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Abstract Mutations in the ALPL gene encoding tissue-
nonspecific alkaline phosphatase (TNSALP) cause
hypophosphatasia (HPP), a genetic disorder characterized
by deficiency of serum ALP and hypomineralization of
bone and teeth. Three missense mutations for glycine 426
(by standard nomenclature) of TNSALP have been repor-
ted: cysteine (p.G426C), serine (p.G426S), and aspartate
(p-G426D). We expressed TNSALP mutants carrying each
missense mutation in mammalian cells. All three TNSALP
mutants appeared on the cell surface like the wild-type
(WT) TNSALP, although the cells expressing each
TNSALP mutant exhibited markedly reduced ALP activity.
TNSALP (WT) was mainly present as a 140 kDa catalyt-
ically active dimeric form, whereas ~ 80 kDa monomers
were the predominant molecular species in the cells
expressing TNSALP (p.G426D) or TNSALP (p.G426S),
suggesting that aspartate or serine at position 426 may
hamper the subunit assembly essential for the enzymatic
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function of TNSALP. Alternatively, the subunits of
TNSALP (p.G426C) were found to be aberrantly cross-
linked by disulfide bonds, giving rise to a 200 kDa form
lacking ALP activity. Taken together, our results reveal
that the amino acid substitutions at position 426 of
TNSALP differentially affect the structure and function of
TNSALP, leading to understanding of the molecular and
cellular basis of HPP.

Keywords Cross-linking - Dimerization - Disulfide bond -
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Abbreviations

ALP Alkaline phosphatase

TNSALP Tissue-nonspecific alkaline phosphatase
HPP Hypophosphatasia

TNSALP TNSALP with a glycine to cysteine
(p-G426C) substitution at position 426
TNSALP TNSALP with a glycine to serine
(p-G426S) substitution at position 426
TNSALP TNSALP with a glycine to aspartate
(p-G426D) substitution at position 426
TNSALP Wild-type TNSALP

(WT)

GPI Glycosylphosphatidylinositol

ER Endoplasmic reticulum

DOX Doxycycline

Introduction

Hypophosphatasia (HPP) is an inborn metabolism error
resulting from multiple mutations of the ALPL gene
encoding  tissue-nonspecific ~ alkaline  phosphatase
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(TNSALP) [1-6], which is anchored to the cell membrane
via glycosylphosphatidylinositol (GPI) and hydrolyzes
phosphomonoesters such as inorganic pyrophosphate,
phosphoethanolamine, and pyridoxal phosphate [1, 2].
Generally, the loss-of-function of TNSALP causes the
accumulation of inorganic pyrophosphate, a crystal poison
of hydroxyapatite, leading to a reduction in bio-mineral-
ization [1-6]. HPP is classified into five principal forms:
(1) perinatal, (2) infantile, (3) childhood, (4) adult, and (5)
odonto-HPP [1-4]. It is clinically broad-ranging, encom-
passing a wide range of symptoms from still birth in utero
with severe skeletal hypomineralization in perinatal HPP to
premature loss of deciduous teeth and dental caries without
bone symptoms in odonto-HPP [1-4]. Severe forms (peri-
natal and infantile) of HPP are inherited in an autosomal
recessive manner, while milder forms (childhood, adult,
and odonto-HPP) manifest both autosomal recessive and
autosomal dominant patterns [1-4].

TNSALP consists of two homologous subunits har-
nessed by noncovalent bonds [1]. TNSALP is biosynthe-
sized as a ~70 kDa immature form with high-mannose-
type oligosaccharides and becomes an ~ 80 kDa mature
form with complex-type oligosaccharide chains during its
transport from the ER to the cell membrane via the Golgi
[1,7]. A total of 322 mutations in the ALPL gene have been
identified worldwide as of November in 2016 (http://www.
sesep.uvsq.fr/03_hypo_mutations.php). Most of them are
missense mutations (75%) with deletions, splicing muta-
tions, nonsense mutations, and insertions: these loss-of-
function mutations may affect several steps during the
synthesis of TNSALP and its subsequent trafficking,
resulting in diminished and altered expression of TNSALP
on the cell surface [7-15]. Several TNSALP mutants failed
to fold correctly or assemble properly, and hence accu-
mulated in the ER [7, 9, 11, 13, 15] or Golgi [10], followed
by ER-associated degradation [10, 11, 13]. Some TNSALP
mutants appeared on the cell surface, although they
exhibited a decreased and/or altered catalytic activity
[16, 17]. In particular, TNSALP mutants related to the
dominant form of HPP were present on the cell surface as a
monomer completely lacking catalytic activity [18-20].
One particular frame-shift mutant, which is most prevalent
in Japanese HPP patients, was no longer modified with GPI
and became a soluble form [21].

Three different missense mutations have been reported
at position 426 of TNSALP: p.G426C [22] and p.G426S
(http://www.sesep.uvsq.fr/03_hypo_mutations.php) in
infantile HPP and p.G426D [23] in childhood HPP. A 3D
model of TNSALP revealed that glycine at position 426
was located at the top of the crown domain of TNSALP, a
unique domain involved in collagen-binding, allosteric
nature, heat stability, and subunit assembly of TNSALP
[24, 25]. However, little is known about how each missense
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mutation affects TNSALP at the molecular level. In this
report, we characterized three TNSALP mutants bearing an
amino acid substitution at position 426 of TNSALP by
expressing them in a heterogeneous mammalian expression
system. Our data reveal that TNSALP (p.G426D) and
TNSALP (p.G426S) exist mostly as monomers in trans-
fected cells, suggesting that aspartate or serine at position
426 may compromise the subunit assembly of TNSALP. In
marked contrast to TNSALP (p.G426D) and TNSALP
(p-G426S), a unique cross-linked product via disulfide
bonds was found in the cells expressing TNSALP
(p.G426C).

Materials and methods
Plasmids and transfection

pSGS vector (Stratagene, La Jolla, CA, USA) encoding
TNSALP (WT) was created as described previously [7] and
further used as a template for oligonucleotide-directed
mutagenesis. The QuikChange Lightning Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used
to introduce mutations. The oligonucleotides used (mutated
nucleotides are shown in bold) were: p.G426C sense, 5'-C
AAGGTGGTGGGC- TGTGAACGAGAGAATGTC 3’
and p.G426C antisense, 5'-TGCCGGCGCTGTCAAGGAC
CTGGG-CATTGGT-3'; p.G426D sense 5'-CAAGGTGGT
GGGCGATGAACGAGAGAATGTC-3' and p.G426D
antisense, 5'-GACATTCTCTCGTTCATCGCCCACC-AC
CTTG-3; p.G426S sense, 5'-CAAGGTGGTGG-GCAGTG
AACGAGAGAATGTC-3' and p.G426S antisense, 5'-AC
ATTCTCTCGTTCACTGCCCACC-ACCTTG-3' The full
coding sequences of the TNSALP mutants were verified by
DNA sequencing. TNSALP (p.G426C) was further ligated
into pTRE2-hyg (Invitrogen, Carlsbad, CA, USA). COS-1
cells, inoculated at a density of 8 x 10* cells/35-mm dish
24 h before transfection, were transiently transfected with
0.5 pg of each plasmid using Lipofectamine Plus reagent
(Invitrogen, Carlsbad, CA, USA). COS-1 cells were further
cultured for 24 h after transfection and used as described
previously [7]. For establishing cells, CHO K1 Tet-On cells
(Invitrogen, Carlsbad, CA, USA) were transfected with
0.5 pg of pTRE2-hyg encoding TNSALP (p.G426C) using
Lipofectamine Plus reagent. Two days after transfection,
the cells were subjected to selection with hygromycin B
(400 pg/ml) essentially according to the manufacturer’s
protocol and screened by immunofluorescence for induc-
tion of TNSALP (p.G426C) in the presence of 1 pg/ml
doxycycline (DOX), as described previously [26]. The
established cells were cultured in the presence of 1 png/ml
doxycycline (DOX) for 24 h before use. CHO K1 Tet-On
cells expressing TNSALP (WT) [20] or TNSALP
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(p-R450C, R433in nonstandard nomenclature) [16] were (A) Cytochemistry Immunofluorescence
established as described previously. ?

Miscellaneous procedures U

Conventional SDS-PAGE and modified SDS-PAGE for
ALP were carried out essentially as described previously
[19, 20]. SuperSepTM Ace (10% gel; Wako Pure Chemical,
Osaka, Japan) was used throughout the experiment. Pre-
cision Plus Protein Standards and Precision Plus Protein
Western C standards were obtained from BIO-RAD (Her-
cules, CA, USA). Unless otherwise stated, 5 pg of the cell
homogenate was applied for western blotting. Cytochemi-
cal staining [9, 10], immunofluorescence [11], ALP assay
[7, 11], western blotting [10, 13] and digestion using
phosphatidylinositol-specific phospholipase C [20] were
carried out as described previously. ALP activity was
expressed as nmol of p-nitrophenyl formed per min at
37 °C. Anti-human TNSALP antibody was raised in rab-
bits [27].

Results
Expression of TNSALP mutants in COS-1 cells

In order to investigate how three TNSALP mutations
(p-G426C, pG4268S, and p.G426D) affect the structure and/
or function of TNSALP at the molecular level thereby
causing HPP, we attempted to express each TNSALP
mutant protein in COS-1 cells transiently as shown in
Fig. 1. All three TNSALP mutants appeared on the cell
surface like TNSALP (WT), as evidenced by immunoflu-
orescence, although the intensity of ALP activity staining
of each TNSALP mutant was significantly weaker than that
of TNSALP (WT). Consistent with morphological obser-
vations, the cellular enzymatic activity of each TNSALP
mutant was markedly diminished based on a quantitative
ALP assay (Fig. 1b). These results indicate that the cat-
alytic function, but not cell surface localization of the
TNSALP mutants, was perturbed by each amino acid
substitution linked to HPP.

As the dimeric structure of TNSALP is held non-cova-
lently, it dissociates into monomers in conventional SDS-
PAGE. Western blotting using anti-TNSALP antibody
showed that TNSALP (WT), TNSALP (p.G426D), and
TNSALP (p.G426S) were very similar to one another
(Fig. 2a); in addition to an immature form, a mature
monomer form, as observed in TNSALP (WT), was also
detected in the cells expressing TNSALP (p.G426D) or
TNSALP (p.G426S) compatible with their cell surface
appearance (Fig. 1a). Next, the same samples were ana-
lyzed by a modified SDS-PAGE for ALP (Fig. 2b).
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Fig. 1 Expression of TNSALP (p.G426C), TNSALP (p.G426D), and
TNSALP (p.G426S) in COS-1 cells. a Cells were untransfected (U) or
transfected with a plasmid encoding TNSALP (WT), TNSALP
(p.G426C), TNSALP (p.G426D), or TNSALP (p.G426S), and processed
for immunofluorescence using an anti-TNSALP antibody or cytochem-
ically stained for ALP activity for 10 min at room temperature. WT, 426C,
426D, and 426S denote TNSALP (WT), TNSALP (p.G426C), TNSALP
(p.G426D), and TNSALP (p.G426S), respectively. Each TNSALP
mutant protein appeared on the cell surface like TNSALP (WT); however,
they produced reduced ALP staining products compared with TNSALP
(WT). In (b), cells were cultured as in (a), but were homogenized and
assayed for their ALP activity (expressed as a percentage of the wild-type
enzyme) using p-nitrophenylphosphate as a substrate. Data represent the
average of two independent experiments. Consistent with cytochemical
staining in (@), enzymatic activities of TNSALP mutants were markedly
reduced compared with that of TNSALP (WT). Only trace ALP activity
was found in the cells expressing TNSALP (p.G426D)
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TNSALP (WT) retained its dimeric structure and catalytic
activity when it was dissolved with SDS at a higher pH and
incubated at 37 °C instead of 95 °C [19, 20]. TNSALP
(WT) migrated as a 140 kDa form retaining ALP activity
(lanes, 2, 7). Note that the mature monomer band was
completely absent (lane 7), indicating all mature forms
were efficiently assembled into the dimeric form in the

Fig. 2 Molecular species of (A) Red

cells expressing TNSALP (WT). Under the same condi-
tions, however, virtually no 140 kDa form was detected in
the cells expressing TNSALP (p.G426D) or TNSALP
(p-G426S) by western blotting; both the immature and
mature monomers were the predominant molecular species
in transfected cells (lanes 9, 10). This suggests that
aspartate or serine at position 426 markedly compromised
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Fig. 3 Co-expression experiments. Cells were co-transfected with
TNSALP (WT) and TNSALP (p.G423D) (a) or TNSALP (p.G426S)
(b) in differing ratios (1:0, 0.9:0.1, 0.5:0.5, 0.1:0.9, 0:1, x-axis). Cells
were homogenized and assayed for ALP activity (expressed as a
percentage of the wild-type enzyme, Y-axis). A dotted line represents
the recessive model, where each TNSALP mutant does not exert an
inhibitory effect on TNSALP (WT). Data represent the average of two
independent experiments. Neither TNSALP (p.G426D) nor TNSALP
(p-G426S) impaired the enzymatic activity of TNSALP (WT)

the subunit assembly of TNSALP such that only a trace
amount of the dimeric form was produced in the cells
(lanes 4, 5). In addition, aspartate had a more profound
effect on TNSALP than serine did at position 426
(Figs. 1b, 2b, lanes 4, 5).

Some TNSALP mutants linked to mild forms of HPP are
known to be transmitted in a dominant inheritance manner
[28, 29]. TNSALP (p.P108L) [20], TNSALP (p.A116T)
[26], TNSALP (p.N417S) [19], and TNSALP (p.G420S)
[18] fall into this group. Previous studies demonstrated that
these TNSALP mutants failed to assemble into the func-
tional dimeric structure, although they were able to gain
access to the cell surface as a monomer [18-20] or a
heterogeneously aggregated form [20, 26]. Importantly,
these TNSALP mutants exerted a dominant negative effect
on TNSALP (WT) when each TNSALP mutant was co-
expressed with TNSALP (WT) [18-20, 29]. It is of interest
to see if TNSALP (p.G426D) and TNSALP (p.G426S)
have a dominant negative nature. The transfection
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efficiency of each plasmid was found to be the same level
as assessed by western blotting (Fig. 2a). Figure 3 shows a
co-expression experiment in which TNSALP (p.G426D) or
TNSALP (p.G426S) was expressed with TNSALP (WT).
Neither TNSALP (p.G426D) nor TNSALP (p.G426S)
blocked the enzymatic activity of TNSALP (WT),
excluding the possibility that these mutants are transmitted
dominantly.
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«Fig. 4 Established Tet-On CHO-K1 cells expressing TNSALP
(p-G426C). Established cells harboring a plasmid encoding TNSALP
(WT) or TNSALP (p.G426C) were cultured without (-DOX) or with
(+DOX) doxycycline for 24 h, followed by immunofluorescence
using the anti-TNSALP antibody (a) or cytochemical staining (b).
WT and 426C denote TNSALP (WT) and TNSALP (p.G426C),
respectively. TNSALP (p.G426C) appeared on the cell surface, but
showed only weak ALP staining products compared with TNSALP
(WT). In (c), established cells were cultured without (-D) or with
(+D) doxycycline for 24 h, homogenized and then assayed for ALP
activity (expressed as a percentage of the wild-type enzyme, Y-axis).
WT and 426C denote TNSALP (WT) and TNSALP (p.G426C),
respectively. Data represent the average of two independent exper-
iments. In agreement with b, TNSALP (p.G426C) showed markedly
reduced enzymatic activity

In a marked contrast to TNSALP (p.G426D) or
TNSALP (p.G426S), a 200 kDa form was found in the
cells expressing TNSALP (p.G426C) (Fig. 2a, lane 8). As
this high-molecular mass band completely disappeared
under reducing conditions (lanes 3, 8), it is highly likely
that this 200 kDa TNSALP (p.G426C) was composed of
the monomers cross-linked by disulfide bonds. Further-
more, ALP activity staining revealed that the 200 kDa form
completely lost ALP activity (Fig. 2b, lanes 3, 8). How-
ever, a weak ALP staining product was also located at the
position on the gel corresponding to the 140 kDa TNSALP
(WT) (lanes 2, 3). Although this dimeric form of TNSALP
(p.G426C) was negligible on the western blot, it seems

Conventional SDS-PAGE

Red Non-red

WT 426C 450C WT 426C 450C

250
-—
— - 150
100
M 75
— -_-mas W
o

™M 50

1 2 3 4 5 6

Fig. 5 Analysis of TNSALP (p.G426C) and TNSALP (p.R450C) by
SDS-PAGE. Established Tet-On CHO cells harboring a plasmid
encoding TNSALP (WT), TNSALP (p.G426C), or TNSALP
(p-R450C) were cultured in the presence of DOX for 24 h,
homogenized and then subjected to conventional or modified SDS-
PAGE for ALP. WT, 426C, and 450C denote TNSALP (WT),
TNSALP (p.G426C), and TNSALP (p.R450C), respectively. D, M,
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reasonable that a significant ALP staining product was
amplified and accumulated due to its catalytic nature.

Establishing Tet-On CHO cells expressing TNSALP
(p.G426C)

There was a possibility that the 200 kDa disulfide-bonded
band may have been an artificial form resulting from
transient expression, in which a huge amount of the
TNSALP mutant was produced; its appearance does not
necessarily reflect in vivo state. To circumvent this, we
established Tet-On cells expressing TNSALP (p.G426C) in
response to doxycycline (DOX). The advantage of this
induction system was reported previously [16, 17].
TNSALP (p.G426C) appeared on the cell surface (Fig. 4a)
and exhibited weak ALP staining along the contours of
CHO cells (Fig. 4b) in the presence but not absence of
DOX. In agreement with the cytochemical staining, the
cells expressing TNSALP (p.G426C) had a small but sig-
nificant enzymatic activity (Fig. 3c). Moreover, the
200 kDa disulfide-bonded form lacking ALP activity was
prominent in the established cells expressing TNSALP
(p-G426C), but not TNSALP (WT) (Fig. 5, lanes 4, 5), and
was found to be released into the medium upon digestion
with phosphatidylinositol-specific phospholipase C (data
not shown). A weak staining product was again localized at
the same position as the 140 kDa TNSALP (WT) (lanes 7,

Modified SDS-PAGE for ALP

M WT 426C 450C WT 426C 450C
g -

b - >- <— D
TR S0 TORSTIR17;

and IM indicate dimeric, mature monomeric, and immature mono-
meric TNSALP, respectively. TNSALP (p.G426C) migrated slower
than TNSALP (p.R450C) did in the two SDS-PAGE systems (lanes 5,
6 and 11, 12), possibly reflecting a difference in the numbers of the
subunits cross-linked by disulfide bonds. M denotes molecular
markers
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8), implying that TNSALP (p.G426C) is naturally able to
form a small amount of the 140 kDa functional form. Thus,
we demonstrated that TNSALP (p.G426D) gave rise to the
unique 200 kDa disulfide-bonded form using both the
transient expression system and the established cell line.
Nanoscale liquid chromatography coupled with tandem
mass spectrometry (nano LC-MS/MS) showed that no
peptide other than TNSALP was detected in purified
200 kDa GPI-anchorless TNSALP (p.G426C) (data not
shown), demonstrating that this disulfide-bonded form
solely consisted of the monomers of TNSALP. Previously,
we reported that TNSALP (p.G450C, equivalent to
p-R433C in nonstandard nomenclature), which was repor-
ted in severe HPP [16], formed an inactive disulfide-bon-
ded dimeric enzyme based on sucrose-density-gradient
centrifugation [16]. Indeed, TNSALP (p.G426C) was
found to be larger than TNSALP (p.R450C) (Lanes 5, 6,
and 11, 12). However, unexpectedly, even TNSALP
(p-R450C) migrated slower than the authentic 140 kDa
TNSALP (WT) (lanes 10, 12), as judged by the modified
SDS-PAGE for ALP.

Discussion

HPP is an inborn error of metabolism and caused by
multiple loss-of-function mutations in the ALPL gene
encoding TNSALP. More than 75% of the mutations are
missense. With the knowledge of the 3D structure of
TNSALP, these natural mutations give us an opportunity to
elucidate the effects of amino acid substitutions on
TNSALP at the molecular level, thus leading to the
understanding of the molecular and cellular basis of HPP
[24]. Glycine at position 426 is localized at the top of the
substructure of TNSALP, the crown domain, and is unique
to mammalian ALPs [24]. The crown domain, which
consists of 65 amino acid residues including G426 of each
subunit, is involved in collagen-binding, allosteric nature,
heat stability, and subunit assembly of TNSALP [24, 25].
Three different missense mutations have been reported at
position 426: p.G426C and p.G426S in infantile HPP, and
p-G426D in childhood HPP. In this report, we character-
ized these three TNSALP mutants by expressing them in
mammalian cells to gain insight to the molecular mecha-
nism, whereby these mutations lead to the loss-of-function
of TNSALP. Both TNSALP (p.G426D) and TNSALP
(p-G4268S) appeared on the cell surface like TNSALP (WT)
as assessed by immunofluorescence; however, their ALP
activities were markedly reduced compared with that of
TNSALP (WT) (Fig. 1). By an advantage of the modified
SDS-PAGE for ALP, we demonstrated that TNSALP (WT)
was mostly present as a dimeric functional enzyme, while
the monomers of TNSALP (p.G426D) and TNSALP

(p-G426S) were only observed by western blotting (Fig. 2).
Therefore, these results demonstrate that aspartate or serine
at position 426 markedly reduces the probability of the
subunit assembly of TNSALP. It is worth noting that an
ALP staining product on the gel corresponding to the
authentic 140 kDa TNSALP (WT) was detected even in
cells expressing TNSALP (p.G426D) or TNSALP
(p.G426S). Thus, both TNSALP mutants were able to
assemble into the dimeric structure albeit to a quite lesser
extent. The bulky side chain and/or negative charge of
aspartate at position 426 may impede the dimer formation
more severely than the hydroxyl group of serine, leading to
an assumption that only glycine accommodates well in this
crucial spot of the subunit interface of TNSALP. Regard-
less of their apparent resemblance to some dominantly
transmitted molecular phenotypes, both TNSALP
(p-G426D) and TNSALP (p.G426S) may be inherited in a
recessive manner as suggested by co-expression studies
(Fig. 3).

Substitution of glycine with cysteine at position 426
resulted in the formation of the 200 kDa disulfide-bonded
molecular species (Fig. 2). Presumably, the additional cys-
teine residue on the crown domain may elicit the aberrant
disulfide-bonded crosslinking of TNSALP with only a small
amount of the dimeric functional TNSALP. There is a
precedent to TNSALP (p.G426C). We previously reported
that TNSALP (p.R450C) formed a disulfide-bonded
molecular species [16]. As estimated by sucrose-density-
gradient centrifugation, we tentatively assumed that
TNSALP (p.R450C) was an inter-chain cross-linked dimer
via the cysteine residue at position 450 [16]. However,
TNSALP (p.R450C) was found to migrate more slowly than
TNSALP (WT) in the modified SDS-PAGE for ALP
(Fig. 5). Furthermore, it was evident that TNSALP
(p.G426C) was larger than TNSALP (p.R450C). According
to the estimated molecular size based in SDS-PAGE, we
speculate that TNSALP (p.G426C) consists of three subunits
cross-linked by disulfide bonds. Further study is necessary to
build the molecular models of these aberrant TNSALPs.

Finally, it is worth noting that both basic and clinical
researches on HPP have recently culminated in a treatment
of HPP: enzyme-replacement therapy using a genetically
engineered soluble form of TNSALP has been successfully
used for HPP patients [30].
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