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ABSTRACT We have studied the involvement of proteo-
lytic pathways in the regulation of the Na/P; cotransporter
type 1I by parathyroid hormone (PTH) in opossum Kidney
cells. Inhibition of lysosomal degradation (by leupeptin, am-
monium chloride, methylamine, chloroquine, L-methionine
methyl ester) prevented the PTH-mediated degradation of the
transporter, whereas inhibition of the proteasomal pathway
(by lactacystin) did not. Moreover it was found (i) that
whereas lysosomal inhibitors prevented the PTH-mediated
degradation of the transporter they did not prevent the
PTH-mediated inhibition of the Na/P; cotransport and (ii)
that treating opossum Kkidney cells with lysosomal inhibitors
led to an increased expression of the transporter without any
concomitant increase in the Na/P; cotransport. Further
analysis by subcellular fractionation and morphological tech-
niques showed (i) that the Na/P; cotransporter is constitu-
tively transported to and degraded within late endo-
somes /lysosomes and (ii) that PTH leads to the increased
degradation of the transporter in late endosomes /lysosomes.

Molecular mechanisms involved in rapid increases or de-
creases in membrane transport fall into two categories: alter-
ation in transport activities (i.e., transporter kinetics) of mem-
brane resident proteins and alterations in the number of
transport proteins in the plasma membrane (1). Alterations in
the number of transport proteins in the plasma membrane may
be achieved by exocytic insertion of preexisting transport
proteins from an intracellular vesicular pool into the plasma
membrane or by endocytic retrieval of transport proteins back
into intracellular storage vesicles [““shuttle” mechanism (2-4)],
thereby ensuring a rapid and reversible regulation of mem-
brane transport. Also the regulation of sodium-dependent
reabsorption of phosphate (P;) in renal proximal tubules
involves alterations in the number of Na/P; cotransporters
(Na/P; cotransporter type II) expressed in the apical mem-
brane. Parathyroid hormone (PTH)-induced phosphaturia is
related to an endocytic retrieval of type II Na/P; cotransport-
ers from the brush border membrane (5). A similar mechanism
explains the reduced P; reabsorption as observed after P;
refeeding of P;-deprived rats (6). These two phenomena can
also be observed in opossum kidney cells [OK cells (7, 8)], a
frequently used “in vitro” system to analyze cellular mecha-
nisms involved in the regulation of proximal tubular transport
functions (9). In this cell system PTH leads to a time-
dependent inhibition of apical Na/P; cotransport activity (7).
Surprisingly, recovery of the Na/P; cotransport from PTH
inhibition required de novo protein synthesis (10). Further-
more, PTH treatment of OK cells led to a time-dependent
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decrease of the type II Na/P; cotransporter protein detectable
on Western blots and to a parallel decrease in the transporter-
related immunofluorescence at the apical surface (9). These
findings suggested that PTH leads to the degradation of the
type II Na/P; cotransporter.

In the present study we have examined the possible involve-
ment of proteolytic pathways in the PTH-mediated regulation
of this transporter. Two major proteolytic systems involved in
different aspects of protein breakdown are existing in mam-
malian cells, the lysosomal and the nonlysosomal system (11).
Degradation of plasma membrane proteins as well as of
proteins entering the cell by receptor-mediated endocytosis or
by pinocytosis takes place in lysosomes (12-14). An important
nonlysosomal proteolytic pathway is the ubiquitin-proteasome
pathway (11, 15, 16) in which soluble nuclear and cytoplasmic
proteins are degraded. Also integral membrane proteins that
fail to fold or oligomerize correctly were found to be degraded
by cytoplasmic proteasomes after they have been exported
from the endoplasmic reticulum (17-22).

In the present report we demonstrate that PTH leads to the
endocytosis and degradation of the renal type II Na/P; co-
transporter via the lysosomal proteolytic pathway and not to its
endocytic retrieval into intracellular storage vesicles.

EXPERIMENTAL PROCEDURES

Materials. The following reagents were purchased from
Sigma: ammonium chloride, chloroquine, leupeptin, L-
methionine methyl ester, methylamine. Lactacystin was ob-
tained from Dr. E. J. Corey (Harvard University).

Cells. All cell culture supplies were obtained from GIBCO/
BRL (Basel, Switzerland). OK cells (clone 3B/2) (24) were
maintained in DMEM/Ham’s F12 medium (1:1) supple-
mented with 10% fetal calf serum/22 mM NaHCQO3/20 mM
Hepes/2 mM L-glutamine in a humidified atmosphere of 5%
C0O,/95% air at 37°C.

Cell-Surface Biotinylation. Biotinylation was performed
similarly as previously described (23). All the steps were
carried out at 4°C. 100-mm cell culture dishes (Corning) were
washed 5 times with ice-cold PBS containing 1 mM MgCl,/0.1
mM CaCl, (PBS-C/M) and gently agitated for 30 min at 4°C.
Sulfo-N-hydroxysuccinimide-LC-biotin stock solutions (200
mg/ml in dimethyl sulfoxide) were stored frozen at —20°C and
thawed just before use. Sulfo-N-hydroxysuccinimide-LC-
biotin (Pierce) was diluted to a final concentration of 0.125
mg/ml in ice-cold PBS-C/M and used immediately. To each
100-mm dish 15 ml of this sulfo-N-hydroxysuccinimide-biotin
solution was added. After 30 min of gentle agitation at 4°C the
dishes were washed 5 times with ice-cold PBS.

Abbreviations: PTH, parathyroid hormone; OK cells, opossum kidney

cells.
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Percoll Gradient. Subcellular fractionation by Percoll
(Pharmacia) gradients was performed similarly as previously
described (25). All the steps were carried out at 4°C. After
cell-surface biotinylation OK cell monolayers were washed
twice with 0.9% (wt/vol) NaCl. Cells were scraped off from the
dishes and suspended in 2 ml/100-mm dish buffer A (1 mM
phenylmethylsulfonyl fluoride, 1 uM pepstatin, 1 ug/ml leu-
peptin, 250 mM sucrose, 1 mM EDTA, 10 mM triethanol-
amine/acetic acid, pH 6.5). Cells from 4 dishes were pooled
and homogenized by 12 strokes with a tight fitting pestle in a
Kontes metal Dounce tissue grinder (maximal volume, 15 ml).
The resulting homogenates were pooled and centrifuged for 10
min at 1,600 rpm (400 X g,y) in a Sorvall RT6000 centrifuge.
The supernatant was brought to exactly 34.4 ml with buffer A
and 9.15 ml of isoosmotic Percoll (density of Percoll, 1.12;
initial density, 1.061). The Percoll gradient was centrifuged for
45 min at 20,000 rpm (36,000 X gay) in a Sorvall RC 5C
centrifuge by using an SS34 rotor. For routine analyses the
gradient was divided into three equal fractions. To eliminate
Percoll 5 ml of each fraction was layered over a 3-ml 2.5 M
sucrose cushion and centrifuged for 1 h at 49,000 rpm (180,000
X gay) In a Sorvall ultracentrifuge with a T875 rotor. The
membrane was recovered from the interphase, diluted with
buffer A to a total volume of 3 ml, and centrifuged for 1.5 h
at 67,000 rpm (180,000 X g,) in a Sorvall RC M120EX
centrifuge with an RP100-AT4 rotor. The supernatant was
sucked off, and the membrane adhering to the Percoll pellet
was resuspended in 100 ul of buffer A with a 1-ml syringe
connected to a 25-gauge needle. Lysosomal marker enzyme
activity was measured as previously described (25). Distribu-
tion of biotinylated cell-surface membranes in the gradient was
assayed by dot blotting of individual gradient fractions onto a
nitrocellulose membrane and probing the nitrocellulose with
streptavidin—horseradish peroxidase.

SDS-Polyacrylamide Gel Electrophoresis and Immunoblot-
ting. Gradient samples as well as samples corresponding to a
total cellular homogenate were analyzed by SDS-PAGE and
immunoblotting. Preparation of the gradient samples was as
described under Percoll Gradient. For preparation of total
cellular homogenates cells were grown to confluency on 6-cm
Petri dishes (Corning), washed twice with PBS, and scraped
into 2 ml of PBS. The scraped-off cells were centrifuged for 10
min at 3,000 rpm in an Eppendorf centrifuge at 4°C. The
supernatant was sucked off, and 250 ul of 50 mM mannitol/10
mM Hepes-Tris, pH 7.2 was added to each sample. The
samples were homogenized 10 times with a 1-ml syringe
connected to a 25-G needle. Total protein (25 ug) of cell
homogenates was used for SDS-PAGE (9%) and subsequent
transfer to nitrocellulose (Schleicher & Schuell, 0.2 um).
Immunodetection of NaP;-4 protein has been described pre-
viously (9).

Immunofluorescence. 3B/2 OK cells were grown to conflu-
ency on coverslips. These cells were processed for immuno-
fluorescence as described previously (9).

Phosphate Uptake Measurements. Sodium-dependent up-
take of phosphate was measured in cells grown to confluency
on 35-mm plastic dishes (Nunc) as described previously (26).

Incubation of Cells with PTH and Cycloheximide. Incuba-
tion of OK cells with PTH has been described previously (27),
and treatment of OK cells with cycloheximide to prevent
protein synthesis also has been described previously (10).

Assay of 20 S Proteasome Activity in Crude Cell Extracts.
The 20 S proteasome activity was measured as recently de-
scribed (28, 29). Cells grown to confluency in 6-cm Petri dishes
(Corning) were treated for 30 min to 4.5 h with different
concentrations of lactacystin. The cells were washed twice with
ice-cold PBS and were scraped into 2 ml of cold 5 mM Hepes,
pH 7.5, with 1 mM DTT. The scraped-off cells were homog-
enized with 12 strokes of a tight-fitting pestle in a Kontes metal
Dounce tissue grinder. The samples were centrifuged for 10
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min at 16,000 X g in the cold, and the supernatants were
collected. The total soluble protein was measured by using the
Bio-Rad protein assay. Treating OK cells with 10-50 uM
lactacystin for 4.5 h was found to lead to an increase of the
protein amount in the cytosolic fraction by about 10%, whereas
treating OK cells with 1 uM lactacystin for 4.5 h and with
10-50 uM lactacystin for 30 min did not lead to a significant
increase in the protein amount in the cytosolic fraction. To
measure 20 S proteasome peptidase activity 2 ml of assay
buffer (20 mM Hepes/0.035% (wt/vol) SDS/0.5 mM EDTA,
pH 8.0) and 80 ug of the total cytosolic protein were added to
a 2-ml quartz cuvette. After 5 min succinyl-Leu-Leu-Val-Tyr-
7-amino-4-methylcoumarin in dimethyl sulfoxide was added
into the cuvette to a final concentration of 10 uM. The
substrate hydrolysis was measured with a Shimadzu RF-510
spectrofluorophotometer at 37°C by monitoring the fluores-
cence increase (Aex = 380 nm; Aeyy, = 440 nm) because of the
liberation of 7-amino-4-methylcoumarin. An initial linear in-
crease in the fluorescence intensity was used to calculate
percent inhibition of the proteasomal activity. The proteaso-
mal peptidase activity could be completely blocked in vitro by
addition of lactacystin to a final concentration of 10 uM (28,
29). For this purpose 80 ug of total cytosolic protein was
preincubated for 5 min in 2 ml of assay buffer containing 10
1M lactacystin before addition of the substrate.
Presentation of the Results. All experiments were repeated
at least twice, and one representative experiment was chosen
for presentation. Statistical results are expressed as means =
SE for three dishes. Significance was accepted at P < 0.05.

RESULTS

Two major cellular protein degradation systems are known to
date, the lysosomal and the proteasomal system. To determine
the importance of these degradation pathways for the PTH-
dependent degradation of the type II Na/P; cotransporter we
used specific inhibitor(s) for each degradation system.

Degradation by the lysosomal pathway was blocked by the
use of the following inhibitors: leupeptin, L-methionine methyl
ester, and the lysosomotropic agents ammonium chloride,
methylamine, and chloroquine (30-32). Cells were pretreated
for 30 min with the inhibitors, followed by an incubation for 4 h
with or without PTH (10~8 M) in the continued presence or
absence of the inhibitor. Fig. 14 shows that leupeptin (100
wg/ml) and methylamine (50 mM) inhibited the PTH-
mediated degradation of the transporter completely, whereas
the PTH-mediated inhibition of the Na/P; cotransport was
unaffected (Fig. 1B). Furthermore, compared with untreated
cells it is seen that treating cells with leupeptin or methylamine
leads to an accumulation of the transporter detectable on
Western blots, without a concomitant increase in transport
activity (Fig. 1 A and B). Densitometric analysis revealed that
leupeptin and methylamine led to an increase in the amount of
the transporter by about 100% in Fig. 14, whereas total
cellular protein content increased only slightly by about 10%
(data not shown). The same results as shown in Fig. 1 for
leupeptin and methylamine were also obtained for L-
methionine methyl ester (20 mM) as well as for ammonium
chloride (50 mM) and chloroquine (0.2 mM) (data not shown).
These results suggest that lysosomal degradation participates
in a high turnover of the type II Na/P; cotransporter under
control conditions as well as in its PTH-dependent degrada-
tion. In addition Fig. 1 4 and B shows that PTH alone leads
to the almost complete degradation of the transporter but only
to a 50% decrease of the Na/P; cotransport. As described
previously (9), the residual Na/P; cotransport activity cannot
be related to the type II Na/P; cotransporter and suggests that
at least two Na/P; cotransport systems are expressed at the
apical membrane of OK cells.
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Fic. 1. Inhibitors of lysosomal degradation lead to an accumula-
tion of the type IT Na/P; cotransporter and prevent its PTH-mediated
degradation. OK cells were pretreated with leupeptin (100 pg/ml) or
methylamine (50 mM) for 30 min. After the pretreatment cells were
incubated for 4 h with or without PTH (10~ M) in the continued
presence or absence of the corresponding lysosomal inhibitor. The
effects of the lysosomal inhibitors were investigated by immunodetec-
tion of the Na/P; cotransporter on Western blot (4) as well as by
measuring Na/P; cotransport (B).

Lactacystin is a potent inhibitor of proteasomal degradation
(33, 34). To block the proteasomal pathway cells were pre-
treated for 30 min with lactacystin before incubation for 4 h
with or without PTH in the continued presence of the pro-
teasomal inhibitor. Inhibition of the proteasomal activity by
lactacystin was assayed after preincubation with lactacystin as
well as at the end of the PTH treatment. To this end a cytosolic
fraction was isolated, and the proteolysis of a fluorogenic
proteasomal substrate was measured (Table 1) (ref. 28; see also
Experimental Procedures). Fig. 2 and Table 1 show that inhi-
bition of the proteasomal activity did not prevent the PTH-
mediated degradation of the transporter. In parallel experi-
ments we measured the effect of the lactacystin treatment on
the inhibition of the sodium-dependent phosphate transport by
PTH. In agreement with the data shown in Fig. 2 it was found
that the PTH-mediated inhibition of the Na/P; cotransport
was not prevented by this treatment (data not shown). In Fig.

Table 1. Inhibition of the proteasomal activity by lactacystin in
OK cells

Lactacystin treatment Inhibition (%)

0 uM (30 min) 0
1 uM (30 min) 64
10 uM (30 min) 83
50 uM (30 min) 97
0 uM (4.5 h) 0
1 uM (4.5 h) 82
10 uM (4.5 h) >99
50 uM (4.5 h) >99

Cells were incubated for 30 min or 4.5 h with different concentra-
tions of the proteasomal inhibitor lactacystin. The cells were homog-
enized and centrifuged for 10 min at 16,000 X g in the cold, and the
supernatants were assayed for proteasomal activity. Proteasomal
peptidase activity was measured by monitoring the proteolysis of the
fluorogenic proteasomal substrate succinyl-Leu-Leu-Val-Tyr-7-
amino-4-methylcoumarin (28). The percent inhibition by each treat-
ment (relative to no treatment) is shown. For the details refer to
Experimental Procedures.
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F1G. 2. Inhibition of proteasomal activity by lactacystin does not
prevent the PTH-mediated degradation of the type II Na/P; cotrans-
porter. OK cells were pretreated with different concentrations of
lactacystin for 30 min. After the pretreatment cells were incubated for
4 h with or without PTH (1078 M) in the continued presence of the
corresponding lactacystin concentration. Of each sample equal
amounts of protein were analyzed by SDS-PAGE and immunoblotting.

2 it is furthermore seen that incubating cells with increasing
concentrations of lactacystin led to an increased expression of
the transporter in cells not treated with PTH. Whether this
increased expression of the transporter is a direct or indirect
consequence of the inhibition of the proteasomal pathway is
unknown. As the proteasome is involved both in the normal
turnover of cellular proteins (35) as well as in the processing
and degradation of regulatory proteins controlling cell growth
and metabolism (36, 37), proteasomal inhibitors can obviously
have profound biological consequences. Together the results
presented in Figs. 1 and 2 show that the PTH-mediated
degradation of the Na/P; cotransporter can be prevented by
inhibitors of the lysosomal pathway but not by inhibition of the
proteasomal pathway.

Next we performed subcellular fractionation studies on
Percoll gradients. The lysosomal degradation in these exper-
iments was blocked by the use of leupeptin. To obtain a reliable
marker for cell-surface membranes, cells were surface-biotin-
ylated in the cold before their homogenization. After centrif-
ugation the gradient was fractionated for routine analysis into
three fractions of equal volume: fraction I containing low
density membranes, fraction II containing membranes of
intermediate density, and fraction III containing high density
membranes. Each of these fractions was analyzed for the
activity of the lysosomal enzyme marker B-hexosaminidase
(upper panels in Fig. 3 A-D), the presence of biotinylated
cell-surface membranes (lower panels in Fig. 3 4-D), and the
expression of the Na/P; cotransporter (middle panels in Fig. 3
A-D). To determine the subcellular distribution of the trans-
porter equal volumes of the gradient fractions were analyzed
by SDS-PAGE and immunoblotting. In parallel, equal volumes
of the same fractions were dot-blotted and probed with
streptavidin—horseradish peroxidase to detect biotinylated
cell-surface membranes by chemiluminescence (see Experi-
mental Procedures). Fractionation of untreated cells showed
that the transporter is contained exclusively in fraction I, which
is highly enriched in biotinylated cell-surface membranes (Fig.
3A4). After treating OK cells for 4 h with PTH (1078 M) the
transporter is barely detectable in any of the three gradient
fractions (Fig. 3B), consistent with the almost complete deg-
radation of the transporter. After treating cells for 4.5 h with
leupeptin (100 wg/ml) the transporter is contained not only in
the lightest gradient fraction but also in the heaviest gradient
fraction, which is enriched for the lysosomal enzyme marker
B-hexosaminidase (Fig. 3C), suggesting that in the absence of
PTH the transporter is constitutively transported to and
degraded in late endosomes/lysosomes. Fig. 3D depicts the
results from fractionation of cells pretreated for 30 min with
leupeptin and then treated for 4 h with PTH (1078 M) in the
continued presence of leupeptin. Comparing Fig. 3D with Fig.
3C it is seen that PTH leads to the disappearance of the
transporter in fraction I, which is paralleled by an increase in
the amount of transporter detectable in fraction III with no
changes occurring in the distribution of the lysosomal enzyme
marker activity and of the biotinylated cell-surface mem-
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FIG. 3. Subcellular distribution of the type II Na/P; cotransporter in untreated OK cells and in OK cells treated with PTH and/or leupeptin.
OK cells were pretreated with nothing or leupeptin (100 ug/ml) for 30 min. After the pretreatment cells were incubated for 4 h with or without
PTH (10~# M) in the continued presence or absence of the lysosomal inhibitor. Before homogenization cells were surface-labeled with biotin. After
centrifugation the Percoll density gradients were fractionated into three fractions of equal volume: fraction I containing low density membranes,
fraction II containing membranes of an intermediate density, and fraction III containing high density membranes. Each of these fractions was
analyzed for the activity of the lysosomal enzyme marker B-hexosaminidase, the presence of biotinylated cell-surface membranes, and the expression
of the Na/P; cotransporter. To determine the subcellular distribution of the transporter equal volumes of the gradient fractions were analyzed by
SDS-PAGE and immunoblotting. In parallel, equal volumes of the same fractions were dot-blotted and probed with streptavidin—horseradish
peroxidase to detect biotinylated cell-surface membranes. Depicted above are the distribution of the B-hexosaminidase, the Na/P; cotransporter,
and the biotinylated cell-surface membranes in untreated cells (4), in cells treated for 4 h with PTH (1078 M) (B), in cells treated for 4.5 h with
leupeptin (100 pwg/ml) (C), and in cells pretreated for 30 min with leupeptin and treated thereafter for 4 h with PTH in the presence of the lysosomal

inhibitor (D).

branes. Thus PTH leads to a shift in the subcellular distribu-
tion of the transporter from a fraction enriched for biotin-
ylated cell-surface membranes to the heaviest gradient fraction
enriched for the lysosomal enzyme marker B-hexosaminidase.

To complement the above data we investigated the effect of
leupeptin and other lysosomal inhibitors on the PTH-
mediated regulation of the transporter by confocal micros-
copy. Fig. 4 depicts immunohistochemical double stainings of
B-actin (red) and the Na/P; cotransporter (green) in OK cells.
In the absence of PTH and any lysosomal inhibitor the
transporter is localized exclusively at the apical membrane
(Fig. 44), whereas 4 h of PTH treatment led to its almost
complete disappearance at the apical membrane, without any
intracellular appearance (Fig. 4B). In cells treated for 4.5 h
with leupeptin the transporter did not only localize to the
apical membrane but is also seen in intracellular structures
(Fig. 4C). PTH in the continued presence of leupeptin led to
aretrieval of the transporter from the apical surface (Fig. 4D).
Because of accumulation of intracellular transporters in the
presence of leupeptin alone an increase in intracellular stain-
ing cannot be observed after PTH treatment. Similar results

were obtained with cells treated with the lysosomotropic
agents ammonium chloride (50 mM), methylamine (50 mM),
and chloroquine (0.2 mM) (data not shown). These immuno-
fluorescence experiments are in complete agreement with
above subcellular fractionation studies showing that blocking
lysosomal degradation by leupeptin leads to the accumulation
of the transporter in a heavy gradient fraction enriched for the
lysosomal enzyme marker p-hexosaminidase. Thus a late
endosomal/lysosomal degradation system is involved in PTH
control as well as in “normal” turnover of the type II Na/P;
cotransporter.

Finally we tested whether in cells treated with leupeptin and
PTH the intracellularly accumulated Na/P; cotransporters
could be reutilized after PTH withdrawal (Fig. 5). For this
purpose cells have been preincubated for 30 min with or
without leupeptin. After preincubation cells were treated for
2 h with PTH (1078 M) in the continued presence or absence
of leupeptin. PTH was removed by washing the cells twice with
normal medium, and the cells were incubated for 4 h in normal
medium with or without cycloheximide (100 uM) again in the
continued presence or absence of leupeptin. Fig. 5 shows that
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F1G. 4. Subcellular localization of the type II Na/P; cotransporter by confocal microscopy in untreated OK cells and in OK cells treated with
PTH and/or leupeptin. OK cells grown to confluency on glass coverslips were pretreated with nothing or leupeptin (100 pg/ml) for 30 min. After
the pretreatment cells were incubated for 4 h with or without PTH (10~8 M) in the continued presence or absence of the lysosomal inhibitor.
Depicted above are immunohistochemical double stainings of B-actin (red) and the Na/P; cotransporter (green) in untreated OK cells (A4), in cells
treated for 4 h with PTH (10~8 M) (B), in cells treated for 4.5 h with leupeptin (100 ug/ml) (C), and in cells pretreated for 30 min with leupeptin
and treated thereafter for 4 h with PTH in the presence of the lysosomal inhibitor (D).

de novo synthesis is needed for the recovery of the Na/P;
cotransport from PTH inhibition. This suggests that de novo
synthesis of transporters is needed for recovery in the presence
as well as in the absence of leupeptin, i.e., the transporters
accumulated intracellularly do not recycle back to the plasma
membrane.

DISCUSSION

Rapid increases or decreases in the number of transport
proteins in the plasma membrane can be achieved by either
recruiting preexisting transporters from an intracellular vesic-
ular pool or by endocytic retrieval of transporters into intra-
cellular storage vesicles (“‘shuttle” mechanism). Well charac-
terized examples of such a regulation are provided by the
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F1G. 5. Requirement of de novo synthesis for the recovery of the
Na/P; cotransport from PTH inhibition. OK cells have been prein-
cubated for 30 min with (B) or without (4) leupeptin (100 wg/ml)
followed by an incubation for 2 h with PTH (10~8 M) in the continued
presence (B) or absence (A) of leupeptin. Thereafter cells were
washed twice with normal medium and incubated for 4 h with (O) or
without (&) cycloheximide (100 uM) in the continued presence (B) or
absence (4) of leupeptin.

insulin-regulatable glucose transporter GLUT-4 (2, 3) and the
water channel aquaporin-2 (4). Also the regulation of the
Na/P; reabsorption in renal proximal tubules occurs via alter-
ations in the number of Na/P; cotransporters (Na/P; cotrans-
porter type II) expressed in the apical membrane of these
tubules (5, 6). However, regulation of this transporter might
involve degradation and consequently also resynthesis of the
transporter (9).

By using specific inhibitors for the lysosomal pathway (30—
32) we found in the present study that PTH-mediated degra-
dation of the transporter is almost completely inhibited,
whereas inhibition of proteasomal degradation by lactacystin
(33, 34) did not significantly inhibit the PTH-mediated deg-
radation of this transporter. Moreover it was found (i) that
whereas lysosomal inhibitors prevented the PTH-mediated
degradation of the transporter they did not prevent the
PTH-mediated internalization of the Na/P; cotransport and
(ii) that treating OK cells with lysosomal inhibitors led to an
increased expression of the transporter without any concom-
itant increase in the Na/P; cotransport. By further analysis of
these findings with the use of subcellular fractionation and
morphological techniques we show (i) that the Na/P; cotrans-
porter is constitutively transported to and degraded within late
endosomes/lysosomes and (ii) that PTH led to the increased
degradation of the transporter in late endosomes/lysosomes.
Furthermore, results presented in this report suggest that not
only the lysosomal degradative pathway is involved in the
normal turnover but also the proteasomal pathway.

Down-regulation by lysosomal degradation is a well known
mechanism leading to the desensitization of cell-surface hor-
mone receptors. The similarities between the down-regulation
of certain hormone receptors (e.g., the epidermal growth
factor receptor) and the Na/P; cotransporter type II are
striking. (i) Exposure of fibroblast cells to epidermal growth
factor leads to the almost complete degradation of the epi-
dermal growth factor receptor within a few hours (38); also
exposure of OK cells to PTH leads to the almost complete
degradation of the Na/P; cotransporter in lysosomes within a
few hours (9). (ii) Removal of the growth factor leads to the
recovery of the level of cell-surface hormone receptors in
fibroblasts but only after 8-9 h (39); also removal of PTH leads
to the recovery of the level of Na/P; cotransport and Na/P;
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cotransporter in OK cells but only after 8-10 h (7, 9). (iii)
Either recovery process is known to be inhibited by cyclohex-
imide, i.e., synthesis of new receptors or transporters is needed
to replace the degraded ones (10, 39). (iv) Also a seemingly
rather high turnover (40) of the Na/P; cotransporter is in
common with many cell-surface receptors. These similarities
between the regulation of certain cell-surface receptors and
the Na/P; cotransporter type II suggest that similar mecha-
nisms underlie their regulation. Comparing the regulation of
cell-surface receptors to the regulation of plasma membrane
transport proteins in general shows that they occur by similar
ways. Rapid desensitization of receptors within a few minutes
occurs by two means (40). Receptors may remain on the cell
surface, but they are uncoupled from the normal intracellular
signal transduction, or they may be internalized into intracel-
lular vesicles so that they can no longer interact with their
agonists. Similarly rapid inhibition of transport within a few
minutes occurs by changing the kinetics of membrane resident
transport proteins or by endocytic retrieval of the transport
proteins into intracellular storage vesicles (1-4). Slow desen-
sitization of receptors is achieved by endocytic retrieval and
degradation of the receptors in lysosomes (down-regulation).
This process occurs with half-lives in the region of hours and
can result in a 10-fold reduction in receptor level (40). In the
present report we show for the first time that inhibition of
solute transport can occur in analogy to the down-regulation
of cell-surface receptors by endocytic retrieval of the trans-
porter followed by its lysosomal degradation; PTH leads to the
endocytosis of the Na/P; cotransporter type II followed by its
degradation in late endosomes/lysosomes. As it is the case for
the down-regulation of cell-surface hormone receptors, also
the down-regulation of Na/P; cotransport (27) by endocytosis
and degradation of the transport protein has been found to be
a rather slow process compared with inhibition of transporters
by other means (2-4, 41).

In conclusion, PTH leads to the internalization and late
endosomal/lysosomal degradation of the renal Na/P; cotrans-
porter type II in OK cells. Although this PTH-mediated
degradation of the transporter cannot be prevented by the
inhibition of the proteasomal degradation pathway we provide
evidence that the proteasomal pathway participates together
with the lysosomal pathway in the turnover of the type I Na/P;
cotransporter under control conditions.
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