that the sALP-FcD10 properties resemble those of
the endogenous human BALP isoforms.

In conclusion, the BALP isoforms have different catalytic properties due to structural
differences in their posttranslational N-linked glycosylation. The B2 isoform had significantly
higher kcat/KM values in comparison with the other BALP isoforms for all the investigated
substrates. In addition, our results suggest also that PEA is not an endogenous substrate for the
human BALP isoforms or for the recombinant isoforms. The kinetic activity for the
recombinant isoform TNALP-flag, used extensively for mutation analysis of
hypophosphatasia; and sALP-FcD10, a chimeric enzyme recently used as therapeutic drug in
a mouse model of hypophosphatasia, is comparable with the human BALP isoforms. Future
investigations will focus on the clinical significance and functional mechanisms of the revealed
molecular differences between the BALP isoforms, which ultimately could advance our
understanding of bone cell biology and skeletal mineralization.
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Fig. 1.
Kcat/KM for the four BALP isoforms using the synthetic substrate pNPP at pH 9.8 and at 7.4.
The BALP B2 isoform had 35-fold higher activity than the B1 isoform for pNPP at pH 9.8.
The same trend was observed with pNPP at pH 7.4. The catalytic activities were higher at pH
9.8, but lower at pH 7.4, when the BALP isoforms were treated with neuraminidase. ■ = BALP
isoforms treated with neuraminidase.

Linder et al. Page 11

Bone. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Kcat/KM for the four BALP isoforms using the three suggested endogenous substrates:
inorganic pyrophosphate (PPi), pyridoxal 5′-phosphate (PLP) and phosphoethanolamine
(PEA) at pH 7.4. B2 had the highest activity for all the natural substrates. The catalytic activity
for PEA was barely detectable for all four BALP isoforms. ■ = BALP isoforms treated with
neuraminidase.
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Fig. 3.
Migration of BALP isoforms in a native gel. B1, B2, B1x and B/I are untreated BALP isoforms
and B1*, B2*, B1x* and B/I* are isoforms treated with neuraminidase prior analysis. The
untreated isoforms had different migration patterns through the gel, but more similar migration
patterns after treatment with neuraminidase.
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Fig. 4.
Dose-dependent lectin precipitation on native BALP isoforms: B1 (●), B2 (○), B1x (▼;), and
B/I (△). Each data point is expressed as a mean of samples in duplicate. (A) DSA, 0–5 mg/
mL; (B) DSA, 0–0.5 mg/mL; (C) SNA, 0–5 mg/mL; and (D) PNA, 0–5 mg/mL. DSA caused
significant precipitation, even at low concentrations, for all four BALP isoforms, whereas no
major precipitation was observed for SNA and PNA.

Linder et al. Page 14

Bone. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Linder et al. Page 15

Table 1
Catalytic activity for the BALP isoforms using different substrates

BALP isoform Vmax (M/min) Kcat/KM (M−1s−1) Kcat/KM (M−1s−1) neuraminidase

pNPP pH 9.8

B1 0.123·10−6 0.003 0.010

B2 0.098·10−6 0.103 0.168

B1x 0.079·10−6 0.015 0.019

B/I 0.239·10−6 0.040 0.054

pNPP pH 7.4

B1 0.114·10−6 0.004 0.001

B2 0.116·10−6 0.073 0.039

B1x 0.111·10−6 0.031 0.009

B/I 0.208·10−6 0.030 0.006

PPi

B1 4.71·10−6 0.001 0.0004

B2 1.26·10−6 0.027 0.0071

B1x 6.96·10−6 0.007 0.0036

B/I 4.98·10−6 0.005 0.0042

PLP

B1 0.037·10−6 0.00008 0.0004

B2 0.713·10−6 0.03410 0.0310

B1x 0.829·10−6 0.00450 0.0028

B/I 1.030·10−6 0.00710 0.0088

PEA

B1 6·10−10 0.1·10−6 1·10−6

B2 60·10−10 7.2·10−6 75·10−6

B1x 9·10−10 0.6·10−6 —

B/I 30·10−10 1.1·10−6 22·10−6
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Table 2
Catalytic activity for the recombinant human isoforms TNALP-flag and sALP-FcD10 using different substrates

Recombinant ALP forms Vmax (M/min) Kcat/KM (M−1s−1)

pNPP pH 9.8 TNALP-flag 0.508·10−6 0.056

sALP-FcD10 0.568·10−6 0.138

pNPP pH 7.4 TNALP-flag 0.043·10−6 0.0016

sALP-FcD10 0.081·10−6 0.0111

PPi TNALP-flag 3.220·10−6 0.026

sALP-FcD10 0.817·10−6 0.0074

PLP TNALP-flag 0.940·10−6 0.012

sALP-FcD10 0.320·10−6 0.0070

PEA TNALP-flag - 0.006·10−6

sALP-FcD10 0.021·10−6 20·10−6
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Table 3
Specific binding of different lectins to denatured BALP isoforms in order to characterize different patterns of
glycosylation

BALP isoforms

Lectins B1 B2 B1x B/I

DSA +++ — +++ —

SNA +++ — +++ —

PNA — (+) — —

GNA — — — +

MAA — — — —

— no reaction, (+) weak reaction, + reaction, ++ strong reaction, +++ very strong reaction
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