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A missense mutation in the gene of tissue-nonspecific alkaline phosphatase, which
replaces aspartic acid at position 289 with valine [TNSALP (D289V)], was reported in
a lethal hypophosphatasia patient [Taillandier, A. et al. (1999) Hum. Mut. 13, 171–172].
To define the molecular defects of TNSALP (D289V), this mutant protein in tran-
siently transfected COS-1 cells was analyzed biochemically and morphologically.
TNSALP (D289V) exhibited no alkaline phosphatase activity and mainly formed a
disulfide-linked high molecular mass aggregate. Cell-surface biotinylation, digestion
with phosphatidylinositol-specific phospholipase C and an immunofluorescence
study showed that the mutant protein failed to appear on the cell surface and was
accumulated intracellularly. In agreement with this, pulse/chase experiments demon-
strated that TNSALP (D289V) remained endo-β-N-acetyl- glucosaminidase H-sensitive
throughout the chase and was eventually degraded, indicating that the mutant pro-
tein is unable to reach the medial-Golgi. Proteasome inhibitors strongly blocked the
degradation of TNSALP (D289V), and furthermore the mutant protein was found to
be ubiquitinated. Besides, another naturally occurring TNSALP with a Glu218→Gly
mutation was also found to be polyubiquitinated and degraded in the proteasome.
Since the acidic amino acids at positions 218 and 289 of TNSALP are thought to be
directly involved in the Ca2+ coordination, these results suggest the critical impor-
tance of calcium binding in post-translational folding and assembly of the TNSALP
molecule.

Key words: alkaline phosphatase, calcium, hypophosphatasia, proteasome, ubiquiti-
nation.

Abbreviations: Bz-Asn-Gly-Thr-NH2, benzoyl-asparagine-glycine-threonine-amide; DMEM, Dulbecco’s modified
Eagle’s medium; ER, endoplasmic reticulum; ECL®, enhanced chemiluminescence (Amersham Pharmacia Bio-
tech); GPI, glycosylphosphatidylinositol; HA, hemagglutinin of influenza virus; LLnL, N-acetyl-L-leucinyl-L-
leucinyl-L-norleucinal; LLM, N-acetyl-L-leucinyl-L-leucinyl-L-methional; MG-132, benzyloxycarbonyl-L-leucinyl-
L-leucinyl-L-leucinal; PI-PLC, phosphatidylinositol-specific phospholipase C; MEM, minimum essential medium;
TNSALP, tissue-nonspecific alkaline phosphatase.

Tissue-nonspecific alkaline phosphatase (TNSALP) is an
ectoenzyme anchored to the plasma membrane via glyco-
sylphosphatidylinositol (GPI). Its physiological relevance
to skeletal mineralization in humans has long been pos-
tulated (1, 2), and, in particular, hypophosphatasia, an
inborn error of bone metabolism caused by mutations on
the TNSALP gene has established the involvement of
this enzyme in the formation and maintenance of bone
and teeth (2–5). Consistent with this, TNSALP-deficient
mice have been reported to manifest phenotypes akin to
those of patients associated with severe forms of hypo-
phosphatasia (6–8). Inorganic pyrophosphate, phospho-
ethanolamine and pyridoxal-5′-phosphate are known to

phatasia patients but also TNSALP knock-out mice,
which indicates that these phospho-compounds are natu-
ral substrates of TNSALP. Among them, inorganic pyro-
phosphate has been suggested to control the mineraliza-
tion process in bone (9), although the precise molecular
role(s) of TNSALP has remained elusive. Quite recently,
it became more evident that TNSALP regulates the for-
mation of hydroxyapatite by hydrolyzing and conse-
quently reducing the local concentration of inorganic
pyrophosphate at the site of mineralization, at least in
postnatal development (10).

Hypophosphatasia is classified into five categories;
perinatal, infantile, childhood, adult and odonto hypo-
phosphatasia, depending on the severity and age of onset
(3–5). Recently, a three-dimensional structural model of
human TNSALP was proposed on the basis of that of
human placental alkaline phosphatase (11, 12). Accord-
ing to this model, one of the features that differentiate
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alkaline phosphatase of mammals from that of
Escherichia coli is the acquisition of a calcium binding
site (fourth metal binding site) during evolution in addi-
tion to two zinc and one magnesium binding sites indis-
pensable for alkaline phosphatase activity. However, the
physiological importance of this calcium binding site of
TNSALP remains obscure. TNSALP (D289V) has been
reported in a patient diagnosed as having perinatal hypo-
phosphatasia, who was homozygous for this disease-
causing allele (13). A carboxyl group of aspartic acid at
position 289 is involved directly in the Ca2+ coordination,
thus raising the possibility that the substitution of aspar-
tic acid with valine would prevent TNSALP from binding
a calcium atom (11). However, little is known about the
exact effects of this missense mutation on the properties
of the TNSALP molecule that lead to the manifestation of
severe hypophosphatasia. In this study we attempted to
define the molecular defects of TNSALP (D289V), and
showed that this mutation causes aggregation and
impaired trafficking of TNSALP, culminating in its
degradation in the proteasome as part of the ER-quality-
control system. Furthermore, we demonstrated that
TNSALP (D289V) is heavily ubiquitinated prior to degra-
dation in the proteasome.

MATERIALS AND METHODS

Materials—Express35S35S protein labeling mix (>1,000
Ci/mmol) was obtained from Dupont-New England
Nuclear (Boston, MA, USA), 14C-methylated proteins,
enhanced chemiluminescence (ECL®) Western blotting
detection reagent, peroxidase-conjugated donkey anti-
(rabbit IgG), and Protein A-Sepharose CL-4B from
Amersham Pharmacia Biotech (Arlington Heights, IL,
USA); an Altered Sites® II in vitro mutagenesis sys-
tem, a TNT®T7 coupled reticulocyte lysate system and
canine pancreatic microsomal membranes from Promega
(Madison, WI, USA); Lipofectamine Plus Reagent from
Gibco-BRL (Gaithersburg, MD, USA); Bz-Asn-Gly-Thr-
NH2 (benzoyl-asparagine-glycine-threonine-amide) from
BACHEM AG (Bubendorf, Switzerland); LLnL (N-acetyl-
L-leucinyl-L-leucinyl-L-norleucinal), LLM (N-acetyl-L-
leucinyl-L-leucinyl-L-methional), aprotinin and saponin
(Quillaja bark) from Sigma Chemical (St. Louis, MO,
USA); antipain, chymostatin, elastatinal, leupeptin,
pepstatin A and MG-132 (benzyloxycarbonyl-L-leucinyl-
L-leucinyl-L-leucinal) from Protein Research Foundation
(Osaka); sulphosuccinimidyl N-(D-biotinyl)-6-aminohex-
ane from Dojindo Laboratories (Kumamoto); anti-HA (a
YPYDVPDYA epitope from hemagglutinin of influenza
virus) antibodies from BAbCO (Richmond, CA, USA);
anti-multi ubiquitin monoclonal antibodies from Medical
& Biological Laboratories (Nagoya); peroxidase-conju-
gated goat anti-(mouse IgG) from Molecular Probes
(Eugene, OR, USA); rhodamine-conjugated goat anti-
(rabbit IgG) from Cappel Laboratories (Malvern, PA,
USA); endo-β-N-acetylglucosaminidase H (Streptomyces
griseus; Endo H) from Seikagaku Kogyo (Tokyo); and
phosphatidylinositol-specific phospholipase C (PI-PLC)
from Funakoshi (Tokyo). Antiserum against recombinant
human TNSALP was raised in rabbits as described previ-
ously (18). COS-1 cells were cultured in Dulbecco’s modi-
fied Eagle’s minimum essential medium (DMEM) supple-

mented with 10% fetal bovine serum (14–16). MG-132,
LLnL and LLM were dissolved in DMSO (50 mM stock
solution), and stored at –20°C. Bz-Asn-Gly-Thr-NH2 was
dissolved in H2O (25 mM stock solution) and stored at
–20°C.

Plasmids and Transfection—To create a pALTER-MAX
vector encoding TNSALP (D289V), site-directed muta-
tion was performed using the Altered Sites®II in vitro
mutagenesis system essentially according to the manu-
facturer’s protocol as described previously (17). The oligo-
nucleotide used was 5′-TCGGAGAGTGACGGTACCGTC-
ACGTTGTT-3′. A plasmid encoding the wild-type TNSALP
or TNSALP (E218G) was constructed as described previ-
ously (14). A plasmid encoding influenza hemagglutinin
(HA)-tagged ubiquitin was provided by Dr. Dirk Bohm-
ann (EMBL, Heidelberg, Germany). Cells [(1.0–1.3) × 105

cells/35-mm dish] were transfected with 0.8–1 µg of each
plasmid using Lipofectamine Plus according to the man-
ufacturer’s protocol as described previously (16, 17) and
the transfected cells were incubated for 24 h in a 5% CO2/
95% air incubator before use.

In Vitro Transcription/Translation—Transcription-cou-
pled translation was performed using the TNT®T7 cou-
pled reticulocyte lysate system essentially according to
the manufacturer’s protocol. Transcription/translation
was carried out with [35S]methionine/cysteine at 30°C for
90 min in the absence or presence of canine pancreatic
microsomal membranes. Bz-Asn-Gly-Thr-NH2 was added
at the start of the incubation to a final concentration of
0.5 mM.

Metabolic Labeling and Immunoprecipitation—Pulse-
chase experiments were performed as described previ-
ously (16). When cells were incubated in the presence of
various proteasome inhibitors, the inhibitors were
included throughout the experiment (at the final concen-
tration of 50  µM). Lysis of the cells and the immunopre-
cipitation procedure were carried out essentially as
described previously (13). For Endo H digestion, immune-
complexes collected on Protein A beads were divided into
two equal parts, and then incubated in the absence or
presence of Endo H for 16 h at 37°C as described previ-
ously (16). The immunoprecipitates were analyzed by
SDS/PAGE [9% (w/v) gels], followed by fluorography as
described previously (16).

Miscellaneous Procedures—Cytohistochemical staining
for alkaline phosphatase and immunofluorescence obser-
vation were performed as described previously (16). Elec-
tric transfer of proteins and subsequent procedures were
performed as before (16). Proteins on membranes were
detected with the ECL® Western blotting detection
reagent. Cell-surface biotinylation was performed as
described previously (14, 16). Protein and alkaline phos-
phatase assays involving p-nitrophenylphosphate as the
substrate were performed as described previously (16).

RESULTS

Alkaline Phosphatase Activity of TNSALP (D289V)—
TNSALP (D289V) has been reported in a homozygous
patient diagnosed as having perinatal hypophosphatasia
(13). Previously we demonstrated that several TNSALP
missense mutations associated with perinatal hypophos-
phatasia almost completely abolished alkaline phos-
J. Biochem.
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phatase activity (14–17). To determine if TNSALP
(D289V) possesses this enzyme activity, cells ectopically
expressing TNSALP (D289V) were assayed for alkaline
phosphatase. As shown in Figure 1A, TNSALP (D289V)
showed no enzyme activity. In agreement with this,
cytohistochemical experiments demonstrated virtually
no staining in the cells expressing the mutant protein
(Fig. 1B).

In Vitro Translation of TNSALP (D289V)—To deter-
mine if this missense mutation affects the overall trans-
lation and translocation across the microsomal mem-
brane, in vitro translation of TNSALP (D289V) was
performed in the absence or presence of microsomes (Fig.
2). A 57-kDa form was a primary translation product of
the wild-type enzyme and was converted to a 66-kDa
form in the presence of microsomes. The change in the
molecular mass is ascribed to N-glycosylation, since the
66-kDa band decreased in the presence of an inhibitor of
N-glycosylation, Bz-Asn-Gly-Thr-NH2. Previously we
reported that TNSALP has at least three N-linked oli-
gosaccharide chains at five potential N-glycosylation
sites when expressed in COS-1 cells (14). TNSALP
(D289V) was found to be translocated into microsomes to

a similar extent to the wild type, as judged from the ratio
of the 66-kDa to the 57-kDa form.

Pulse-Chase Experiment on TNSALP (D289V)—The
TNSALP (D289V) mutant has a hydrophobic residue
substituted for an acidic hydrophilic one, which is needed
for Ca2+ coordination (11). This mutation could easily dis-
rupt the tertiary and quaternary structures of TNSALP.
To determine if this replacement at position 289 of
TNSALP affects the post-translational folding and subse-
quent intracellular transport of the mutant protein,
pulse-chase experiments were carried out on transfected
cells (Fig. 3). Following the pulse, the 66-kDa form was

Fig. 1. Alkaline phosphatase activity of cells expressing TNS-
ALP (D289V). (A) COS-1 cells expressing the wild-type TNSALP
(WT) or TNSALP (D289V) were homogenized and then assayed for
alkaline phosphatase activity using p-nitrophenylphosphate as the
substrate. N.D., not detectable. (B) The transfected cells were
stained for alkaline phosphatase and further counterstained with
Methyl Green.

Fig. 2. In vitro translation and translocation. A plasmid encod-
ing the wild-type TNSALP or TNSALP (D289V) was translated in
the absence or presence of canine microsomes with or without an N-
glycosylation inhibitor (Bz-Asn-Gly-Thr-NH2). Aliquots of each
reaction mixture were analyzed directly by SDS/PAGE/fluorogra-
phy. Leftmost lane, 14C-methylated protein markers: 200, 97.4, 66,
and 46 kDa, from the top of the gel.

Fig. 3. Pulse/chase experiments with Endo-H digestion. Cells
expressing the wild-type TNSALP (WT) or TNSALP (D289V) were
pulse-labeled with 50 µCi of [35S]methionine/cysteine for 0.5 h, and
then chased for 1 h, 2 h, and 4 h. Cell lysates were subjected to
immunoprecipitation and the immune complexes were incubated in
the absence (–) or presence (+) of Endo H. The samples were ana-
lyzed by SDS/PAGE/fluorography. Leftmost lane, 14C-methylated
protein markers: 97.4, 66, and 46 kDa, from the top of the gel.
Vol. 134, No. 1, 2003
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detected within the cells expressing the wild type. As
chase proceeded, it became a 80-kDa Endo H-resistant
form. In contrast, the mutant protein remained Endo H-
sensitive throughout the experiment. Since N-linked oli-
gosaccharides of glycoproteins become Endo H-resistant
in the medial-Golgi, this result indicates that in contrast
to the wild type, TNSALP (D289V) fails to move beyond
the cis-Golgi along the secretory pathway.

Cell-Surface Appearance of TNSALP (D289V)—After
being properly trimmed and terminally glycosylated
through the Golgi apparatus, the wild-type TNSALP
finally reaches the plasma membrane and is exposed on
the cell surface via a GPI anchor (14). To determine if the
mutant protein is localized to the cell surface, cell-surface
biotinylation was performed. Only the 80-kDa form was
strongly stained with a biotinylation reagent in the cells
expressing the wild type (Fig. 4A), indicating that the 80-
kDa form, but not the 66-kDa one, is expressed on the cell
surface. In contrast, no band was detected for the cells
expressing the mutant protein, demonstrating that the
mutant protein fails to reach the cell surface. In support
of this, when the cells were incubated with PI-PLC,
which causes TNSALP to be released from the cell sur-
face through hydrolysis between the glycan moiety and
phosphatidylinositol of GPI (19), the 80-kDa wild type
was found in the medium of the cells expressing the wild
type, while no band was detected for the medium of those
expressing the mutant enzyme (Fig. 4B). Since [3H]eth-
anolamine, a component of GPI, was found to be incorpo-
rated into both the wild-type and mutant TNSALPs, as in
the cases of other mutant proteins analyzed so far (14-
17), it is unlikely that the decreased cell-surface expres-
sion is due to a defect of GPI-anchoring of the mutant
protein (data not shown).

Consistent with the above results, no visible staining
was detected on the surface of the cells expressing the
mutant protein on immunofluorescence microscopy, as
illustrated in Fig. 5. Instead, TNSALP (D289V) was
found to be localized in a reticular structure and/or peri-

nuclear structures resembling the ER and Golgi appara-
tus, respectively.

Aggregation, Ubiquitination and Degradation of TNS-
ALP (D289V)—As reported previously, several severe
alleles, such as TNSALP (R54C), TNSALP (N153D),
TNSALP (A162T), and TNSALP (G317D), tend to form
aberrant disulfide-bonded high-molecular-mass aggre-

Fig. 5. Immunofluorescence detection
of TNSALP (D289V). Cells expressing
the wild-type TNSALP (WT) or TNSALP
(D289V) were fixed and further incubated
in the absence or presence of 0.1% (w/v)
saponin in phosphate-buffered saline for
20 min on ice, and then stained by means
of an indirect immunofluorescence tech-
nique.

Fig. 4. Cell surface appearance of TNSALP (D289V). Cells
expressing the wild-type TNSALP (WT) or TNSALP (D289V) were
metabolically labeled with [35S]methionine/cysteine for 6 h. (A) The
cells were further incubated with biotin succinimidylester on ice.
The cells were subjected to immunoprecipitation. The immune com-
plexes were divided into two equal parts: one part was directly ana-
lyzed by SDS/PAGE as total TNSALP, while the other was boiled
and further incubated with streptavidin beads before analysis (cell
surface TNSALP). (B) Cells were incubated in the absence (–) or
presence of PI-PLC in a CO2 incubator for 1 h. The cells and
medium were subjected to immunoisolation and then analyzed by
SDS/PAGE/fluorography.
J. Biochem.
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gates and are subject to degradation in transfected cells
(14–17). To determine if TNSALP (D289V) undergoes
aggregate formation, the mutant protein molecules
expressed in transfected cells were immunoprecipitated
and analyzed by SDS/PAGE under reducing or non-
reducing conditions (Fig. 6). A large fraction of the newly
synthesized TNSALP (D289V) was found to form inter-
chain high-molecular-mass aggregates on the top of the
resolving gel under non-reducing conditions, suggesting
improper folding and incorrectly assembly of the mutant
protein molecule. On the other hand, the wild-type TNS-
ALP was largely present as a homodimer in transfected
COS-1 cells (16), and migrated as the 66-kDa or 80-kDa
monomer on an SDS-gel, irrespective of the absence or
presence of a reducing reagent.

Figure 7 shows that TNSALP (D289V) was signifi-
cantly degraded at 6 h-chase time, and furthermore this
degradation was strongly blocked by proteasome inhibi-
tors (LLnL and MG-132), but not calpain (LLM) or lyso-
somal protease inhibitors (leupeptin + pepstatin A),
which indicates the involvement of the proteasome. Next,
we examined if TNSALP (D289V) is ubiquitinated prior
to degradation. The plasmid encoding TNSALP (D289V)
was transfected into COS-1 cells with or without the

plasmid encoding ubiquitin tagged with N-terminal HA
(hemaggulutinin of influenza virus). The mutant protein
molecules were firstly immunoprecipitated with anti-
TNSALP and secondly the immunoprecipitate was
detected by immunoblotting using anti-ubiquitin anti-
bodies or anti-HA antibodies, as shown in Fig. 8. High-
molecular-mass bands corresponding to polyubiquiti-
nated TNSALP (D289V) appeared on the blot of the

Fig. 6. SDS/PAGE with or without a reducing agent. Cells
expressing the wild-type TNSALP (WT) or TNSALP (D289V) were
metabolically labeled with [35S]methionine/cysteine for 3 h. Cell
lysates were subjected to immunoprecipitation and immune com-
plexes were analyzed by SDS/PAGE/fluorography under reducing or
non-reducing conditions. Leftmost lane, the same 14C-methylated
protein markers as in Fig. 2. The arrowhead indicates the top of the
resolving gel.

Fig. 7. Degradation of TNSALP (D289V). Cells expressing TNS-
ALP (D289V) were pulse-labeled with [35S]methionine/cysteine for
0.5 h, and then chased for 3 and/or 6 h in the absence or presence of
50 µM LLnL, 50 µM LLM, 100 µg/ml of pepstatin A(PepA)/leupeptin

(Leu), or 50 µM MG-132. Cell lysates were subjected to immunopre-
cipitation and the immune complexes were analyzed by SDS/PAGE/
fluorography. Leftmost lane, the same 14C-methylated protein mark-
ers as in Fig. 3.

Fig. 8. Ubiquitination of TNSALP (D289V). Cells were trans-
fected with a plasmid encoding TNSALP (D289V) only or in combi-
nation with a plasmid encoding HA-ubiquitin. After cells had been
incubated for 6 h in the absence or presence of 50 µM MG-132, they
were homogenized in 50 mM Tris/HCl (pH 7.5). One tenth of each
cell homogenate was directly separated by SDS/PAGE and analyzed
using anti-TNSALP antibodies. The rest of the homogenate was
lysed and subjected to immunoprecipitation with anti-TNSALP,
and then the immune complexes were analyzed by immunoblotting
using anti-ubiquitin antibodies or anti-HA antibodies.
Vol. 134, No. 1, 2003
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mutant protein TNSALP when its degradation was
blocked with MG-132. Furthermore, stronger ubiquitina-
tion signals were observed for the cells expressing both
the mutant protein TNSALP and HA-ubiquitin. Again,
ubiquitination was augmented in the MG-132–treated
cells, indicating that the polyubiquitinated mutant pro-
tein was accumulated under the conditions where cellu-
lar proteasome activity was suppressed. Since the wild-
type enzyme was negligibly ubiquitinated (data not
shown), it is likely that TNSALP (D289V), but not the
wild type, is inspected by the ER quality-control system
and ubiquitinated prior to destruction by the 26S protea-
some.

Ubiquitination and Degradation of TNSALP (E218G)—
TNSALP (E218G) was previously characterized as an
artificial mutant protein (14), since the original human
TNSALP cDNA clone happened to code this particular
mutant protein, probably due to an error in the process of
reverse transcription (20, 21). This mutant protein mim-
ics TNSALP (D289V), as follows: firstly, the mutant pro-

tein exhibited no enzyme activity when expressed in
COS-1 cells. Secondly, the mutant protein failed to reach
the cell surface and was accumulated in the ER. Thirdly,
the mutant protein formed a disulfide-bonded high-
molecular-mass aggregate in the transfected cells.
Fourthly, the mutant protein never acquired Endo H-
resistance and was degraded intracellularly (14). How-
ever, involvement of the proteasome in the degradation of
TNSALP (E218G) remained unexamined. Recently, this
mutant protein has been detected as a naturally occur-
ring one in a patient diagnosed as having adult hypo-
phosphatasia with compound heterozygosity (E218G/
A382S) (22). Together with the knowledge that this
mutation also maps to the calcium binding site of TNS-
ALP (11), the apparent resemblance of the molecular
phenotypes between the two mutant proteins prompted
us to examine the degradation of TNSALP (E218G). Fig-
ure 9 clearly illustrates that MG-132 inhibited the degra-
dation of TNSALP (E218G), and caused marked accumu-
lation of a ubiquitinated form in the cells coexpressing
both the mutant protein and HA-ubiquitin.

DISCUSSION

A computer-assisted three-dimensional structural model
of TNSALP, based on the results of an X-ray crystalo-
graphic study of placental alkaline phosphatase (which is
74% homologous to TNSALP), allowed us to assign vari-
ous missense mutations to different functional domains
of TNSALP including a putative calcium binding site
(11). The calcium atom in TNSALP is assumed to be coor-
dinated by four amino acids residues (Glu218, Phe273,
Glu274, and Asp289) and a water molecule. Missense
mutations at these specific positions in TNSALP could
abolish calcium binding. TNSALP (D289V) has been
reported in a homozygote patient diagnosed as having
perinatal hypophosphatasia (13). We have demonstrated
for the first time that loss of calcium binding potency has
a deleterious effect on biosynthesis of the TNSALP mole-
cule. When expressed in a heterologous mammalian
expression system, TNSALP (D289V) exhibited no alka-
line phosphatase activity. Since in vitro translation/
translocation experiments showed that both the wild-
type enzyme and mutant protein were core-glycosylated
to similar extents in the presence of microsomes, this
particular mutation does not seem to affect the overall
translation/translocation efficiency across the ER, which
suggests post-translational defects of the mutant protein.
Pulse-chase experiments confirmed this. In contrast to
the wild type, the mutant protein remained Endo H-sen-
sitive throughout the chase, indicating that the mutant
protein never reaches the medial-Golgi, where glycopro-
teins undergo oligosaccharide processing and acquire
Endo H-resistance. In agreement with this result, the
mutant protein never appeared on the cell surface, as evi-
denced by cell-surface biotinylation, digestion with PI-
PLC and immunofluorescence observation. Instead, the
mutant protein was mostly localized in the ER, and also
immunostaining was low but significantly concentrated
in the juxtanuclear region. Considering its sensitivity to
Endo H, it is likely that some mutant molecules could
reach the cis-Golgi. Since TNSALP (D289V), but not the
wild type, was found to form a high-molecular-mass

Fig. 9. Ubiquitination and degradation of TNSALP (E218G).
(A) Cells expressing TNSALP (E218G) were pulse-labeled with
[35S]methionine/cysteine for 0.5 h, and then chased for 3 and/or 6 h
in the absence or presence of 50 µM MG-132. Cell lysates were sub-
jected to immunoprecipitation and the immune complexes were
analyzed by SDS/PAGE/fluorography. Leftmost lane, the same 14C-
methylated protein markers as in Fig. 3. (B) Cells were transfected
with a plasmid encoding TNSALP (E218G) with or without a plas-
mid encoding HA-ubiquitin. After the transfected cells had been
incubated for 6 h in the absence or presence of 50 µM MG-132, they
were homogenized in 50 mM Tris/HCl (pH 7.5). One tenth of each
cell homogenate was directly separated by SDS/PAGE and analyzed
using anti-TNSALP antibodies. The rest of the homogenate was
lysed and subjected to immunoprecipitation with anti-TNSALP,
and then the immune complexes were analyzed by immunoblotting
using anti-ubiquitin antibodies.
J. Biochem.
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aggregate, improper folding and resultant aggregation of
newly synthesized polypeptides through multiple disulfide-
bonding is likely to be the cause of the defective trafficking
of this mutant protein. It is also likely that these aber-
rant molecules were scrutinized by the ER-quality-con-
trol system and then subjected to degradation. We
showed that the degradation of TNSALP (D289V) was
insensitive to calpain (LLM) and lysosomal protease
inhibitors (leupeptin and pepstatin A), but sensitive to
proteasome inhibitors (LLnL, MG-132), indicating
involvement of the proteasome. Furthermore, TNSALP
(D289V) was found to be polyubiquitinated in MG-132-
treated cells, suggesting that TNSALP (D289V) was
ubiquitinated prior to degradation in the proteasome.

TNSALP (E218G) is another naturally occurring mis-
sense mutant protein as to the calcium binding site. The
substitution of glutamic acid at position 218 with glycine
results in the loss of carboxylic acid needed for calcium
binding in TNSALP. Our previous and present studies
demonstrated that the molecular phenotypes of TNSALP
(E218G) quite resemble those of TNSALP (D289V): lack
of catalytic activity, formation of aggregate, failure of
acquisition of Endo H resistance, ubiquitination and deg-
radation. Thus, these two natural mutations occurring at
specific amino acid residues involved directly in Ca2+

coordination represent severe alleles, therefore strongly
arguing that calcium binding is crucial for the proper
folding and correct assembly of a newly synthesized TNS-
ALP molecule. Since the patient (E218G/A382S) mani-
fested mild hypophosphatasia (22), TNSALP (E218G) is
probably transmitted as a recessive trait, as in the case of
TNSALP (D289V), and TNSALP (A382S) masks this
severe allele (11).

It is worth noting that not only TNSALP (D289V) and
TNSALP (E218G), but also other severe forms of TNS-
ALP (R54C, N153D, A162T, and G317D), whose muta-
tions are mapped to different domains of the TNSALP
molecule such as the active site and homodimer inter-
face, manifested similar defective folding and resultant
aggregation (14–17). Thus, so far, severe forms of hypo-
phosphatasia can be classified as folding diseases. How-
ever, it remains to be determined if the TNSALP mutant
proteins form such high-molecular-mass aggregates in
the cells of hypophosphatasia patients. Instead of tran-
siently transfected cells, in which a certain expressed
protein is supposed to be produced in an excessive
amount, we have attempted to establish cells that stably
express the TNSALP mutant proteins, but have been
unsuccessful so far, probably due to their cytotoxity.
Interestingly, Mauro et al. recently showed that several
mutant proteins including TNSALP (R54C), TNSALP
(A162T), and TNSALP (G317D) were secreted as dimeric
forms into the medium when expressed as GPI-anchor-
free enzymes (23), raising the possibility that the GPI-
anchor is responsible for the aggregation and entrapment
of the mutant proteins in the early stage of the secretory
pathway. If calcium-binding defective mutant proteins
can also be expressed and purified as soluble enzymes,
they will be useful for addressing the biological function
of the calcium binding site of TNSALP.

There is increasing evidence that many misfolded pro-
teins and incorrectly assembled ones are retained in the
ER or moved from the cis-Golgi to the ER as part of the

ER quality control system, thus permitting only properly
folded and assembled proteins to move to their final des-
tinations (24–26). Aberrant proteins are often dislocated
or retro-translocated into the cytosol and ubiquitinated
before being destroyed in the proteasome (26). Several
ubiquitin ligases were recently identified as crucial fac-
tors for ER-associated degradation (27–29). To the best of
our knowledge, our results constitute the first evidence
that TNSALP mutant proteins can be polyubiquitinated
prior to their degradation in the proteasome. However,
the cellular mechanism by which how the mutant TNS-
ALP proteins are scrutinized by the ER-quality-control
system, ubiquitinated and degraded in the proteasome
remain largely unknown. Whether or not high-molecular-
mass aggregates of mutant TNSALP proteins become
polyubiquitinated is an issue that is currently under
investigation. We are also seeking an E3 ubiquitin ligase
that contributes to the degradation of TNSALP mutant
proteins.
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