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Abstract

The PTH receptor is one of the first GPCR found to sustain cAMP signaling after internalization 

of the ligand–receptor complex in endosomes. This unexpected model is adding a new dimension 

on how we think about GPCR signaling, but its mechanism is incompletely understood. We report 

here that endosomal acidification mediated by the PKA action on the v-ATPase provides a 

negative feedback mechanism by which endosomal receptor signaling is turned-off.

The parathyroid hormone (PTH) receptor (PTHR) is a medically important G-protein 

coupled receptor (GPCR) that triggers critical signaling processes in bone and kidney cells 

to regulate Ca2+ homeostasis. We recently discovered that PTH or its recombinant N-

terminal fragment PTH(1–34) sustains G-protein activity and cAMP production after PTHR 

internalization into early endosomes by an emergent model of GPCR signaling, where β-

arrestins promote and retromer attenuates cAMP signaling1–3. This model has been 

validated for another GPCR4, but the cellular events responsible for shifting signaling 

receptor–arrestin complexes to receptor–retromer complexes that do not signal remain 
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unknown. Here we show that sustained cAMP mediated by the internalized PTH–PTHR 

complex is turned off by endosomal acidification as a consequence of a negative feedback 

mechanism involving PKA and the vacuolar proton pump v-ATPase.

Our previous finding that sustained cAMP signaling induced by PTH(1–34) (hereafter noted 

PTH) is derived from internalized PTH–PTHR complexes residing in intracellular 

compartments labeled by Rab-5 suggest a key role of early endosomes in this process2. We 

confirmed this observation by using a dominant negative mutant of Rab5, Rab5-S34N, 

which prevents the internalization of plasma membrane associated receptor and the 

formation of early endosomes5. HEK-293 cells stably expressing the PTHR and this mutant 

were no able to generate a sustained cAMP response mediated by PTH, thus indicating that 

prolonged PTHR signaling takes place in Rab5-positive endosomes (Fig. 1a).

We next observed that the duration of cAMP mediated by PTH correlated well with the time 

course required for the endosomal Rab5-to-Rab7 conversion (Fig. 1b), a process dependent 

on endosomal acidification and that triggers the maturation of early endosomes into late 

endosomes6. Cells expressing either Rab5 or Rab7 labeled with GFP (Rab5GFP or Rab7GFP, 

respectively) were challenged with PTHTMR, a fully functional PTH(1–34) labeled with 

tetramethylrhodhamine7 (Supplementary Results, Supplementary Fig. 1). A quantitative 

analysis of colocalization using Pearson’s correlation coefficient revealed that a few minutes 

after ligand challenge, PTHTMR localized mainly in Rab5-labeled endosomes. At later time 

points when the extent of cAMP decreased (Fig. 1a, control), the presence of PTHTMR on 

Rab5-labelled endosomes decreased while increasing on Rab7 endosomes (Fig. 1b). We 

reasoned that pH changes encountered in endosomes during the Rab5-Rab7 shift might be a 

key determinant for the duration of PTHR signaling in early endosomes.

We tested this hypothesis by examining the effect of endosomal pH on PTHR signaling and 

ligand binding. To this end, we treated cells with a specific inhibitor of the activity of the v-

ATPase, bafilomycin-A1, known to block endosomal acidification and late-stage vesicle 

maturation8. To ascertain that bafilomycin prevented endosomal acidification, we estimated 

the pH of endosomes by recording the emission of internalized PTH(1–34) tagged with 

FITC (PTHFITC), a fluorophore with a strict linear dependence in fluorescence emission 

over the pH range 4.0 to 8.0 as opposed to PTHTMR (Supplementary Fig. 2). Cells 

expressing the PTHR C-terminally tagged with CFP (PTHRCFP) that were challenged with 

PTHFITC showed an initial pH value of 7.2 corresponding to the extracellular pH (Fig. 1c). 

A few minutes later pH values declined concomitantly to the internalization of PTH–PTHR 

complexes in early endosomes, as indicated by the colocalization between PTHTMR and 

either Rab5GFP (Supplementary Fig. 1) or PTHRGFP, a PTHR N-terminally tagged with 

GFP (Supplementary Fig. 3a). The addition of bafilomycin fully blocked endosomal 

acidification (Fig. 1c) without affecting PTHR internalization (Supplementary Fig. 3b), thus 

confirming the efficacy of the approach.

In the following series of experiments we recorded FRET between PTHRGFP and PTHTMR 

as a readout for ligand–receptor interactions7. We observed that the dissociation began ≈ 15 

min after removal of the ligand (Fig. 1d), a time point when the endosomal pH reached a 

value of 6.5 (Fig. 1c). Cells treated with bafilomycin remarkably prolonged the association 
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between PTHTMR and PTHRGFP (Fig. 1d) at times when the ligand/PTHR complex is 

localized in early endosomes as indicated by the colocalization between PTHTMR and either 

Rab5GFP (Fig. 1b) or PTHRGFP (Supplementary Fig. 3b).

The effect of pH on the rates of dissociation of PTH that we observed in endosomes was 

mimicked in vitro by using radioligand assays. We thus examined in cell membrane extracts 

the effect of pH on the rates of dissociation of complexes formed between the PTHR and the 

[125I]-radiolabeled version of PTH(1–34). The rate and extent of dissociation of [125I]-

PTH(1–34) increased progressively as the pH decreased from 7.2 to 4.1, and occurred quite 

significantly at pH values encountered in early endosomes (pH < 6.5) (Fig. 1e). Together, 

these data show that the dissociation between PTHR and PTH is pH dependent and takes 

place in acidified endosomes with a pH < 6.5.

We questioned whether acidic pH values found in endosomes cause unfolding of the PTHR 

structure as a mean to weaken the interaction with PTH. We addressed this question by 

determining the pH dependence of the PTHR thermostability by using purified PTHR9. We 

found that the melting temperature (Tm°C) of PTHR significantly increased when pH values 

decreased from 8.5 to 7.0, but remained constant at acidic pH detected in early endosomes 

(Fig. 1f) indicating that the PTHR structure is more rigid at endosomal pH. The binding of 

PTH had no significant effect on PTHR thermostability implying that the fastest release of 

PTH at endosomal pH can therefore be attributed to a decrease in ligand–receptor affinity 

rather that a change in PTHR conformation or thermal damage on PTHR.

As we have obtained evidence that PTH dissociated from PTHR at pH values encountered in 

early endosomes, we hypothesized that pH sensitivity in the PTH–PTHR association 

regulates the duration of PTHR signaling in early endosomes. We tested this hypothesis by 

determining the consequences of endosomal pH changes for the magnitude and duration of 

PTH-mediated cAMP production. Using an intramolecular FRET biosensor10 to monitor 

cAMP in live cells, we found that treatment of HEK-293 cells stably expressing PTHR with 

bafilomycin alone had no effect on cAMP production (Supplementary Fig. 4a), but 

markedly prolonged cAMP signaling by PTH (Fig. 1a). Bafilomycin had no effect on 

duration of signaling mediated by the β-adrenergic receptor agonist isoproterenol, but 

extended the duration of the vasopressin V2 receptor signaling in response to vasopressin 

(AVP), which is another GPCR system that continues to signal after internalization4 

(Supplementary Fig. 4a). Similar results were obtained by using an alternative method to 

measure cAMP in cells (Supplementary Fig. 4b). The effect of bafilomycin on PTH 

signaling was further confirmed in osteoblastic-like ROS17/2.8 cells expressing 

endogenously the PTHR (Fig. 2a, b). Consistent with earlier studies11 done with this cells, 

cAMP production triggered by PTH persisted after an initial decline, and bafilomycin 

significantly increased the prolonged cAMP induced by challenge with PTH. Taken 

together, these results suggest that signaling by PTH is terminated by the acidification of the 

endosomal lumenal compartment.

We recently showed that the generation of cAMP mediated by internalized PTH–bound 

PTHR is promoted by the interaction of PTHR with β-arrestins and is attenuated by the 

interaction with the retromer complex in endosomes3. What event shifts signaling PTHR–
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arrestin complexes to inactive PTHR–retromer complexes? We sought to answer this 

question by comparing the influence of endosomal pH on the duration of PTHR–arrestin and 

PTHR–retromer complexes. For this, we recorded FRET between PTHR tagged with CFP 

(PTHRCFP) and either β-arrestin 2 (βarr2) or the retromer subunit Vps35 each tagged with 

YFP (βarr2YFP or Vps35YFP, respectively) in endosomes. We found that dissociation of 

PTHRCFP–βarr2YFP complexes coincided with the formation of PTHRCFP–Vps35YFP 

complexes (Supplementary Fig. 5a). The absence of endosomal acidification by bafilomycin 

caused a persistent association between β-arr2 and PTHR in response to PTH, a situation 

that both prevented PTHR interaction with retromer (Supplementary Fig. 5b) and that fully 

counteracted the capacity of retromer to inhibit cAMP (Supplementary Fig. 5c). This 

indicates that shifting signaling PTHR–βarr complexes to inactive PTHR–retromer 

complexes is a direct consequence of endosomal acidification rather than β-arrestins and 

retromer competing for PTHR binding.

We next sought to determine whether PTHR signaling regulates its own deactivation process 

by promoting endosomal acidification. Given that activity of the v-ATPase is positively 

regulated by PKA phosphorylation12, we tested this hypothesis by using a PKA 

phosphorylation deficient v-ATPase variant that displays a lower catalytic activity12. We 

first determined the capacity of PTH to phosphorylate the v-ATPase. We found that PTH 

induced a significant phosphorylation of the wild type v-ATPase tagged with the Flag 

epitope (v-ATPaseFlag), but not in cells treated with H89 (Supplementary Fig. 6d) or 

expressing its PKA phosphorylation-deficient variant (Fig. 2c) indicating that the v-ATPase 

is a phosphorylation target for the PTH/PTHR/PKA system. The finding that PTH did not 

phosphorylate the v-ATPase mutant led us predict that its activity was decreased. We tested 

this prediction by measuring the change in pH during PTH–PTHR internalization. We found 

that changes in endosomal pH were dampened by overexpression of the PKA 

phosporylation-deficient v-ATPase mutant (Fig. 2d), prolonging the duration of cAMP 

production mediated by PTH (Fig. 2e). Consistent with the effects observed with the v-

ATPase mutant and further supporting the involvement of PKA in the regulation of 

endosomal PTHR signaling, inhibition of PTH-mediated PKA activity by H89 

(Supplementary Fig. 6a) blocked endosomal acidification (Fig. 2d) without preventing 

PTHR internalization or PTHR–βarr2 association (Supplementary Fig. 6b, c), and kept 

PTHR signaling in HEK-293 (Fig. 2e) or ROS17/2.8 cells (Fig. 2a, b). Taken together, these 

results indicate that PKA activity is required to reduce endosomal pH via the v-ATPase, thus 

providing an efficient negative feedback loop to terminate PTHR signaling at the 

endosomes.

Consistent with the role of PKA activation in endosomal acidification, cholera toxin (CTX), 

which catalyses the ADP-ribosylation on GαS causing a persistent activation of the Gs/

cAMP/PKA system, has been found in complex with the ADP-ribosylation factor (ARF6) 

and GαS in endosomes while increasing endosomal H+ transport13. In keeping with 

endosomal acidification, influential studies in the 70–80’s characterizing the endocytic 

pathway of cell surface receptors for diverse ligands14–18,19,20,21 showed that the 

acidification of early endosomes is a key causative event that initiates ligand–receptor 

dissociation permitting receptors to recycle to the cell surface22. The importance of acidified 
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endosomes for GPCR recycling and resensitization has been later reported for the β2-

adrenergic receptor23.

In addition to explain that endosomal acidification is responsible for PTH–PTHR 

dissociation, our findings summarized in the model presented in Fig. 2f imply that sustained 

cAMP levels originated from internalized PTH–PTHR complexes are regulated by a 

negative feedback mechanism where PTH-mediated PKA activation leads to v-ATPase 

phosphorylation and subsequent endosomal acidification, which in turn results in the 

disassembly of signaling PTH–PTHR–arrestin complexes and assembly of inactive PTHR–

retromer complexes. This mechanism extends the paradigm in the regulation of endosomal 

GPCR signaling where they can turn themselves off by a negative-feedback loop involving 

PKA and the v-ATPase.

Online Methods

Cell culture and transfection

Cell culture reagents were obtained from Invitrogen (Carlsbad, CA). Human embryonic 

kidney cells (HEK-293) (ATCC, Georgetown, DC) were cultured in DMEM supplemented 

with 10% fetal bovine serum at 37°C in a humidified atmosphere containing 5% CO2. 

HEK-293 cells stably expressing the recombinant human PTHR were grown in selection 

medium (DMEM, 10 % FCS, penicillin/streptomycin 5%, 500 μg/ml neomycin). Culturing 

of rat osteosarcoma (ROS17/2.8) cells was done as described11. For transient expression, 

cells cultured in 6-well plates were transfected with the appropriate cDNAs using Fugene-6 

(Roche) when they reached 70% confluency, usually 24 to 48 h before experiments. Cells 

were then plated on poly-D-Lysine coated coverslips 24 h after transfection. We have 

optimized expression conditions to ensure the expression of fluorescent-labeled proteins was 

similar in examined cells by performing experiments in cells displaying comparable 

fluorescence levels.

Laser Scanning Confocal Microscopy

Cells plated on coverslips were mounted in Attofluor cell chambers (Life Technologies) and 

incubated with Hepes buffer containing 150 mM NaCl, 10 mM Hepes, 2.5 mM KCl and 0.2 

mM CaCl2, 0.1% BSA, pH 7.4 were transferred on the Nikon Ti-E microscope (Nikon) 

equipped with a Z-driven piezo motor. Imaging were acquired using Nikon A1 confocal 

unit, through a 60X N.A=1.45 objective (Nikon). CFP, GFP or FITC, YFP, Tomato and 

mCherry were excited with 440, 488, 514 and 560 nm lasers (Melles Griot), respectively. 

Emission fluorescences were acquired using a Spectral Detection mode and collected by a 

32-channels PMT. Typically, a Z-stack of 4 to 8 images (Z step = 500 nm) was acquired 

every 5 minutes during 45 to 60 minutes. Data acquisitions were done using Nikon Element 

Software (Nikon Corporation). After acquisition, raw data were spectrally deconvoluted 

using Nikon Element Software (Nikon). Every different analysis was done at the single cell 

level.
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Confocal Data Analysis

For colocalization analysis, region of interest were drawn around cells based on maximum 

intensity projection, and colocalization was calculated for each time point using Pearson’s 

correlation algorithm from Nikon Element Software. For FRET analysis, region of interest 

were drawn around cells based on maximum intensity projection. For every time point, the 

total amount of fluorescence for each plane were collected, summed and subtracted from the 

background. Ratio between YFP and CFP or mCherry/dTomato and GFP were then 

calculated and corrected as described24.

pH measurements

First, we determined the relationship between FITC fluorescence and pH. To this end, 100 

nM of PTH(1–34) labeled with FITC (PTHFITC) was added to buffer solution with different 

pH values (from 7.2 to 4). For each pH conditions, images were acquired with the same 

acquisition parameters as used for the experiment. FITC level of fluorescence were 

extracted, normalized to the value obtained for pH 7.2 and plotted over pH value. Second, 

HEK293 cells plated on coated glasses were transfected with PTHR C-terminally tagged 

with CFP (PTHR-CFP), mounted in Attofluo cell chambers (Life Technologies) and 

incubated with HEPES buffer. Cells were challenged by 100 nM PTHFITC for < 1 minute. 

Fluorescence emissions were recorded as described above. Data obtained after spectral 

deconvolution were analyzed as follow: a) region of interests were drawn around each single 

cells; b) respective FITC and CFP fluorescence levels (FFITC and FCFP, respectively) were 

recorded; c) the ratio FFITC/FCFP were plotted overtime. Note that CFP emission permits to 

normalize the variation of FITC due to variation in total amount and focus changes; d) the 

ratio FFITC/FCFP was normalized by t = 1 value; e) pH was estimated by comparison with 

the linear relationship between FITC fluorescence and pH determined using 100 nM 

PTHFITC in buffers at diverse pH values.

Drugs treatment

For inhibition of PKA or v-ATPase activity, cells plated on coverslips were pre-incubated 

with 2 μM H89 or 20 nM Bafilomycin A1 (Sigma Aldrich) diluted in HEPES buffer, for 15 

minutes at 37°C. Cells were continuously perfused with HEPES buffer (containing H89 or 

bafilomycin) or with 100 nM PTH for the time indicated in horizontal bars (less than 1 

minute). For v-ATPase inhibition, after addition of 100 nM PTH for 1 minute, cells were 

washed with FRET buffer containing H89 or Bafilomycin A1.

Radioligand dissociation

Plasma membrane extracts and radioligand were preincubated for 90 min to allow ligand–

receptor complex formation. The dissociation phase was then initiated by the addition of an 

excess of the unlabeled analog of the radioligand (100 nM final concentration). Immediately 

before this addition (t = 0), and at successive time points thereafter, 200 μl aliquots 

(corresponding to 30,000 cpm) were withdrawn and immediately processed by vacuum 

filtration, as previously described25. Nonspecific binding was determined in parallel reaction 

tubes containing the unlabeled analog (100 nM) in both the preincubation and dissociation 
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phases. The specifically bound radioactivity at each time point was calculated as a percent of 

the radioactivity specifically bound at t = 0.

Thermostability

Thermal denaturation assays were adapted from the work of Alexandrov and colleagues26. 

N-[4-(7diethylamino-4methyl-3 coumarinyl)phenyl]maleimide (CPM) and sample mixtures 

were protected from light at all stages to prevent photobleaching. CPM dye powder (Sigma) 

was dissolved in DMSO (Sigma) at a concentration of 4 mg/ml, aliquoted and stored at 

−80°C. Stock solution was diluted 1:40 in DMSO immediately before used. Reactions were 

performed in sextuplicate with a total reaction volume of 20 μl. Purified PTHR was prepared 

as previously reported9 (Supplementary Fig. 9). 10 μg of purified PTHR were used for each 

reaction in a buffer (100 mM NaCl, 150 mM Tris-HCl) with varying pH from 5.0 to 8.5 with 

or without 10 μM PTH(1–34) (Bachem) with the addition of 6 μl of diluted CPM dye for 

each replicate. PTHR-CPM reaction mixtures were prepared in MicroAmp Fast Optical 96-

Well Reaction Plates (Applied Biosystems). Thermal melt curves were performed using a 

StepOnePlus (Applied Biosystems) using the protein melt curve program with a 25–95°C, 

1% gradient. A custom dye calibration was performed to use CPM as a reporter. Melt curve 

data was processed in the Protein Thermal Shift Software (Applied Biosystems).

Measurements of cAMP and PKA activity

Cyclic AMP was assessed using either FRET-based assays24,27 or a bioluminescent assay 

with the Glosensor cAMP reporter (Promega Corp.)28,29, and PKA activity was measured by 

FRET-based assays30. For FRET measurements, cells were transiently transfected with 

FRET based biosensors for either cAMP (epac1-CFP/YFP) or PKA activity (AKARIII-CFP/

YFP), and measurements were performed and analyzed as previously described24,27. FRET 

signals were monitored after challenge with either PTH(1–34) or PTH analogs (both 100 

nM). In brief, HEK293 cells plated on poly-D-lysine coated glass were mounted in Attofluor 

cell chambers (Life Technologies), maintained in Hepes buffer and transferred on the Nikon 

Ti-E equipped with an oil immersion 40X N.A 1.30 Plan Apo objective and a moving stage 

(Nikon Corporation). CFP and YFP were excited using a mercury lamp. Fluorescence 

emissions were filtered using a 480 ± 20 nm (CFP) and 535 ± 15 nm (YFP) filter set and 

collected simultaneously with a LUCAS EMCCD camera (Andor Technology) using a 

DualView 2 (Photometrics) with a beam splitter dichroic long pass of 505 nm. Fluorescence 

data were extract form single cell using Nikon Element Software (Nikon Corporation). The 

FRET ratio for single cells was calculated and corrected as previously described24. Note that 

the maximal cAMP response corresponds to 90% of a cAMP response mediated by 

forskolin. Individual cells were continuously perfused with buffer or with the ligand (100 

nM) for the time indicated by the horizontal bar.

For cAMP measurements by bioluminescence we used HEK- 293-derived cell lines that 

stably express the Glosensor cAMP reporter28,29. Cells in 96-well plates were pre-loaded 

with 0.5 mM luciferin for 30 min, treated with buffer or 20 nM Bafilomycin-A1 for 15 min, 

and then with the indicated ligand for 15 min. Cells were washed twice after ligand 

treatment, and then fresh buffer containing luciferin was added (t = 0), and cAMP-dependent 

luminescence was recorded for 3 h in a PerkinElmer Plate PE Envision reader.
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Phosphorylation assay in cells

HEK-293 cells expressing the PTH receptor were transiently transfected to express either 

wild-type (WT-A) or Ser-175 to Ala (S175A-A) mutant Vacuolar H+-ATPase (V-ATPase) 

A subunit12. Two days after transfection, cells were treated with PTH (100 nM) or vehicle 

control (water) for 10 min. After this treatment the cells were harvested in ice-cold lysis 

buffer using our established techniques12,31. Protein concentration was then determined for 

each of the lysed samples. The WT-A and S175A-A subunits were immunoprecipitated from 

500 μg of each of the pre-cleared lysates using the M2 anti-FLAG monoclonal antibody 

(Sigma-Aldrich, St. Louis, MO, USA) coupled to protein A/G beads (Pierce Biotechnology, 

Rockford, lL, USA). Immunoprecipitation in the absence of the anti-FLAG antibody was 

also performed as a control. After three washes in lysis buffer, the immunoprecipitation 

samples were eluted in sample buffer and subjected to SDS-PAGE (4–12% gradient gel; Nu-

PAGE, Life Technologies, Grand Island, NY, USA). After transfer onto nitrocellulose 

membranes, immunoblotting was performed with either: 1) A phospho-(Ser/Thr) PKA 

Substrate Antibody (1:5,000 dilution, raised in rabbit, Cell Signaling Technology, Danvers, 

MA, USA), followed by the appropriate secondary antibody coupled to HRP as needed (GE 

Healthcare Biosciences, Pittsburgh, PA, USA) or 2) the anti-FLAG antibody coupled to 

HRP (1:100,000 dilution, raised in mouse, Sigma). The probed protein was then visualized 

and quantified using a VersaDoc Imager with Quantity One software (Bio-Rad, Hercules, 

CA, USA). The PKA-phosphorylated substrate signal relative to the control condition was 

quantified and normalized to FLAG blot signal re-probed on the same blot.

Statistical Analysis

Data are expressed as mean values ± s.e.m. Statistical analyses were performed using the 

unpaired Student’s t-test when applicable. Differences were considered significant at P < 

0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of endosomal pH on PTHR signaling
(a) Averaged time-courses of cAMP production in response to PTH in HEK293 cells stably 

expressing the PTHR and the cAMP biosensor, epac-CFP/YFP. Individual cells were 

continuously perfused with buffer or with the ligand (100 nM) for the time indicated by the 

horizontal bar. Data represent mean values ± s.e.m. of five independent experiments and n = 

80 cells for each condition. (b) Colocalization of PTH(1–34)TMR and the early endosome 

marker, Rab5GFP. Cells were briefly perfused (20 s) with 100 nM of PTH(1–34)TMR and 

then with buffer alone for the remainder of the experiment. Data represent mean values ± 

s.e.m. of three independent experiments and n = 32 cells. (c) Recording pH using PTHFITC 

in HEK293 cells expressing PTHR C-terminally tagged with CFP. Estimates were made 

using FITC fluorescence data together with the pH standard plot showed in Supplementary 

Fig. 2a. Data represent mean values ± s.e.m. of five independent experiments and n = 46 

(control) and n = 71 (bafilomycin) cells. (d) Averaged dissociation time-courses of PTH(1–

34)TMR from PTHR N-terminally labeled with GFP. FRET recordings from HEK-293 cells 

treated with or without bafilomycin are shown as normalized ratio. Data represent mean 

values ± s.e.m. of three independent experiments and n = 68 (control) and n = 71 
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(bafilomycin) cells. (e) Time course of 125I-PTH(1–34) dissociation at varying pH (n = 3). 

(f) Thermostability of the PTHR alone or associated with PTH(1–34) at varying pH (n = 3).
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Figure 2. Negative feedback mechanism
(a) Cyclic AMP responses in osteosarcoma cells. Similar cAMP measurements as described 

in Fig. 1a were performed on ROS18/2.8 cells. Data represent the mean ± sem of 4 

independent experiments and n = 50 (ctrl), n = 50 (bafilomycin), and n = 50 (PKA) cells. (b) 

Bars compare the averaged cAMP responses in ROS 17/2.8 (panel d) and HEK-293 cells 

(Fig. 1a) that is determined by measuring the area under the curve from 0 to 30 min of 

experiments. (f) Proposed model for shutting down PTHR signaling. A new regulatory 

mechanism of PTHR signaling where sustained cAMP signaling after receptor 

internalization is turned off by a negative feedback mechanism involving PKA and the v-
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ATPase. (c) Representative set of immunoblot of an immunoprecipitation experiment using 

the PKA phosphorylation substrate-specific antibody (upper) and FLAG (lower). Bars 

represent the mean ± s.e.m of n = 5 (*P < 0.05). (d) Recording pH using PTHFITC as 

described in Fig. 1c. Data represent the mean ± s.e.m. of five independent experiments and n 

= 45 (control), n = 50 (mut v-ATPase) and n = 57 (H89) cells. (e) Averaged time-courses of 

cAMP production in response to 100 nM PTH in live HEK293 cells stably expressing the 

PTHR as described in Fig. 1a. Data represent mean values ± s.e.m. of five independent 

experiments and n = 40 (control), n = 79 (H89), n = 124 (v-ATPase), and n = 173 (mut v-

ATPase) cells.
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