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The receptor for parathyroid hormone (PTHR) is a main reg-
ulator of calcium homeostasis and bone maintenance. As a
member of class B of G protein-coupled receptors, it harbors a
large extracellular domain, which is required for ligand binding.
Here, we demonstrate that the PTHR extracellular domain is
cleaved by a protease belonging to the family of extracellular
metalloproteinases. We show that the cleavage takes place in a
region of the extracellular domain that belongs to an unstruc-
tured loop connecting the ligand-binding parts and that the
N-terminal 10-kDa fragment is connected to the receptor core
by a disulfide bond. Cleaved receptor revealed reduced protein
stability compared with noncleaved receptor, suggesting degra-
dation of the whole receptor. In the presence of the agonistic
peptides PTH(1–34), PTH(1–14), or PTH(1–31), the processing
of the PTHR extracellular domain was inhibited, and receptor
protein levels were stabilized. A processed form of the PTHR
was also detected in human kidney. These findings suggest a
new model of PTHR processing and regulation of its stability.

Parathyroid hormone (PTH),2 an 84-amino acid polypeptide,
is a key regulator of blood calcium levels controllingmineral ion
homeostasis and bone metabolism. In response to low calcium
or high phosphate plasma levels, PTH is synthesized in and
secreted from the parathyroid glands. The primary effector
organs for PTH are kidney and bone. In the kidney, PTH stim-
ulates reabsorption of calcium from renal tubules, stimulates
1,25-dihydroxyvitamine D synthesis, and prevents reabsorp-
tion of phosphate. In bone, PTH mediates bone resorption by
osteoclasts and reduces osteoblast proliferation, resulting in
calcium liberation and decreased bone mass (1). However,
intermittent administration of full-length PTH or a N-terminal
fragment of PTH, PTH(1–34), results in enhanced bone forma-
tion and increased bone density, providing a valuable option for
the treatment of severe osteoporosis (2).

Themultiple effects of PTH aremainly mediated by the acti-
vation of the PTH receptor type 1 (PTHR), which belongs to the
class B G protein-coupled receptor family (3). Upon activation
by an agonist, PTHR triggers at least two signaling pathways:
Gq/11-mediated phospholipase C� stimulation, leading to ino-
sitol 1,4,5-trisphosphate production, calciummobilization, and
protein kinase C activation, and Gs-mediated activation of ad-
enylyl cyclase, resulting in cAMP production and cAMP-de-
pendent protein kinase activation (4–6).
Like other members of the class B receptor family, the PTHR

has a relatively long N-terminal extracellular domain of �200
amino acids. Significant efforts have been undertaken to reveal
the mechanisms of ligand binding and activation of the PTHR.
The N-terminal 34-residue fragment of PTH (PTH(1–34)) is
capable of fully activating the receptor to the same degree as
full-length PTH (7). Although the first 14 amino acids of PTH
were found to directly bind to the transmembrane domain of
the PTHR and activate the receptor, amino acids 15–34 bind to
the extracellular domain (8–10). From these data, a two-step
activation model was derived where PTH first binds to the
extracellular domain, resulting in a conformational change of
the extracellular domain, and a subsequent binding of the
N-terminal parts of PTH to the receptor core leading to activa-
tion of the receptor (11–13). Structural analysis revealed the
extracellular domain to be consisting of a three-layer �-�-�-�
fold forming a hydrophobic groove intowhich parts of PTHcan
bind (10). Three conserved disulfide bonds are required for
proper folding of the extracellular domain and for ligand bind-
ing (10, 14, 15). Although the N-terminal and the juxtamem-
brane parts of the receptor N terminus are structured, x-ray
crystallography as well as studies investigating the functional
role of segments of the extracellular domain demonstrated that
an intermediate stretch of 44 residues within the extracellular
domain, corresponding to exon E2 of the PTHR gene, is not
required for ligand binding (10, 16).
Here we reveal a new post-translational modification of the

PTHR. We demonstrate that the PTHR ectodomain is subject
to proteolytic cleavage within a region that most likely corre-
sponds to exon E2. We further show that this cleavage can be
inhibited by PTH.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine 2000 was from Invitrogen.
Human PTH (1–31), [Nle8,18,Tyr34]PTH (1–34), and
[D-Trp12,Tyr34]PTH (7–34) were from Bachem, and human
[Aib1,3,M]PTH (1–14) was a kind gift from Dr. Thomas
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Gardella (Massachusetts General Hospital, Boston, MA).
Monoclonal HA.11 anti-hemagglutinin (HA) antibody was
purchased fromCovance, anti-HA, and anti-FLAG affinity aga-
rose, monoclonal anti-�-actin, andmonoclonal anti-FLAGM2
antibody were from Sigma-Aldrich. Anti-mouse and anti-rab-
bit peroxidase-conjugated secondary antibodies were obtained
from Dianova. Cy2-conjugated anti-mouse antibody was from
Jackson Immuno Research Lab. Endoglycosidase H (Endo H)
and neuraminidase were from New England Biolabs. N-Glyco-
sidase F (PNGase F) was purchased from Roche Applied Sci-
ence. EXPRE [35S]protein labeling mix was from PerkinElmer
Life Sciences. All of the cell culture media were obtained from
PAN Biotech. GM6001, MMP3 inhibitor 2, and BB2516 (Mari-
mastat) were obtained from Calbiochem. TIMP-1 and TIMP-2
were from Enzo Life Sciences. TNF-484 was a kind gift from
Dr. Olga Dolnik (Institute of Virology, Philipps-University
Marburg). All other reagents were from Sigma-Aldrich or
Applichem.
cDNAConstructs—Human PTHRharboring aHA epitope in

exon E2 (17) was subcloned into pcDNA3 (Invitrogen) plasmid
using the restriction sites EcoRI and SalI. To generate a recep-
tor mutant with two epitope tags in the extracellular domain, a
FLAG epitope was inserted after the signal peptide into the
HA-PTHR by PCR using the sense primer GAT TAT AAA
GAT GAT GAT GAT AAA TAC GCG CTG GTG GAT GCA
and the antisense primer CGGCTTATCATCATCATCTTT
ATA ATC CGC GGA GCT GAG CAC GGG. All of the con-
structs were confirmed by sequencing.
Cell Culture and Transfection—Chinese hamster ovary

(CHO) cells and rat osteosarcoma ROS 17.2/8 cells were main-
tained in 1:1 Dulbecco’s modified Eagle’s medium/Ham’s F-12
medium containing 10% (v/v) fetal calf serum, 100 units/ml
penicillin, and 100 �g/ml streptomycin. The cells were main-
tained at 37 °C in a humidified atmosphere of 5% CO2, 95% air.
To generate stable cell lines, the cells were transfected with
PTHR, HA-PTHR, or FLAG-HA-PTHR in pcDNA3 using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. 48 h after transfection, the cells were selected in culture
medium supplementedwith 1mg/mlG418 for approximately 2
weeks. Clonal cell lines were derived from limited dilution
series and screened for expression of the desired protein by
Western blot.
Antibody Generation—We previously generated polyclonal

antisera against the C-terminal tail of the human PTHR (18).
The identity of the peptide used for the immunization of the
rabbits was EEASGPERPPALLQEEWETVM. The specificity of
the antisera was initially tested using immunodot blot analysis.
For subsequent analysis, antibodies were affinity-purified
against their immunizing peptide using the Pierce SulfoLink
Immobilization Kit for Peptides (Thermo Scientific) according
to the instructions of the manufacturer. In initial dot blot anal-
yses and preliminary immunohistochemical investigations, the
antiserum (antiserum 1781) displayed high affinity along with
strong and specific immunostaining.
Ligand Stimulation Experiments—Subconfluently grown

cells in 12-well dishes were stimulated with different PTH pep-
tides as indicated. For time series, the ligands were added in a
reversed temporal order starting with the longest incubation

time to guarantee the same control point for all of the samples.
Subsequently, the cells were lysed in SDS sample buffer, heated
for 20 min at 60 °C, and subjected to SDS-PAGE and Western
blot analysis.
Immunoprecipitation Assays and Western Blotting—Immu-

noprecipitation and Western blots were performed as de-
scribed elsewhere (19). Briefly, the cells were lysed in ice-cold
radioimmune precipitation assay buffer (10 mM Tris-HCl, pH
7.5, 150mMNaCl, 1% (w/v) Nonidet P-40, 0.1% (w/v) SDS, 0.5%
(w/v) sodium deoxycholate, 5 mM EDTA) supplemented with a
mix of protease inhibitors (10 �g/ml soybean trypsin inhibitor,
30 �g/ml benzamidine, 1 mg/ml leupeptin, 100 �M phenyl-
methylsulfonyl fluoride). The lysates were cleared by centrifu-
gation at 20,000� g for 30min at 4 °C, and the supernatant was
incubated for 2 h with anti-HA affinity agarose or anti-FLAG
affinity agarose. The precipitates were collected by gentle cen-
trifugation and washed three times in cold radioimmune pre-
cipitation assay buffer. The proteins were eluted with SDS sam-
ple buffer, subjected to SDS-PAGE, and the proteins were
transferred onto polyvinylidene difluoride membranes (Milli-
pore). The blots were incubated with primary antibodies as
indicated, and bound antibodies were visualized with second-
ary antibodies and ECL Plus Western blotting detection rea-
gent (GE Healthcare) in accordance with the manufacturer’s
instructions.
Metabolic Labeling of the PTHR—Pulse-chase experiments

were essentially done as described elsewhere (19). Briefly, the
cells stably expressing HA-PTHR were starved for 1 h in Met/
Cys-depleted Dulbecco’s modified Eagle’s medium (PAN Bio-
tech) and labeled for 1 h inDulbecco’smodified Eagle’smedium
containing [35S]Met/Cys (150 �Ci/ml). The cells were washed
twice in phosphate-buffered saline and chased with complete
culture medium supplemented with 2 mM methionine and 2
mM cysteine for 1–12 h in the absence or presence of 100 nM
PTH(1–34). Subsequently, the cells were lysed, PTHR was pre-
cipitated with anti-HA affinity agarose as described above, and
the precipitates were separated by SDS-PAGE. The gels were
Coomassie-stained, soaked with Amplify fluorographic solu-
tion (GE Healthcare), and dried. Radiolabeled HA-PTHR was
visualized and quantified by autoradiography on a PMI phos-
phorimager (Bio-Rad).
Receptor Deglycosylation—PTHR was precipitated with

anti-HA affinity agarose as described above. The precipitates
were eluted from the affinity resin and denatured with 1% (w/v)
SDS, 50 mM sodium phosphate, pH 7.5, for 40 min at room
temperature. Before the enzyme reaction, the eluates were
diluted 10-fold with either buffer E (50 mM sodium phosphate,
pH 5.5, 50 mM EDTA, 0.5% (w/v) dodecylmaltoside, 1% 2-mer-
captoethanol; Endo H), buffer P (50 mM sodium phosphate, pH
7.5, 50 mM EDTA, 1% Triton X-100, 1% 2-mercaptoethanol;
PNGase F), or buffer N (50 mM sodium phosphate, pH 6.0;
Neuraminidase). All of the buffers were supplemented with a
mix of protease inhibitors (10 �g/ml soybean trypsin inhibitor,
30 �g/ml benzamidine, 1 mg/ml leupeptin, 100 �M phenyl-
methylsulfonyl fluoride). The enzymes were added at final con-
centrations of 5 units/ml PNGase F, 250 units/ml EndoH, or 50
units/ml neuraminidase. The samples were incubated at 37 °C
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for 16 h, and the reactionwas terminated by adding SDS sample
buffer.
Receptor Enrichment from Kidney Tissue—Fresh tissue from

human kidney was homogenized in ice-cold 50 mM Tris (pH
7.4) supplemented with a mix of protease inhibitors (10 �g/ml
soybean trypsin inhibitor, 30 �g/ml benzamidine, 1 mg/ml leu-
peptin, 100 �M phenylmethylsulfonyl fluoride) using an Ultra-
Turrax tissue homogenizer followed by brief sonification.
Homogenateswere diluted 1:1with radioimmune precipitation
assay buffer, incubated on a rotary wheel for 1 h at 4 °C, and
cleared by centrifugation at 20,000 � g for 30 min at 4 °C. The
supernatant was incubated for 3 h with wheat germ agglutinin-
agarose. The precipitates were collected by gentle centrifuga-
tion and washed three times in ice-cold radioimmune precipi-
tation assay buffer. The proteinswere elutedwith elution buffer
(50 mM NaPO4, pH 7.5, 0.5 M N-acetylglucosamine, 10 mM

EDTA, 1% Nonidet P-40 (w/v), 0.1% (w/v) SDS) and concen-
trated with a Microcon centrifugal filter device (10,000 molec-
ular weight cut-off; Millipore).
Immunocytochemistry and Confocal Imaging—CHO cells

stably expressing HA-PTHR were grown on coverslips over-
night. The cells were then exposed to different ligands for 30
min as indicated. The cells were fixed with 4% paraformalde-
hyde and 0.2% picric acid in 0.1 M phosphate buffer, pH 6.9, for
30 min at room temperature and washed five times in phos-
phate-buffered saline. For permeabilization the cells were incu-
bated for 5 min in methanol. After 10 min of preincubation in
phosphate-buffered saline containing 0.35% bovine serum
albumin, the cells were incubated with anti-HA antibody at a
dilution of 1:1000 in phosphate-buffered saline containing
0.35% bovine serum albumin for 1 h at 37 °C. Bound primary
antibody was detected with Cy2-labeled goat anti-mouse IgG
(1:200). The specimens were examined using a Leica SP2 laser
scanning confocal microscope.
Generation of Dynamin Wild Type and K44A Recombinant

Adenoviruses—Wild type dynamin (DynWT) and dynamin
K44A (DynK44A) cDNAs in the pCB1 vector were kindly pro-
vided by Dr. Marc Caron (Duke University, Durham, NC).
Dynamin cDNA fragments were excised from pCB1 plasmids
and cloned between the EcoRI andXmaI sites of vector pIRES2-
AcGFP1-Nuc (Clontech). Thereafter, the entire cassettes con-
taining dynamin, IRES, and nuclear green fluorescent protein
sequences were removed and cloned into the EcoRI/NotI sites
of pENTR vector (Invitrogen) and subsequently introduced
into adenoviral vectors (pAD/CMV/V5-DEST; Invitrogen) by
homologous recombination. Recombinant adenoviral vectors
were generated by standard procedures following themanufac-
turer’s instructions. Adenovirus titers were determined by
measuring absorbance at 260 nm with a spectrophotometer.

RESULTS

ProlongedActivation of the PTHRResults in IncreasedMolec-
ular Mass Forms of the Receptor—Although PTH(1–34) and
PTH(1–14) have been described to fully activate the PTHRwith
almost equal potency compared with full-length PTH, PTH(1–
31) has been reported to stimulate adenylyl cyclase activity but
not to activate protein kinase C (20, 21). PTH(7–34) is a com-
petitive antagonist to PTH(1–34) and is believed to have no

intrinsic activity (22). First, we investigated the capacity of these
four PTH peptides to induce PTHR internalization. CHO cells
stably expressing HA-tagged PTHR were incubated with satu-
rating concentrations of PTH(1–34), PTH(1–31), PTH(1–14),
or PTH(7–34) for 30 min. To monitor PTHR trafficking, the
cells were fixed, PTHR was stained with an anti-HA antibody
followed by a Cy2-coupled secondary antibody, and confocal
images of each conditionwere taken. Although in unstimulated
cells the receptor was mainly distributed at the cell surface,
treatment with the agonistic peptides PTH(1–34), PTH(1–31),
or PTH(1–14) resulted in a perinuclear accumulation of immu-
noreactive vesicles indicating a rapid internalization of PTHR.
In contrast, the antagonistic peptide PTH(7–34) did not signif-
icantly internalize the receptor (Fig. 1A). To assess how pro-
longed stimulation affected PTHR internalization and to assess
the extent of internalization, CHO cells stably expressing HA-
tagged PTHR were incubated with 100 nM PTH(1–34) or 1 �M

PTH(7–34) for 30 min, 3 h, or 6 h. The cells were fixed and
either permeabilized with methanol or left unpermeabilized to
detect receptor at the cell surface only. PTHR was visualized as
described above. As shown in Fig. 1B, PTH(1–34) almost com-
pletely internalized the receptor from the cell surface. Also,

FIGURE 1. Ligand-induced internalization of the PTHR. A, CHO cells stably
expressing HA-PTHR were treated with 100 nM PTH(1–34), 1 �M PTH(1–31), 3
�M PTH(1–14), or 1 �M PTH(7–34) for 30 min. Subsequently, the cells were
fixed, permeabilized, and stained with mouse anti-HA antibody followed by a
Cy2-labeled anti-mouse antibody. HA-PTHR was visualized by confocal
microscopy. B, CHO cells stably expressing HA-PTHR were left untreated (con-
trol) or were treated with 100 nM PTH(1–34) or 1 �M PTH(7–34) for 30 min, 3 h,
or 6 h. The cells were fixed and either permeabilized with MeOH or left unper-
meabilized. White scale bars represent 5 �m. PTHR was visualized as described
above.
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continuous application of PTH(1–34) for up to 6 h did not lead
to a significant recovery of the receptor levels at the cell surface.
In contrast, neither given as a short pulse nor applied for up to
6 h did PTH(7–34) have an effect on PTHR internalization.
Next, we investigated the effect of prolonged application of

PTH on the PTHR protein. CHO cells stably expressing HA-
tagged PTHRwere incubatedwith saturating concentrations of
different PTH peptide fragments for 30 min to 12 h. PTHR
expression was monitored in Western blots from whole cell
lysates and was detected as a broad band with an approximate
molecular mass of 90 kDa. Interestingly, with the progressive
presence of agonistic peptides an increasing fraction of the
PTHR appeared to have a slower electrophoretic mobility
compared with unstimulated receptors (Fig. 2A). Moreover, in
PTH(1–34)-, PTH(1–31)-, and PTH(1–14)-treated cells, an
increased immunoreactive signal was detected, suggesting an
increase of PTHR protein levels. Repeating these experiments
in the presence of cycloheximide to block protein synthesis did
not diminish the PTH(1–34) evoked increase in protein levels
(supplemental Fig. S1), thus suggesting that PTH(1–34) rather
reduces the degradation of PTHR than stimulates protein
expression. In contrast, cells treated with the antagonistic pep-
tide PTH(7–34) exhibitedmajor changes neither of PTHRmass
nor of protein levels (Fig. 2B). To confirm these observations in
a more physiological setting, we used rat osteosarcoma cells
that stably expressed HA-PTHR. Again, a shift in the electro-
phoretic mobility of the PTHR was observed after prolonged
stimulation with PTH(1–34) along with an increasing signal
strength (Fig. 2C).
The HA-tagged PTHR, which was used in the above experi-

ments, has been shown to have similar properties to wild type
PTHR in terms of ligand binding and signaling (16, 17). How-
ever, to exclude that the observed effects of PTHwere caused by

the modification of the PTHR with an HA epitope, we com-
pared CHO cells stably expressing either HA-tagged PTHR or
wild type human PTHR. To visualize wild type PTHR, we gen-
erated an antiserum against the final 21 amino acids in the C
terminus of the human PTHR; this antiserum detected human
HA-PTHR as well as human wild type PTHR with high sensi-
tivity and specificity (18). After 12 h of incubation with 100 nM
PTH(1–34), an increasedmolecularmass was detected for HA-
PTHR (Fig. 2D, left panel) as well as for wild type PTHR (Fig.
2D, right panel) compared with unstimulated receptor. This
indicated that the observed difference of molecular mass was
not affected by the HA epitope and suggests that the stimula-
tion of PTHR does indeed change its electrophoretic mobility
and increase its levels.
PTHR Shift Is Not Mediated by Changes in Glycosylation—

Previous studies revealed that some ligands may facilitate the
maturation of vasopressin 2 receptor mutants and the � opioid
receptor by acting as molecular chaperones. These ligands pro-
moted glycosylation of immature receptors, which are retained
in the endoplasmic reticulum. Therefore in these two examples
mature and immature receptors differ in their glycosylation
pattern. Although immature receptors were susceptible to deg-
lycosylation by Endo H and by PNGase F, mature receptors
were resistant to Endo H (23, 24). PTHR is highly glycosylated
at fourN-glycosylation sites constituting�30% of the apparent
molecular mass of the mature receptor (25). To test whether a
similar mechanism of molecular chaperoning could underlie
our findings for the PTHR, we assessed the glycosylation
pattern of unstimulated and PTH-treated PTHR. CHO cells
expressing HA-PTHR were stimulated with PTH(1–34) for
12 h, HA-PTHR was immunoprecipitated using anti-HA agar-
ose, and precipitates were treated with neuraminidase, EndoH,
or PNGase F. As can be seen in Fig. 3, neither neuraminidase
nor Endoglycosidase H affected themobility of the PTHRwith-
out or with prior PTH treatment (lanes 2 and 3 versus lanes 6
and 7). PNGase F treatment, however, resulted in three differ-
ent bands with approximate Mr values of 50,000, 57,000, and
60,000 (lane 4). In cells that had been treated with PTH, only a
single band with a Mr of 60,000 was observed after PNGase F

FIGURE 2. Prolonged agonist stimulation results in reduced electro-
phoretic mobility of the PTHR. A and B, CHO cells stably expressing HA-
PTHR were treated with 100 nM PTH(1–34), 1 �M PTH(1–31), 3 �M PTH(1–14),
or 1 �M PTH(7–34) for the indicated times. Subsequently, the cells were lysed,
and the proteins were separated by SDS-PAGE and blotted to polyvinylidene
difluoride membranes. PTHR was detected in Western blots with an anti-HA
antibody. C, ROS 17/2.8 cells stably expressing HA-PTHR were treated with
100 nM PTH(1–34) for the indicated times. The cells were processed as
described above. D, CHO cells stably expressing HA-PTHR or wild type PTHR
were treated with 100 nM PTH(1–34) as indicated for 12 h and processed as
above. PTHR was detected in Western blot using antibodies detecting an
epitope at the PTHR C terminus. The positions of molecular weight standards
are marked on the left.

FIGURE 3. Glycosylation does not contribute to the PTH-induced changes
in molecular mass of the PTHR. CHO cells stably expressing HA-PTHR were
treated with 100 nM PTH(1–34) for 12 h as indicated. The cells were lysed, and
PTHR was precipitated using anti-HA affinity beads. Precipitated proteins
were incubated with 50 units/ml of neuraminidase (N), 250 units/ml of Endo H
(E), or 5 units/ml of PNGase F (P) for 16 h. Enzyme reactions were stopped by
the addition of SDS sample buffer, and proteins were separated by SDS-PAGE.
HA-PTHR was detected in Western blot analysis. The empty arrowhead indi-
cates a fully glycosylated receptor form. The closed arrowheads indicate the
different receptor forms after PNGase treatment. The positions of molecular
weight standards are marked on the left.
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deglycosylation (lane 8). Thus, the change in mobility of the
PTHR after prolonged PTH treatment does not appear to be
due to altered glycosylation because it was also seen after
PNGase F-induced deglycosylation.Moreover, complete degly-
cosylation with PNGase F revealed an apparent difference of
�10 kDa between the smallest and the largest receptor
proteins.
PTH Prevents Degradation of the PTHR—Because glycosyla-

tion seemed not to be responsible for the different molecular
weight species of the PTHR, we set out to monitor PTHRmat-
uration in the absence or presence of PTH by metabolic label-
ing. CHO cells stably expressing HA-PTHRwere metabolically
labeled with [35S]methionine/cysteine and then chased in
medium containing unlabeled amino acids. The chase medium
was supplemented with PTH(1–34) or PTH(7–34) or without
any ligand. Subsequently, the cells were lysed, and the receptors
were isolated by immunoprecipitation and detected by SDS-
PAGE and autoradiography. Two major forms of the PTHR
were detected: aMr 75,000 species, which was present directly
after the pulse and most probably represents core-glycosylated
receptor, and aMr 100,000 species, which appeared after 1 h of
chase and was the predominant form after 3 h, therefore pre-
sumably representing fully glycosylated PTHR (Fig. 4, A–C).
Interestingly, in the course of chase in the absence of PTH, the
Mr 100,000 form progressively lost mass, resulting in an effec-
tivemolecularweight of�90,000 after 12 h of chase (Fig. 4A). In
contrast, when PTH(1–34) was present during the chase, the
molecular weight of the mature PTHR remained constant at
100,000 (Fig. 4B). When we applied the antagonist PTH(7–34)
to the chase medium, no stabilization of the PTHR protein was
detectable, comparable with the situation without any ligand
(Fig. 4C). Moreover, when comparing the stability of the radio-
labeled PTHR over time, a strong difference in protein half-life
was observed: although in the absence of ligand and in the pres-
ence of PTH(7–34) PTHR had half-lives of 12 and 7 h, respec-
tively, PTH(1–34) led to a dramatic stabilization resulting in a
half-life estimated at �60 h (Fig. 4D).
Together with the above findings, these results indicate that

the PTHR protein undergoes a degradative process during its
lifetime, resulting in a reduced protein mass and ultimately
leading to reduced protein stability. This process can be
blocked by the presence of PTH(1–34) but not of PTH(7–34).
PTHR Is Cleaved within the Extracellular Domain—Taking

into account that changes in receptor glycosylation were not
responsible for the different electrophoretic mobilities of the
PTHRand that the receptormass decreased over time, we spec-
ulated whether a proteolytic event might be occurring. In such
a case, the extracellular N terminus or the intracellular C ter-
minus would most likely be affected. However, as we demon-
strated that an antibody directed against the PTHR C terminus
still was capable of detecting both the high and the low molec-
ular weight PTHR form (Fig. 2D), a cleavage in the PTHR C
terminus seemed unlikely. The HA epitope, which was used for
detection of the PTHR, had been inserted into the extracellular
domain in exon E2 of the PTHR (amino acids 93–101). Both the
fully processed and the apparently degraded forms of the recep-
tor were equally well detected with an anti-HA antibody (Fig. 2,
A–C), giving rise to the assumption that a potential proteolytic

cleavage should occur in the PTHR extracellular domainN-ter-
minal from the HA epitope. To investigate this, we generated a
PTHR mutant containing a FLAG epitope directly after the
signal peptide and an HA epitope in exon E2 (Fig. 5A). CHO
cells stably expressing this receptor construct were treatedwith
PTH(1–34) for 12 h, and Western blots of cell lysates were
probed with anti-HA and anti-FLAG antibodies. As expected,
in the HA blots aMr 90,000 band and aMr 100,000 band were
detectable in cells without and with PTH incubation, respec-
tively (Fig. 5B, left panel). In contrast, the anti-FLAG antibody
detected only a single mobility form of Mr 100,000, which was

FIGURE 4. PTH stabilizes the high molecular mass form of the PTHR.
A–C, CHO cells stably expressing HA-PTHR were pulse-labeled with [35S]me-
thionine/cysteine-containing medium (150 �Ci/ml) and then chased for the
indicated times with medium containing nonradioactive methionine and
cysteine in the absence (A) or presence of 100 nM PTH(1–34) (B) or 1 �M PTH(7–
34) (C). HA-PTHR was precipitated from cell lysates using HA antibody. The
samples were analyzed by SDS-PAGE and fluorography of the dried gels with
a Bio-Rad phosphorimager. The closed arrowheads indicate newly synthe-
sized PTHR; the open arrowheads indicate fully mature PTHR. D, decay of
radiolabeled PTHR was quantified using a monoexponential decay function.
Œ, untreated; E, PTH(1–34); F, PTH(7–34). The means of three independent
experiments are shown.
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very faint in the unstimulated sample and more prominent in
the PTH-treated sample (Fig. 5B, right panel). This strongly
suggests that the N-terminal part of the PTHR ectodomain,
harboring the FLAG epitope, is cleaved in untreated cells and
thus cannot be detected in anti-FLAGWestern blots.
Asmentioned above, the extracellular domain of the PTHR is

structured by three disulfide bridges (10, 14). One of these
disulfide bridges is formed between Cys48 and Cys117 (Fig. 5A);
this bridge might stabilize the cleaved fragment under native
conditions. To test this hypothesis, CHO cells expressing HA-
tagged PTHR were stimulated for 12 h with PTH(1–34). To
obtain better protein separation in the subsequent SDS-PAGE,

the cellswere treated for 12 hprior to and throughout thewhole
experiment with tunicamycin to block glycosylation of the
PTHR. The cell lysates were prepared in the presence or
absence of 100 mM dithiothreitol as a reducing agent, and
PTHRwas detected inWestern blot using an anti-HAantibody.
Under reducing conditions, a band at 55 kDa in unstimulated
cells and a band at 65 kDa in PTH-treated cells were detected,
most likely representing the cleaved and the uncleaved receptor
forms, respectively (Fig. 5C, left panel). Under nonreducing
conditions, in both unstimulated and stimulated cells only a
major band of 65 kDa was detected. Taken together, these find-
ings indicate that the PTHR is proteolytically cleavedwithin the
N terminus. The cleaved fragment is apparently under native
conditions tethered to the receptor core by a single disulfide
bond.
PTHR Cleavage Is Mediated by Zinc-dependent Metallo-

proteinases—Assuming that a proteolytic cleavage was respon-
sible for PTHR cleavage, as suggested by our above findings, we
searched for the responsible enzyme. Therefore, a number of
known inhibitors of proteinases were tested. CHO cells
expressing HA-tagged PTHR were incubated with medium
containing protease inhibitors or PTH(1–34) for 6 h. The cells
were lysed, and HA-PTHR was detected in Western blot. No
reduced cleavage was observed with inhibitors of cysteine, ser-
ine, and aspartate proteases (10 �M pepstatin, 1 �M aprotinin,
100�M leupeptin, 40�MALLM, 100mMAEBSF, 50mMN-eth-
ylmaleimide, and 1 mg/ml �2-macroglobulin; data not shown).
However, significant inhibition of PTHR cleavagewas observed
for metal ion-chelating inhibitors; diethyldithiocarbamate
blocked PTHRcleavage at a concentration of 5–10mM, and this
blockage was reversed by the addition of equimolar amounts of
zinc ions (Fig. 6A). Similarly, another ion chelator, 1,10-phe-
nanthroline, also prevented PTHR cleavage (data not shown).
The effect of both inhibitors was concentration-dependent.
The organomercurial compound p-aminophenyl-mercuric
acetate (APMA) is an effective activator of metalloprotein-
ases (26, 27). To test whether APMA would provoke PTHR
cleavage in the presence of PTH, CHO cells expressing HA-
PTHR were incubated with PTH(1–34) for 12 h, and differ-
ent concentrations of APMA were added to the medium
thereafter and incubated for 6 h. The cells were lysed, and
HA-PTHR was analyzed in Western blots. APMA overcame
the PTH-induced inhibition of PTHR cleavage in a concen-
tration-dependent manner, resulting in a PTHR size pattern
comparable with unstimulated PTHR (Fig. 6B). A further
characterization of the protease responsible for PTHR cleav-
age was done by testing various inhibitors of metalloprotein-
ases. For this, the cells were pulse-labeled with [35S]methi-
onine/cysteine as described above and chased for 8 h. During
the chase MMP3 inhibitor 2, GM6001, Marimastat, TNF-
484, TIMP-1, or TIMP-2 was added to the medium. PTH(1–
34) served as a positive control. All of the pharmacological
inhibitors of matrix metalloproteinases (MMPs) inhibited
PTHR cleavage comparable with PTH(1–34), as was observed
from the increased electrophoretic mobility of the labeled recep-
tor. Also TIMP-2 prevented cleavage of the receptor to some
extent. Only TIMP-1 did not reveal any inhibitory effect on the
cleavage (Fig. 6C). Taken together, these data strongly indicate

FIGURE 5. Modification of the PTHR is restricted to the extracellular
domain. A, schematic representation of the PTHR. A FLAG epitope was
inserted after the signal sequence (amino acids 22 and 23), and an HA
epitope was inserted replacing amino acids 93–101. A disulfide bridge
between Cys48 and Cys117 stabilizing the extracellular domain is depicted
by a dotted line. B, CHO cells stably expressing the FLAG-HA-PTHR were
stimulated with PTH(1–34) for 12 h. The cells were lysed, and the samples
were subjected to SDS-PAGE and subsequent Western blot analysis. PTHR
was detected using an anti-HA antibody (left panel) or an anti-FLAG-M2
antibody (right panel). C, CHO cells stably expressing the HA-PTHR were
stimulated with PTH(1–34) for 12 h. To gain better resolution of the pro-
teins, the cells were treated 12 h prior to and throughout the experiment
with 5 �g/ml tunicamycin to block N-glycosylation. The cells were lysed in
SDS-buffer in the presence (left panel) or absence (right panel) of 100 mM

dithiothreitol (DTT). The lysates were subjected to SDS-PAGE and subse-
quent Western blot analysis. PTHR was detected using an anti-HA anti-
body. The PTHR forms are indicated by arrowheads.
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that the protease responsible for the cleavage of the PTHR extra-
cellular domain belongs to the proteinase superfamily of zinc-de-
pendent metalloproteinases.

Agonists Prevent PTHR Cleavage
by Internalizing the Receptor—As
shown above, only agonists that
internalized the PTHR were able to
prevent itsN-terminal cleavage, and
the responsible protease most likely
resides in the extracellular space.
Thus, we rationalized that the
mechanism through which agonists
could prevent cleavage might
involve the removal of receptor
from the cell surface. To test this
hypothesis, we blocked PTH-in-
duced internalization of the PTHR
and monitored receptor cleavage.
For this, we took advantage of a
dominant negative mutant of dy-
namin (DynK44A) that blocks clath-
rin-dependent internalization of
membrane proteins (28). To obtain
maximal expression ofwild type and
K44A dynamin, CHO cells stably
expressingHA-PTHRwere infected
using an adenoviral vector. Tomon-
itor the extent of internalization
suppression, infected cells were
treated with PTH(1–34) for 30 min

or 12 h, and HA-PTHR was detected by immunofluorescence.
Although in cells expressing DynWT PTHR was internalized in
a fashion similar to noninfected cells and was detected in intra-
cellular vesicles after 30 min and 12 h of stimulation, in
DynK44A-infected cells no significant internalization of the
receptor occurred (Fig. 7A, compared with Fig. 1). PTHR cleav-
age of DynWT- or DynK44A-infected cells was assessed byWest-
ern blot analysis of the PTHR. Fig. 7B shows that although in
DynWT-infected cells PTH(1–34) inhibited PTHR cleavage sig-
nificantly after 12 h, no high molecular weight form of the
receptor was detected in DynK44A-infected cells after PTH
stimulation. Thus, PTH blocks receptor cleavage by removing
the receptor from the cell surface, thereby making it inaccessi-
ble for extracellular proteases.
Detection of a Cleaved Form of the PTHR in Human Kidney—

So far, all of the experiments were performed with human
PTHR in cell culture. To investigate whether the cleavage of the
PTHR ectodomain also occurs in vivo, we examined PTHR
from human kidney. To be able to detect the PTHR, we
enriched them using lectin affinity purification. To better
assess the molecular weight of the receptors, the proteins
were deglycosylated subsequently with PNGase F and sepa-
rated by reducing SDS-PAGE. PTHR was detected by West-
ern blot analysis using anti-PTHR-CT antibody. As a con-
trol, Fig. 8 shows that in CHO cells PTH(1–34) shifted the
PTHR from a low molecular form of 60 kDa to a high molec-
ular weight form of �70–75 kDa. In human kidney, the
major fraction of the PTHR was similar to the major band of
PTH-treated CHO cells, i.e. resembling uncleaved receptor.
However, a minor fraction of the receptor from human kid-
ney was detected at a lower molecular weight, which was

FIGURE 6. PTHR is cleaved by an extracellular, zinc-dependent protease. A, CHO cells stably expressing
HA-PTHR were treated for 6 h with increasing concentrations of PTH(1–34) or diethyldithiocarbamate in the
absence or presence of equimolar concentrations of zinc phosphate. The cells were lysed, and the lysates were
subjected to SDS-PAGE and subsequent Western blot analysis. PTHR was detected using an anti-HA antibody.
B, CHO cells stably expressing HA-PTHR were treated for 12 h with PTH(1–34). APMA was added to the medium
in increasing concentrations, and the cells were incubated for 6 h. Subsequently, the cells were lysed, and the
lysates were subjected to SDS-PAGE and subsequent Western blot analysis using an anti-HA antibody. C, CHO
cells stably expressing HA-PTHR were pulse-labeled with [35S]methionine/cysteine-containing medium (150
�Ci/ml) and then chased for 8 h with nonradioactive medium containing PTH(1–34) (100 nM), GM6001 (20 �M),
MMP3 inhibitor 2 (20 �M), Marimastat/BB2515 (20 �M), TNF-484 (20 �M), TIMP-1 (40 nM), or TIMP-2 (40 nM).
HA-PTHR was precipitated from cell lysates using HA antibody. The samples were analyzed by SDS-PAGE and
fluorography of the dried gels with a Bio-Rad phosphorimager. The arrowheads indicate cleaved and
uncleaved PTHR species.

FIGURE 7. PTH inhibits ectodomain cleavage by internalization of the PTHR.
CHO cells stably expressing HA-PTHR were infected with adenovirus encoding
for DynWT or dynamin K44A (DynK44A). 48 h after the infection, the cells were
stimulated with 100 nM PTH(1–34) for 30 min or 12 h. A, cells were fixed, perme-
abilized, and stained with mouse anti-HA antibody followed by a Cy2-labeled
anti-mouse antibody. HA-PTHR was visualized by confocal microscopy. B, cells
were lysed, and the proteins were separated by SDS-PAGE and blotted to polyvi-
nylidene difluoride membranes. PTHR was detected in Western blots with an
anti-HA antibody. The positions of molecular weight standards are marked on
the left. The arrowheads indicate cleaved and uncleaved PTHR species.
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comparable with the lower forms of cleaved PTHR from
unstimulated CHO cells. Because the receptors were
detected with antibodies directed against the PTHR-CT, this
strongly suggests that also in vivo the PTHR is a target to
cleavage of the N-terminal domain.

DISCUSSION

PTH has differential effects on bone metabolism. It has been
long known that persistently elevated PTH levels lead to bone
resorption, thereby liberating calcium and organic phosphate
and elevating plasma calcium levels. In contrast, an intermit-
tent application of exogenous PTH has been proven to stimu-
late bone apposition, thereby preventing bone loss. Thus,
recombinant PTH(1–34) is being used for the treatment of
severe osteoporosis. However, the exact underlying molecular
mechanisms are still not fully understood. Herewe investigated
the direct effect of continuous application of PTH on the
PTHR. We found that prolonged stimulation with agonists led
to an apparently increased molecular weight and to increased
protein levels of HA-tagged as well as wild type PTHR. For
some G protein-coupled receptors, an accumulation of imma-
ture receptor species in the endoplasmic reticulum has been
described. However, alterations in the glycosylation pattern of
the receptor, which have been ascribed to immature receptor
species, were not found for the PTHR. Therefore, our initial
hypothesis that this phenomenon might be due to a chaperon-
ing effect evoked by PTH on immature receptor trapped in the
endoplasmic reticulum could not be held up. This is in line with
a previous report documenting that impaired glycosylation of
the PTHR does not fundamentally affect the functionality and
localization of the receptor (29). Notably, other post-transla-
tional modifications, which can lead to an increased protein
mass, such as SUMOylation, ubiquitination, or phosphoryla-
tion, were either not detectable or did not contribute to the
PTH-induced molecular weight shift of the PTHR (data not

shown). Interestingly, when investigating the steady-state levels
of PTHR protein, we observed a progressive decrease of molec-
ular weight of PTHR, which had not been activated by an ago-
nist, from an initial Mr 100,000 form to a Mr 90,000 form. A
similar mass change was observed when the receptor was
treated with the antagonist PTH(7–34). PTH(1–34), however,
prevented this effect and significantly reduced PTHR protein
turnover. These findings would explain our initial observation
in whole cell lysates of an apparent increase of molecular mass
during the presence of PTH; while in the presence of PTH, the
Mr 100,000 protein was stabilized and accumulated over time,
whereas under unstimulated conditions only the Mr 90,000
form was present.
Several lines of evidence suggest that the loss of molecular

weight of the PTHR is caused by proteolytic cleavage occurring
within the PTHR ectodomain; an antibody directed against the
last 20 amino acids was able to detect the high and the low
molecular form of PTHR, ruling out a cleavage in the C termi-
nus of the receptor. Using a PTHR mutant harboring two
epitope tags in theN-terminal domain, we showed that only the
very N-terminal FLAG tag was lost from the receptor, whereas
the HA tag more proximal to the receptor core remained. The
loss of the N-terminal fragment of the PTHR extracellular
domain was dependent on reducing conditions, indicating that
the cleaved fragment is tethered in vivo to the receptor by a
disulfide bridge, most likely between Cys48 and Cys117.
Although the exact position of the cleavage could not be
resolved, based on the size of the fragment of �10 kDa, the
position of both epitope tags and the fact that cysteine residues
stabilized the N-terminal fragment, we propose a cleavage
occurring within residues 50–90 of the PTHR. This region was
found to be within a flexible, unstructured loop of the PTHR
extracellular domain, which would allow easy attachment of
proteases (10). Interestingly, amino acid sequence comparison
of the PTH/secretin/calcitonin receptor family revealed that
residues 61–105 of the PTHR, which are encoded by exon E2,
were not conserved in the other members of the class B G
protein-coupled receptors (25). A similar finding has been
described for the family of glycoprotein receptors, where the
thyrotropin receptor was found to contain a motif in the
extracellular domain not present in other family members
(30). Most notably, it has long been known that the respec-
tive region in thyrotropin receptor is cleaved by a still not
identified extracellular protease, resulting in a two-subunit
receptor (31, 32). Based on our present findings, we propose
a similar mechanism for the PTHR. This underlines the
remarkable biochemical and evolutionary similarities
between both receptor families.
Two possible explanations emerged for how ligands could

prevent receptor cleavage. Agonist binding to the receptor
might directly interfere with protease cleavage. However,
because PTH(1–14), which also blocked PTHR cleavage, only
binds to the transmembrane region of the PTHR, this explana-
tion seems to be unlikely (9). All three agonists used in this
study, but not the antagonist PTH(7–34), rapidly internalized
the PTHR. Moreover, when we blocked agonist-evoked recep-
tor internalizationwith dominant negative dynamin, the PTHR
was cleaved irrespective of agonist binding. Thus, receptor

FIGURE 8. Detection of a cleaved form of the PTHR in human kidney. Gly-
coproteins from human kidney tissue or from CHO cells stably expressing
HA-PTHR, which had been treated for 12 h with 100 nM PTH(1–34), were
enriched by wheat germ agglutinin affinity purification. Thereafter proteins
were deglycosylated with PNGase F for 16 h. The enzyme reactions were
stopped by the addition of SDS sample buffer, and the proteins were sepa-
rated by SDS-PAGE and transferred to polyvinylidene difluoride membranes.
PTHR was detected by Western blot using an anti-PTHR-CT antiserum. The
arrowheads indicate cleaved and uncleaved PTHR species.
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internalization caused by these agonists appears to be involved
in the inhibition of receptor cleavage, presumably by removing
the receptor from the cell surface and restricting the access of
extracellular proteases.
Notably, cleavage of the extracellular domain reduced the

overall stability of the PTHR protein, and this was reversed by
agonist application. Themost likely explanation for this finding
would be that the N-terminal domain is required for the stabi-
lization of the whole receptor protein. Interestingly, these find-
ings are in contrast to the common concept that prolonged
agonist exposure generally reduces receptor numbers and
thereby blunts long term signaling. Here, we rather propose
that, depending on the surrounding environment, receptors
that remain “unused” for a certain time are cleaved and then
degraded, thereby driving cells into a state of unresponsiveness
to PTH.
Because PTHR cleavage occurred with nonactivated PTHR

at the cell surface, it was reasonable to assume that extracellular
proteases would be responsible. No significant reduction of
PTHR cleavage was achieved by classical inhibitors of cysteine,
serine, and aspartate proteases. Instead, several lines of evi-
dence indicate that a metalloproteinase is responsible for
PTHR cleavage; the two metal ion chelators 1,10-phenanthro-
line and diethyldithiocarbamate, which inhibit a wide range of
metalloproteinases by binding zinc ions, reduced PTHR cleav-
age to a significant extent.Moreover, the addition of APMA, an
organo-mercuric compound acting as an activator of metallo-
proteinases (27), to PTH-treated cells provoked a rapid cleav-
age of PTHR.
More selective inhibitors of MMPs and ADAMs (a disinte-

grin and metalloprotease) also blocked PTHR cleavage. How-
ever, matrix metalloproteinases are a large family with overlap-
ping functions. This makes the exact identification of the
protease difficult. The hydroxamate-derivates GM6001,
MMP3 inhibitor 2, and Marimastat possess inhibitory effects
against several MMPs. However, at least Marimastat and
GM6001 also block several members of the ADAM family.
TNF-484 inhibits tumor necrosis factor-� converting enzyme
(ADAM17) but can also inhibit some MMPs (33). TIMP-2,
which is an inhibitor of almost all MMPs and of tumor necrosis
factor-� converting enzyme, prevented PTHR cleavage. Only
TIMP-1, which predominantly inhibits MMPs 1, 3, and 9, did
not prevent PTHR cleavage. Thus, at present it remains to be
seen whether only a single protease is responsible for PTHR
cleavage or whether several members from themetalloprotein-
ase family can substitute for each other.
More experiments will be needed to find out whether and

how the cleavage is necessary for the biological activity of the
PTHR. Our identification of cleaved receptor in human kidney
shows that this process takes place in vivo. Moreover, several
lines of evidence suggest that MMPs influence the effects of
PTH on bone and vice versa; MMPs generally are involved in
the degradation of extracellularmatrix. In bone these proteases
have been shown to be crucial for resorption and remodeling
processes (34–36). PTH has been shown to positively regulate
the expression of MMP9 and MMP13 (37–40). Conversely,
inhibition ofMMPs activity byTIMP1 increased the osteogenic
effect of PTH mainly by reducing osteoclastic activity (41, 42).

Thus, a direct influence of MMPs on PTHR biology seems
plausible.
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Res. Commun. 328, 666–678

14. Grauschopf, U., Lilie, H., Honold, K., Wozny, M., Reusch, D., Esswein, A.,
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34. Delaissé, J. M., Engsig,M. T., Everts, V., del CarmenOvejero,M., Ferreras,

M., Lund, L., Vu, T. H.,Werb, Z.,Winding, B., Lochter, A., Karsdal, M. A.,
Troen, T., Kirkegaard, T., Lenhard, T., Heegaard, A.M., Neff, L., Baron, R.,
and Foged, N. T. (2000) Clin. Chim. Acta 291, 223–234
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