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Abstract

Hypophosphatasia features selective deficiency of activity of
the tissue-nonspecific (liver/bone/kidney) alkaline phos-
phatase (ALP) isoenzyme (TNSALP); placental and intesti-
nal ALP isoenzyme (PALP and IALP, respectively) activity
is not reduced. Three phosphocompounds (phosphoethanol-
amine [PEA], inorganic pyrophosphate [PPi], and pyri-
doxal 5'-phosphate [PLP]) accumulate endogenously and
appear, therefore, to be natural substrates for TNSALP.
Carriers for hypophosphatasia may have decreased serum
ALP activity and elevated substrate levels.

To test whether human PALP and TNSALP are physio-
logically active toward the same substrates, we studied PEA,
PPi, and PLP levels during and after pregnancy in three
women who are carriers for hypophosphatasia. Hypophos-
phatasemia corrected during the third trimester because of
PALP in maternal blood. Blood or urine concentrations of
PEA, PPi, and PLP diminished substantially during that
time. After childbirth, maternal circulating levels of PALP
decreased, and PEA, PPi, and PLP levels abruptly in-
creased. In serum, unremarkable concentrations of IALP
and low levels of TNSALP did not change during the study
period.

We conclude that PALP, like TNSALP, is physiologically
active toward PEA, PPi, and PLP in humans. We speculate

. from molecular/crystallographic information, indicating
significant similarity of structure of the substrate-binding
site of ALPs throughout nature, that all ALP isoenzymes
recognize these same three phosphocompound substrates.
(J. Clin. Invest. 1995. 95:1440-1445.) Key words: enzyme ¢
mineralization - rickets » phosphocompounds ¢ vitamin B,
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Introduction

Alkaline phosphatases (ALPs)' are ubiquitous in nature (1).
Nevertheless, the physiological role(s) of these enzymes is
poorly understood (2). Their biochemical designation (ortho-
phosphoric monoester phosphohydrolase [alkaline optimum]:
EC 3.1.3.1) reflects catalytic properties characterized in vi-
tro (1).

In humans, at least four genes encode ALP isoenzymes (3).
Three ALP genes at chromosome 2q34-37 are expressed in
essentially a tissue-specific manner and produce a placental,
placental-like, and intestinal ALP isoenzyme (PALP, PLALP,
and IALP, respectively). The fourth ALP gene, at chromosome
1p36.1-34, encodes a family of proteins that differ from one
another only by posttranslational modification; these secondary
ALP isoenzymes are present throughout the body, but individu-
ally are most abundant in hepatic, skeletal, and renal tissue (4).
Accordingly, they are collectively called liver/bone/kidney or
tissue-nonspecific ALP (TNSALP) (1-4). At the amino acid
level, the tissue-specific ALP isoenzymes are 86—98% identical
to one another (5, 6), but 52—56% identical when compared
with TNSALP (7).

Insight concerning the physiological function of TNSALP
in humans has come from investigation of hypophosphatasia
(2, 8), a rare heritable metabolic bone disease characterized
biochemically by a deficiency of TNSALP activity (9). Clinical
features include rickets in children or osteomalacia in adults
and premature loss of teeth because of defective formation of
dental cementum (9). In hypophosphatasia, three phosphocom-
pounds (phosphoethanolamine [PEA], inorganic pyrophos-
phate [PPi], and pyridoxal 5’-phosphate [PLP]) accumulate
endogenously and appear, therefore, to be natural substrates
for TNSALP (8, 9). PPi is an inhibitor of calcification and,
accordingly, increased levels could account for the skeletal dis-
ease (8, 10). Identification of 12 missense mutations to date
within the TNSALP gene (11-13 and Henthorn, P. S., M.
Raducha, V. Fimiani, K. N. Fedde, and M. P. Whyte, manuscript
in preparation) associated with hypophosphatasia and a trans-
fection study, which showed that one of these nucleotide
changes destroyed the enzyme’s catalytic action (11), establish
that this heritable metabolic bone disease is an inborn error of

1. Abbreviations used in this paper: ALP, alkaline phosphatase; IALP,
intestinal ALP isoenzyme; PALP, placental ALP isoenzyme; PEA, phos-
phoethanolamine; PLALP, placental-like ALP isoenzyme; PLP, pyri-
doxal 5'-phosphate; PPi, inorganic pyrophosphate; PS, phosphoserine;
TNSALP, tissue-nonspecific ALP isoenzyme.



metabolism and that TNSALP has a critical role in skeletal
mineralization and formation of dentition in humans (8).

Although investigation of hypophosphatasia has provided
considerable insight concerning the biological role of TNSALP
(8) in biomineralization, inborn errors of PALP, PLALP, and
IALP biosynthesis have not been described, and the function
of these tissue-specific ALP isoenzymes is less well understood
(1). ALP gene knockout models in animals have not yet been
reported. Furthermore, the tissue specificity and organization of
the human ALP genes is not homologous in mice (1), and
murine knockout models will not be completely analogous for
exploring human ALP isoenzyme function.

X-ray crystallographic study of Escherichia coli ALP (14)
together with comparisons of the ALP proteins of a variety of
organisms (15, 16) indicate that the core structure, active site,
and catalytic mechanism of this enzyme have been significantly
conserved throughout evolution. Accordingly, we hypothesized
that PALP and TNSALP (and by extrapolation all four of the
ALP isoenzymes in humans) possess similar substrate specific-
ity. We tested this hypothesis by studying throughout and after
pregnancy women who were hypophosphatasia carriers (i.e.,
TNSALP-deficient). In the course of the investigation, we quan-
titated serum ALP isoenzymes, plasma PLP, and urinary PEA
and PPi. We predicted that levels of these three phosphocom-
pounds would diminish during the latter stages of gestation
when significant amounts of PALP are synthesized endoge-
nously if, in fact, the substrate specificity of PALP is similar
to TNSALP.

Methods

Subjects. Subjects A, B, and C each had had a child with either the
moderately severe childhood form or more mild odonto form of hypo-
phosphatasia (9). Each woman had participated in a screening investiga-
tion of their kindred (before the pregnancy study described herein)
and manifested biochemical findings consistent with carrier status for
hypophosphatasia (hypophosphatasemia and elevated plasma PLP lev-
els), but did not have clinical evidence of hypophosphatasia. Respec-
tively, they had serum total ALP activity (assayed in different clinical
laboratories) of 8 IU/liter (35-100 normal), 19 IU/liter (28-91 nor-
mal), and 11 IU/liter (35-100 normal); plasma PLP concentrations
were 624, 136, and 164 nM (30-110 normal ). These same biochemical
abnormalities were also present in a few of their first-degree relatives,
several of whom had medical histories suggestive of mild skeletal/
dental manifestations of hypophosphatasia. However, the husbands of
the study volunteers and the husbands’ relatives had serum total ALP
activities and plasma PLP levels that were unremarkable and they did
not have clinical features of hypophosphatasia. Subsequent molecular
studies of leukocyte DNA, using allele-specific oligonucleotide hybrid-
ization of the 12 known TNSALP missense mutations associated with
hypophosphatasia (11-13 and Henthorn, P. S., M. Raducha, V. Fimiani,
K. N. Fedde, and M. P. Whyte, manuscript in preparation), identified
subject A and her affected children to carry a 1309-T (cDNA) base
change in one TNSALP allele. The affected child of subject B is negative
for 11 of the TNSALP mutations searched for to date. Molecular investi-
gation of subject C is recently underway. Thus, our cumulative informa-
tion provides no evidence that the husbands are carriers for hypophos-
phatasia. Although further study is necessary, the disorder may have
been transmitted from the mothers, consistent with several reports of
autosomal dominant transmission with variable penetrance for mild
forms of this inborn error of metabolism (17-20).

Specimen collection. After the review of the provocative but limited
peripartum data from our pilot study of subject C, we conducted com-
plete prospective investigations of subjects A and B beginning in early
pregnancy and ending several months after childbirth.

After informed consent from each volunteer, at that time of monthly

prenatal and postnatal checkups, their obstetrician froze a specimen
of serum and heparinized plasma as well as aliquots from 24-h urine
collections. Throughout the hospitalizations for childbirth, spot or 24-
h urine collections and blood samples were obtained. Specimens were
shipped on dry ice periodically during the study, stored at —40°C, and
soon after assayed in duplicate. When the pregnancy was discovered,
per routine practice by obstetricians, each woman received prenatal
multivitamins containing 4 mg of vitamin B as pyridoxine that were
continued throughout the study. Umbilical cord blood was obtained from
each newborn to screen for biochemical changes of hypophosphatasia.

Biochemical assays. Serum total ALP activity was assayed kinet-
ically in the laboratory of the Metabolic Research Unit, Shriners Hospital
for Crippled Children (St. Louis, MO) with a spectrophotometer (DU-
6; Beckman Instruments, Inc., Brea, CA) according to the method of
McComb, Bowers, and Posen (1) at pH 10.1 using p-nitrophenylphos-
phate substrate; normal range (+2 SD mean) for adults was 28-91 IU/
liter and for children 80—342 IU/liter. Creatinine in urine was quanti-
tated with this same instrument. Urinary PEA was measured at the
Metabolic Genetics Laboratory of the Department of Pediatrics, Wash-
ington University School of Medicine (St. Louis, MO) using a Beckman
7300 analyzer and reagents and procedures provided by the manufac-
turer. This method also quantitated urinary phosphoserine (PS) (see
below). Urinary PPi was quantitated at The Medical College of Wiscon-
sin (Milwaukee, WI) by a modification of the radiometric uridine di-
phosphoglucose pyrophosphorylase method of Cheung and Suhadolnik
(21). Plasma PLP was assayed at the Fort Wayne State Developmental
Center (Fort Wayne, IN) by the cation-exchange, high-pressure liquid
chromatography procedure developed in that laboratory (22); normal
range was 30—-110 nM. PALP and the bone form of TNSALP in serum
were estimated at the Metabolic Research Unit, Shriners Hospital for
Crippled Children (St. Louis, MO) by heat inactivation at 65°C for 5
min or 56°C for 15 min, respectively (1). PALP, TNSALP, and IALP
were quantitated at the Coriell Institute for Medical Research (Camden,
NJ) by stereospecific amino acid inhibition of ALP isoenzymes, standard
heat denaturation studies, and immunoprecipitation using monoclonal
antibodies specific for human ALP isoenzymes (23).

Results

The biochemical findings during each of the three pregnancies
were similar and are illustrated in Fig. 1.

ALP isoenzymes during pregnancy. As described pre-
viously, each woman had been shown to be hypophospha-
tasemic before her pregnancy. Subjects A and B showed gradual
increases in serum total ALP activity (Fig. 1, row I of panels)
beginning at about 5 mo of gestation. Relatively rapid incre-
ments occurred during the third trimester until the time of full-
term delivery (designated by arrows). Compared with the nor-
mal range for serum total ALP activity in normal adults in St.
Louis, these increases corrected subnormal (nonpregnant) lev-
els by the sixth month of gestation. At ~ 8 mo of gestation,
the serum total ALP activity levels were elevated. Subject C,
who was studied only at delivery and after childbirth, had values
for serum total ALP activity that had risen into the normal adult
range at the time of parturition.

The increases in serum total ALP in subjects A and B were
due exclusively to PALP (Fig. 2). Subject A, at 4 mo of preg-
nancy, had PALP comprise 22% of her serum total ALP. How-
ever, during the month before delivery, > 90% of her serum
total ALP was PALP. In fact, at the time of parturition, total
ALP activity was 92% PALP, 7% TNSALP, and 1% IALP.
Quantitation of TNSALP showed subnormal and unchanged
values during and after the pregnancy; IALP was always a very
small percentage of the total. Subject B manifested 16% of her
serum total ALP as PALP at 4.5 mo of pregnancy. 1 mo before
delivery her serum total ALP activity was 113 IU/liter (normal
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Figure 1. Biochemical changes in three carriers for hypophosphatasia during and after pregnancy. Columns A, B, and C depict findings for subjects
A, B, and C; rows /-1V show serum total ALP activity, plasma PLP concentration, and urinary PEA and PPi levels, respectively. The abscissa
depicts months since conception. Arrows indicate the time of childbirth. Stippled areas show ranges (*2 SD mean) for normal men and women
(see Methods). m indicates a plasma PLP level before prenatal vitamins were taken. Responses are shown with discontinuous lines when the number
of samples precluded depiction of precise temporal sequences. Note the substantial increases in ALP activity and decreases in PLP, PEA, and PPi
levels during the later stages of pregnancy and abrupt increases in phosphocompounds at the time of delivery. crt, creatinine.

adult range 68206 IU/liter) (74% PALP, 24% TNSALP, and
2% IALP). The value then rose to 202 IU/liter (81% PALP,
19% TNSALP, and 0% IALP) at delivery. Subject C had a
predominance (73%) of heat-stable (65°C X 5 min) ALP (i.e.,
PALP) the day before delivery.

PEA, PPi, and PLP during pregnancy. Subject A had an
elevated level of plasma PLP of 600 nM (30-110 normal)
shortly after conception. After initiation of prenatal vitamin
treatment early in her pregnancy (and then continued daily
throughout the study), the level was significantly increased, as
expected,” to ~ 1,300 nM at 2.5 to 3 mo of gestation. Subse-

2. Patients with hypophosphatasia (2), as well as Canadian Mennonite
carriers for hypophosphatasia (24), have an exaggerated plasma PLP
level response when given an oral pyridoxine challenge.
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quently, there were sizable decreases in plasma or urine levels
of PLP, PEA, and PPi (Fig. 1) even before PALP had normal-
ized serum total ALP activity in her circulation. During the
third trimester of pregnancy, plasma PLP concentrations (Fig.
1, row II) had nearly corrected despite vitamin supplementation,
urinary PEA levels (Fig. 1, row III) were normal, and urinary
PPi levels (Fig. 1, row IV) became undetectable. Very similar
changes occurred for subject B who normalized her plasma PLP
concentrations and urine PEA levels and had urinary PPi levels
below the limits of detection during the third trimester of preg-
nancy.

Postpartum findings. After parturition, serum total ALP ac-
tivity (~ PALP) decreased with a measured half-life for sub-
jects A, B, and C of 1.8, 2.1, and 4.5 d, respectively (Fig. 1).
Urinary PEA and PPi levels, however, were found to rise
abruptly. Elevated urinary PEA levels and detectable PPi con-
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Figure 2. Serum ALP isoenzyme levels in two carriers for hypophospha-
tasia during and after pregnancy. The key in the top panel defines the
individual ALP isoenzymes studied. The abscissa depicts months since
conception. Arrows indicate the time of childbirth. Stippled areas show
ranges (=2 SD mean) for serum total ALP activity (IU/liter) for normal
men and women (see Methods ). Responses are shown with discontinu-
ous lines when the number of samples precluded depiction of precise

temporal sequences. Note that the increase in serum total ALP during
pregnancy was accounted for by PALP; TNSALP and IALP remained
essentially unchanged throughout the study.

centrations were noted in subject A at a time when her serum
total ALP was still in the normal range. Especially high plasma
PLP concentrations were demonstrated for subjects A and C
several months after childbirth when they were once again
clearly hypophosphatasemic and prenatal vitamins were con-
tinued.

Offspring. Subject A delivered a boy whose cord serum
revealed hypophosphatasemia (total ALP activity 15 IU/liter)
and an elevated plasma PLP concentration of 1,989 nM (pre-
viously, we had assayed cord blood from two newborn controls
[mothers presumably receiving vitamins] whose serum total
ALP activities were 109 and 135 IU/liter, and plasma PLP
concentrations were 180 and 275 nM [25]). Now, 7 yr old,
like his affected older brother, he has had premature loss of
deciduous teeth and has subtle rachitic changes on skeletal ra-
diographs. Therefore, he mildly manifests the childhood form
of hypophosphatasia. Molecular analysis revealed that he (like
his mother, brother, sister, and several other maternal relatives
with biochemical findings consistent with hypophosphatasia)
carries the 1309-T TNSALP missense mutation. Subject A, now
46 yr old, appears recently to be developing clinical evidence
of hypophosphatasia with recurrent poorly healing metatarsal
stress fractures and failure of bone implants to preserve her
dentition.

Subject B delivered a boy. His older sister has childhood
hypophosphatasia. Total ALP activity in his cord serum was
133 IU/liter. There was 10% residual activity after heat inacti-
vation at 56°C X 15 min, suggesting a predominance of the
bone form of TNSALP. More detailed analysis of his cord
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serum showed a total ALP activity of 249 IU/liter (normal
range in children 3-15 yr old, 178—556 IU/liter) with an unre-
markable profile of 83% TNSALP, 1% PALP, and 16% IALP.
His plasma PLP concentration of 147 nM was normal (25). He
is now 7 yr old, well, and has not had premature loss of teeth.

Subject C, whose first daughter had odontohypophospha-
tasia, delivered a girl who had low cord serum ALP activity at
the Metabolic Research Unit of 33 IU/liter and a high plasma
PLP level of 1,237 nM. However, at 7.5 yr of age, this child is
in excellent health and age-appropriately is just beginning to
shed her deciduous teeth. She takes no multivitamins. Recent
reassay of the serum total ALP activity and plasma PLP level
of this child and her mother showed values consistent with
carrier status for both individuals, i.e., 49 IU/liter and 265 nM;
15 IU/liter and 55 nM (now normal), respectively.

Discussion

Although the precise pathogenesis of hypophosphatasia is un-
certain, characterization of the clinical, biochemical, pathologi-
cal, and molecular features of this inborn error of metabolism
confirms, in humans, Robert Robison’s hypothesis of 1923 that
ALP functions importantly in skeletal mineralization (26). Fail-
ure of TNSALP to hydrolyze PPi, an inhibitor of biomineraliza-
tion, offers a plausible explanation for the associated skeletal
disease (8, 10). Hypophosphatasia, however, raises intriguing
questions about the physiological role of TNSALP elsewhere
in the body, because organs other than the skeleton that are
also TNSALP-rich (e.g., liver, kidney, adrenal glands) do not
significantly malfunction (2, 8). Indeed, after considerable in-
vestigative effort, a great variety of physiological roles has been
suggested not only for TNSALP, but for all four ALP isoen-
zymes in humans (1) (for review see reference 8). The absence
of human models for PALP, PLALP, or IALP deficiency has
hindered our understanding of the role of the three tissue-spe-
cific ALP isoenzymes (1, 4, 27). Furthermore, separate genes
for PALP and PLALP are found only in higher primates (1);
thus, development of animal models is problematic.

The decreases in blood and urine levels of PEA, PPi, and
PLP that we observed during the pregnancies of three women
who are carriers for hypophosphatasia are consistent with our
aforementioned speculation, based upon comparable substrate
binding site structures throughout nature (15, 16), that all ALP
isoenzymes in humans have at least overlapping specificities
for physiological substrates. Our findings show that PALP acts
in vivo to hydrolyze the same substrates as TNSALP, i.e., PEA,
PPi, and PLP which are sensitive biochemical markers for hypo-
phosphatasia (28). In our study subjects, elevated plasma PLP
concentrations and increased urinary PEA levels normalized
and urinary PPi became undetectable during the third trimester
of pregnancy when PALP was present endogenously as shown
by significant PALP levels in serum. Reviewed below, these
biochemical observations seem attributable to PALP (rather
than some other phosphatase ), and specifically to PALP in the
placenta itself, not PALP in the circulation.

In human tissues, all forms of ALP are primarily bound to
the external surface of cells (29, 30). ALP isoenzyme patterns
in the circulation are believed to reflect their source in specific
organs (1). For healthy adults, approximately equal amounts
of the bone and liver forms of the TNSALP isoenzyme comprise
most of the ALP in serum (23, 31); IALP makes up only a
small percentage of the total (1, 23). PLALP and PALP may
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appear with certain malignancies (6, 27), but are normally dif-
ficult to detect except for PALP during pregnancy (23).

PALP is expressed from the genome of the fetus. Early
during the first trimester of pregnancy, PALP in the chorionic
villus is essentially absent (32). PALP then appears predomi-
nantly on the plasma membrane of the maternal surface of
syncytiotrophoblast microvilli (33, 34). Changes in maternal
serum ALP isoenzyme levels during gestation have been thor-
oughly studied (35-37). For uneventful pregnancies, serum
total ALP activity rises gradually between the first and second
trimesters, then rapidly increases further during the third trimes-
ter. The increments are due both to PALP and to some increase
in the bone form of TNSALP (38). In their comprehensive
review Alkaline Phosphatase, McComb, Bowers, and Posen (1)
cite the experimental evidence that *‘established beyond doubt
that the enhanced level of serum ALP in pregnant women is
due predominantly to the enrichment of the circulation with
enzyme of placental origin’’ (35-38). Although approximately
a doubling of the bone form of TNSALP in serum occurs be-
tween the second and third trimesters of pregnancy, which per-
sists for 6 wk after delivery (38, 39), the changes in PALP are
greater. During the third trimester, normally ~ 40—67% of the
total ALP in maternal serum is PALP (36).}

Since expression of PALP is controlled by the fetal genome,
one would not expect a defect in PALP biosynthesis in hypo-
phosphatasia (33). Women who are affected by, or are carriers
for, hypophosphatasia would, therefore, be excellent models for
exploring the physiological effect of PALP. PALP appearance
endogenously would occur on a background of TNSALP defi-
ciency and with little (if any) change in other ALPs. In fact,
we observed unremarkable temporal and quantitative aspects of
PALP biosynthesis during the closely followed pregnancies of
our study subjects. An especially high percentage of their serum
total ALP at delivery was PALP, i.e., 92, 81, and 73% in sub-
jects A, B, and C, respectively. We found no change in their
deficient TNSALP or unremarkable IALP levels in serum.

Our ability to assess the impact of endogenous biosynthesis
of PALP per se seemed especially good in subject A. Her new-
born was affected by hypophosphatasia as shown by his cord
blood that had low serum ALP activity and elevated plasma
PLP concentrations and his subsequent clinical course. Changes
observed in her endogenous PEA, PPi, and PLP levels were,
therefore, unlikely to have been influenced by fetal TNSALP.
In fact, as exemplified by PLP (41), phosphorylated compounds
do not readily cross the fetal/maternal placental barrier, and
PALP does not have access to the fetal circulation (42).

The placenta has complex endocrine functions and synthe-
sizes placental-specific enzymes (43, 44). Conceivably, biosyn-
thesis of some phosphatase other than PALP by the placenta
could have accounted for the observed changes in PEA, PPi,
and PLP. However, the temporal relationship between the
changes in serum PALP levels and the decreases in PEA, PPi,
and PLP levels was consistent with hydrolysis of these phospho-
compounds by PALP.

Evidence that PALP within the placenta itself, rather than
in the circulation, caused the observed changes in PEA, PPi, and

3. During pregnancy there is typically some increase in neutrophil ALP
activity, which has been shown to be a form of TNSALP (40), but this
ALP constitutes only a small amount of the total ALP activity in the
circulation, and can be subnormal in all clinical forms of hypophospha-
tasia (9).
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PLP comes from examination of the timing of the biochemical
changes. The half-life for PALP infused into volunteers has
been reported to be ~ 7 d (45). In normal pregnant women, a
monoclonal antibody-based, solid-phase, enzyme-binding
assay for serum PALP showed an immediate postpartum drop
within 4 d to values approaching nonpregnant levels (37). Post-
partum, the serum PALP of our study subjects decreased with
calculated half-lives of 1.8—4.5 d. We observed, however, that
urinary PEA and PPi levels, and perhaps plasma PLP concentra-
tions as well, increased more abruptly than circulating PALP
dissipated at the time of delivery. Although the rapidity of the
changes was somewhat difficult to illustrate in Fig. 1, assay of
spot urine collections demonstrated a very rapid increase in
urinary PEA and PPi levels within the first day postpartum. The
relatively gradual decrease of PALP levels in the circulation
over several days did not reflect these changes. Indeed, at a
time when serum total ALP was still in the normal range, urinary
levels of PEA and PPi had clearly increased. Sudden physiologi-
cal expulsion of the placenta and its PALP during parturition
seemed to explain the rapid reaccumulation of these ALP sub-
strates. Similarly, early in the pregnancies, when relatively small
amounts of PALP were detectable in serum, there already had
been a significant decrement in plasma PLP concentrations into
the normal range, partial correction of urinary PEA levels, and
almost virtual disappearance of PPi from the urine. These cumu-
lative observations are consistent with reports that ALP in situ,
rather than in the circulation, is physiologically active (2, 8, 9,
45-49).

Of interest, our previous studies of a large kindred with the
adult form of hypophosphatasia suggested that phosphoserine
(PS) could be a physiological substrate for TNSALP. In hypo-
phosphatasemic subjects, there was a negative correlation be-
tween urinary PS levels and serum levels of the liver form of
TNSALP (17, 31). However, urinary concentrations of PS in.
subjects A, B, and C were not increased and remained essen-
tially unchanged during the study period (data not shown).
Thus, we found no evidence in this investigation of hypophos-
phasia carriers that PS is a physiological substrate for TNSALP
or PALP.

Our investigation of hypophosphatasia carriers indicates that
PEA, PPi, and PLP are physiological substrates not only for
TNSALP but for PALP as well. Possibly, all ALPs in nature
can hydrolyze these phosphocompounds. Although in humans
TNSALP acts critically in biomineralization, this promiscuous
substrate specificity may reflect a role for ALPs both in the
liberation of nonphosphate moieties as well as Pi. All ALP
products of hydrolysis could then enter cells—a hypothesis that
was proposed after study of yeast in the early part of this cen-
tury (1).
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