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I N T R O D U C T I O N

Here, we study the early steps of desensitization of a Gq 
protein–coupled receptor (GqPCR), protease-activated 
receptor 2 (PAR2). These steps turn off receptor signal-
ing despite the presence of an activating ligand. Such 
desensitization can avert excessive responses and mini-
mize potential cytotoxic effects of their intracellular 
messengers. However, the mechanisms responsible for 
GPCR desensitization are not fully described for many 
GPCRs and need not always be the same.

GPCRs are diverse membrane proteins that transfer 
environmental information to the cell interior. They 
recognize photons and extracellular ligands, including 
neurotransmitters and hormones to generate intracel-
lular signals. Historically, rhodopsin has been a model 
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to study receptor desensitization; it can be desensitized 
in 1 s after the absorption of a single photon through a 
cascade involving receptor phosphorylation by a G pro-
tein–coupled receptor kinase (GRK) followed by bind-
ing of visual arrestin to the phosphorylated receptor 
(Ranganathan and Stevens, 1995; Kirchberg et al., 2011). 
Desensitized rhodopsin does not become internalized. 
Another well-studied GPCR is the Gs-coupled 2-adren-
ergic receptor. It generates cAMP and regulates many 
cAMP-dependent pathways (Lefkowitz et al., 2000; Violin 
et al., 2008; Guellich et al., 2014). Ligand binding to 
2-adrenergic receptors promotes homologous phosphor-
ylation by GRK, which enhances binding of -arrestin to 
the phosphorylated receptor. -Arrestin binding to the 
ligand-occupied and phosphorylated receptor is a rate- 
limiting step for homologous desensitization (Dixon  
et al., 1986; Luttrell and Lefkowitz, 2002; Rasmussen  
et al., 2011). The arrestin complex promotes internal-
ization of the receptor by endocytosis (Shenoy and  
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M AT E R I A L S  A N D  M E T H O D S

Cell culture
tsA201 cells are transformed HEK293 cells (Sigma-Aldrich). The 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum and 1% 
penicillin and streptomycin and subcultured every 3–4 d using 
0.05% trypsin containing EDTA. Nontransformed pancreatic duct 
epithelial cells (PDECs), a cell line originally derived from the 
main pancreatic duct of a dog (Oda et al., 1996), were cultured 
on Transwell inserts (Corning) coated with collagen (Advanced 
BioMatrix Inc.) over a feeder layer of confluent human gallblad-
der myofibroblasts (Oda et al., 1996). For intracellular Ca2+ mea-
surement, the single PDECs were plated on 5-mm small glass chips 
coated with Vitrogen. The tsA201 cells were plated on small chips 
coated with poly-l-ornithine for Ca2+ imaging and confocal exper-
iments. All experiments were performed at room temperature 
(22–24°C).

Chemicals
PMA was purchased from Tocris Bioscience; bisindolylmaleimide 
I (BIS I), BIS V, and calyculin A from EMD Biosciences; rapamycin 
from LC Laboratories; PAR2 activating peptide (AP; N-SLIGKT-C) 
from United Biosystems Inc.; Compound101 (Lowe et al., 2015) 
from Hello Bio Limited; and Trypsin (T8802) from Sigma-Aldrich. 
The stocks of PMA (1 mM), compound101 (30 mM), BIS I (1 mM), 
BIS V (1 mM), rapamycin (5 mM), and calyculin A (1 mM) were 
dissolved in DMSO. AP (10 mM) and trypsin (500 µM) were re-
constituted into distilled water.

Transfection of cDNA
tsA201 cells were transfected with 0.5 µg of several cDNA constructs 
except for 0.3 µg of the pleckstrin homology (PH)–red fluores-
cent protein (RFP) probe. 10 µl X-tremeGENE 9 (Roche) and 
cDNA were added to Opti-MEM solution (87 µl) sequentially. 
For transfection, cells at 75% confluency in a 35-mm culture 
dish were washed with Opti-MEM and supplemented with 0.5 ml 
Opti-MEM solution. Then the mixture of the transfection reagent 
and 100 µl cDNA was added into the culture dish. We incubated 
the cells for at least for 4 h. Finally, cells were detached with tryp-
sin (0.05%), transferred onto small 5-mm glass chips coated with 
1 mg/ml poly-l-ornithine, and incubated for 1 d before experi-
ments. LIBRA version III (LIBRAvIII), PH-RFP, human PAR2-GFP, 
and C kinase activity reporter (CKAR) were provided by A. Tanimura 
(Health Sciences University of Hokkaido, Tobetsu, Japan), C.S. 
Kearn (University of Washington, Seattle, WA), N.W. Bunnett 
(Monash Institute of Pharmaceutical Sciences, Parkville, VIC, 
Australia), and J.D. Scott (University of Washington), respectively. 
Dark PAR2 and cyan fluorescent protein (CFP)–tagged PAR2 were 
subcloned into pcDNA3.1 vector (Invitrogen) and pcDNA3-CFP 
vector (Addgene), respectively, and the citrine-tagged C1 domain 
of PKC (C1-citrine) was generated from C1A(PKC)-EGFP pro-
vided by T. Meyer (Stanford University, Stanford, CA; Oancea  
et al., 1998). The PH-RFP (PIP2) probe that was used for most of 
experiments has specificity to PIP2 at the PM (van der Wal et al., 
2001; Horowitz et al., 2005). LIBRAvIII has 500 nM affinity for 
IP3 (Tanimura et al., 2009; Dickson et al., 2013). DAG-binding 
C1-citrine has specificity for DAG and DAG analogues like phor-
bol esters (Oancea et al., 1998). The cytosolic CKAR probe moni-
tors activity of PKC (Violin et al., 2003).

For the recruitable phosphatidylinositol 4-phosphate 5 kinase 
(PIP5K) experiment using rapamycin in Fig. 10, cells were trans-
fected with the plasmids for cytosolic PIP5K-FKBP-CFP and PM 
anchoring Lyn11-FRB-CFP (Suh et al., 2006). Rapamycin induces 
heterodimerization between FK506-binding protein (FKBP) and 
FRB, translocating the PIP5K to the PM. -Arrestin 2–yellow 

Lefkowitz, 2011). For other less well-studied GPCRs, 
such as GqPCRs, it has been natural to assume that they 
may use the same mechanisms with -arrestin binding 
to homologously phosphorylated receptors for desensi-
tization and internalization, but for many receptors that 
hypothesis is not completely tested.

Desensitization of GqPCRs has been investigated previ-
ously (Soh et al., 2010; Heitzler et al., 2012; Ramachandran 
et al., 2012; Bojjireddy et al., 2015), but several funda-
mental questions remain. For example, the separate 
contributions of phosphorylation, -arrestin binding, 
and recycling of the receptors to terminate the receptor 
activity are not well defined. The PAR family is an attrac-
tive model system to address these questions because of 
its unique mechanism of receptor activation. They are 
cellular sensors for extracellular proteolytic enzymes, 
including those released during inflammation. When 
the extracellular N terminus of the receptor is cleaved by 
proteases such as thrombin or trypsin, a tethered ligand 
sequence is revealed that binds to the receptor binding 
pocket for activation (Ramachandran et al., 2012). Thus, 
the receptors are irreversibly activated by this cleavage; 
they then need to be desensitized and internalized to 
minimize potential cellular damage caused by pro-
tracted hydrolysis of plasma membrane (PM) phosphatidyl
inositol 4,5-bisphosphate (PIP2) and to permit signaling 
from other GqPCRs that share the same cellular messen-
gers. Previous work suggested that PAR2 is shut off by 
two mechanisms: desensitization and internalization 
(Böhm et al., 1996; Ricks and Trejo, 2009). The latter 
step retrieves the receptors via dynamin- and clathrin- 
dependent endocytosis for permanent shutdown of the 
signaling (Ricks and Trejo, 2009; McMahon and Boucrot, 
2011). Again, the first step is the phosphorylation of re-
ceptors by a kinase. Because PAR2 signaling generates 
diacylglycerol (DAG) and activates PKC, the literature 
has emphasized PKC more than GRK as the desensitizing 
kinase. It is supposed that the phosphorylated receptor, 
after binding to -arrestin, cannot interact with Gq any-
more. However, it is still not clear whether phosphoryla-
tion desensitizes the receptors by itself or whether the 
binding of -arrestin to receptor is necessary for the 
desensitization.

Here, we address these questions by using fluorescent 
probes to monitor several intracellular signals from PAR2 
optically. These include monitoring PM PIP2, DAG, inosi-
tol trisphosphate (IP3), and Ca2+. In addition, we manip-
ulate the level of -arrestin with siRNA to determine the 
role of -arrestin in PAR2 desensitization. Mathematical 
modeling is used to verify the key steps in a quantitative 
way. Our results support the view that the phosphoryla-
tion of PAR2 leads to receptor desensitization even with-
out binding of -arrestin, but subsequent binding of 
-arrestin to the receptor is key to keeping the phosphory
lated state from being dephosphorylated and reactivated 
by serine/threonine phosphatases.
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respectively. We collected CFP or YFP emission via photomultipliers 
in photon-counting mode using an inverted Diaphot microscope 
(Nikon) equipped with a 40× 1.3 NA oil-immersion objective. CFP 
was excited at 440 nm, and emissions for CFP and YFP were col-
lected at 480 nm and 535 nm, respectively. The bleed through 
from CFP to YFP channel was 17%, and the direct excitation of 
YFP by CFP excitation wavelength was negligible. FRET ratio 
(FRETr) was taken as the ratio of YFP emission divided by CFP 
emission after corrections. FRETr was normalized to remove cell 
to cell variation.

Single-molecule counting of PAR2-GFP
No. 1 coverslips of 25-mm diameter were cleaned with 100% etha-
nol for 1 d and washed with distilled water at least three times. 
Water drops on the coverslips were removed by suction. After 
complete drying, the coverslips were coated with 1 mg/ml poly-l-
ornithine for 1–3 h. tsA201 cells transfected with a PAR2-GFP con-
struct (0.05 µg) to produce PAR2 at a very low density were plated 
onto the coverslip. Most of the background signal from organic 
molecules bleached quickly after exposure to the laser light. Sin-
gle-molecule TIRF images were taken on a custom-built micro-
scope based on an Eclipse Ti microscope base (Nikon) with an 
APO TIRF 100× (1.49 NA) objective. A 488-nm laser was used for 
the illumination. Images were collected by EMCCD camera and  
a custom controller written in LabVIEW as reported previously 
(Sarangapani et al., 2014).

Modeling
The kinetic model of PAR2 desensitization was formulated as a 
compartmental model in the Virtual Cell simulation frame work 
(University of Connecticut Health Center): model “PAR2_Desen-
sitization2015” is available at http://www.vcell.org under shared 
models/hillelab. Model species and reactions are shown in Fig. 6. 
We started with the basic model from our previous papers  
(Dickson et al., 2013; Falkenburger et al., 2013). In this study, we 
added steps for receptor desensitization. The kinetic parameters 
are listed in Tables 1 and 2. They were chosen manually based on 
the literature and on results from this paper without further opti-
mization by statistical refinement.

Statistical analysis
All numerical values and error bars in figures are given as mean ± 
SEM. Statistical significance was determined by Student’s t test, 
and P < 0.05 was considered significant.

Online supplemental material
Fig. S1 shows a lack of endogenous functional PAR2 in tsA201 
cells. Fig. S2 shows a comparison of downstream signaling with 
nonfluorescent “dark” PAR2 and GFP-tagged PAR2. Fig. S3 shows 
monitoring of IP3 and PKC during the activation of PAR2. Fig. S4 
shows a reduction of -arrestin 1 and 2 proteins by knockdown. 
Fig. S5 shows the FRETr between CFP-tagged PAR2 and YFP-
tagged -arrestin 2. Online supplemental material is available at 
http://www.jgp.org/cgi/content/full/jgp.201511477/DC1.

R E S U LT S

Expression of PAR2 in a heterologous system
We chose to use tsA201 cells to study the termination of 
PAR2 signaling based on the following advantages. First, 
they do not express functional endogenous PAR2 as 
tested by the absence of a Ca2+ response to a PAR2 ago-
nist (Fig. S1). Second, several engineered proteins in-
cluding PAR2 can be expressed simultaneously in these 

fluorescent protein (YFP) was obtained from M.J. Lohse (Univer-
sity of Würzburg, Würzburg, Germany).

Knockdown of -arrestins using siRNA
To knock down -arrestin 1 and 2, we used chemically synthe-
sized double-stranded siRNAs with 19-nt duplex RNA and 2-nt 
3 dTdT overhangs purchased from GE Healthcare. The sense 
(target) sequences in -arrestin 1 (NM_020251) and -arrestin 
2 (NM_004313) are 5-AAAGCCUUCUGCGCGGAGAAG-3 and 
5-AAGGACCGCAAAGUGUUUGUG-3, respectively. For control 
siRNA, we used 5-AAGUGGACCCUGUAGAUGGCG-3 (Ahn et al., 
2003). For the siRNA experiment, tsA201 cells were transfected 
with siRNA samples for 4–5 h and subsequently with the cDNAs, 
e.g., PH-probe for at least 4 h.

Western blot analysis
After transfection with siRNA, cells were cultured for 3 d, lysed in 
mammalian protein extraction reagent (Thermo Fisher Scien-
tific) containing EDTA-free protease inhibitor mixture (Roche) 
and then centrifuged at 12,000 rpm for 10 min at room tempera-
ture. The supernatants were separated by 4–12% NuPAGE gel 
using a running buffer and electrotransferred to a polyvinylidene 
difluoride (PVDF) membrane. The membrane was blocked for  
2 h in Tris-buffered saline with Tween 20 (TBST; 10 mM Tris-HCl 
and 0.1% Tween 20, pH 7.4) containing 5% nonfat dried milk 
and then incubated with rabbit anti–-arrestin 1 and 2 (1:1,000 
dilution; Cell Signaling Technology) or goat anti-actin (1:1,000 
dilution; Santa Cruz Biotechnology, Inc.) antibodies at 4°C over-
night. After a washing step with TBST, the membrane was incu-
bated with horseradish peroxidase–conjugated goat anti–rabbit 
or rabbit anti–goat secondary antibody (1:5,000 dilution; Santa 
Cruz Biotechnology, Inc.) and visualized using enhanced chemi-
luminescence (ECL; GE Healthcare) followed by autoradiography. 
The intensity of the bands in the autoradiograms was calculated 
using ImageJ software (National Institutes of Health).

Confocal microscopy
Confocal images were taken every 7, 12, or 22 s depending on the 
experiment with a 710 confocal microscope (Carl Zeiss). The ex-
citation wavelengths were 488-nm argon laser for GFP, 561-nm 
diode-pumped solid-state (DPSS) laser for RFP, and 633-nm  
helium-neon laser for Alexa Fluor 647 dye. Laser and emission 
light were delivered and collected by a 40× oil immersion lens (1.3 
NA). Agonist and drugs were applied by pipette into the imaging 
chamber without perfusion. This solution addition was com-
pleted within 5 s.

Ca2+ imaging
Ratiometric Ca2+ measurements were performed with the Ca2+-
sensitive fura-2 indicator (Jung et al., 2009). PDECs were loaded 
with 2 µM fura-2 AM for 30 min in the presence of 0.01% Pluronic 
F-127 and 100 µM sulfinpyrazone. For tsA201 cells, we reduced 
the amount of fura-2 AM to 1 µM and incubation time to 15 min 
without Pluronic F-127 and sulfinpyrazone. The fura-2 dye was ex-
cited at 340 and 380 nm using a Polychrome IV monochromator 
(Till photonics; FEI Life Sciences), and the emission signal was 
recorded at >470 nm every 2 s using an EMCCD camera (Photo-
metrics) in an inverted TE2000 microscope (Nikon) equipped 
with a 20× objective lens. Background fluorescence measured in a 
cell-free area was subtracted.

Fluorescence resonance energy transfer (FRET) measurement
Previously, we described the method in detail (Jensen et al., 2009). 
In brief, we used epifluorescence photometry to measure the 
FRET between CFP and YFP in CKAR and LIBRAvIII probes or 
between PAR2-CFP and -arrestin 2–YFP probes. Initially, CKAR 
and LIBRAvIII probes are localized in the cytosol and at the PM, 

http://www.vcell.org
http://www.jgp.org/cgi/content/full/jgp.201511477/DC1
http://www.ncbi.nlm.nih.gov/nucleotide/NM_020251
http://www.ncbi.nlm.nih.gov/nucleotide/NM_004313


258 Termination of PAR2 signaling

Tabl   e  1

Model initial conditions and parameters

Species/constants Value Rationale

R for PAR2 5,000 µm2 Receptor density from this paper (Fig. 5) with overexpression. If the receptors were 
able to dissolve in cytosol, it would be 5 µM.

G (G protein) 40 µm2 Number of free G protein at the PM

PLC 10 µm2 Number of free PLC at the PM

PI 140,000 µm2 Number of free PI at the PM

PIP 3,600 µm2 Number free PIP at the PM

PIP2 5,000 µm2 Number of free PIP2 at the PM

IP3 0.015 µM IP3 at cytosol before receptor activation: Steady-state balance from PLC and IP3ase

DAG at PM 23 µm2 Number of DAG at the PM before receptor activation

Arrestin (cytosol) = Arrestin1 + 
Arrestin2

15 µM -Arrestin 1 (Arrestin1) and -arrestin 2 (Arrestin2) have 7.5 µM, respectively, to 
leave proper amount -arrestins in the cytosol after their binding to the PAR2 at the 
PM. We assumed that -arrestin 1 has higher affinity to PAR2 compared with the -
arrestin 2.

PKC_cyto (PKC Cytosol) 1 µM The concentration was chosen to make reasonable fitting of DAG-bound PKC

GRK 600 Fixed value to similar to the peak value of PKC_DAG

Weighting_factor_PKC_DAG or 
Weighting_factor_GRK

0.5 Active PKC (PKC_DAG) gives the same contribution to phosphorylation of ligand 
bound receptor as GRK

kf_PKC_DAG 0.02 µM1*s1 Forward rate constant for binding of PKC and DAG

Kr_PKC_DAG 0.06 s1 Reverse rate constant for dissociation of DAG from PKC, giving Kd = 3 µM

Ca2+ (cytosol) 0.13 µM Typical intracellular Ca2+ level is 0.1–0.2 µM

fold PIP2 3 Making the size of the of the total PIP2 (bound plus free) three times the free pool

k_4K (basal) 0.00078 s1 Fold PIP2 * 0.00026 s1

k_5K (basal) 0.06 s1 Fold PIP2 * 0.02 s1

k_4K (stimulated) 6* k_4K (basal) To fit the recovery kinetics of PIP2 probe in Fig. 2 A

k_5K (stimulated) 3* k_5K (basal) To fit the recovery kinetics of PIP2 probe in Fig. 2 A and to explain the PIP2 hump, we 
added -arrestin–dependent PIP5K activity only in Fig. 9 C

k_4P (basal) 0.03 s1 0.03 s1 * k4r_basal (k4r_basal = 1)

k_5P (basal) 0.014 s1 0.014 s1 * k5r_basal (k5r_basal = 1)

k_4P (stimulated) 0.19 s1 0.03 s1 * k4r_stim (k4r_stim = 6.25)

k_5P (stimulated) 0.042 s1 0.014 s1 * k5r_stim (k5r_stim = 3)

kf_RL 0.75 µm2*molecules1*s1 Rate constant for phosphorylation of ligand-bound receptor-reaction 1

kr_RLP 0.0125 s1 Rate constant for dephosphorylation of ligand-bound phosphorylated receptor-
reaction 1

kf_R (basal) 0.0001 s1 Basal phosphorylation rate constant of receptor-reaction 3

kr_RP (basal) 2 s1 Basal dephosphorylation rate constant of phosphorylated receptor-reaction 3

kf_R (stimulated) 10 s1 Stimulated phosphorylation rate constant of receptor

kr_RP (stimulated) 4 s1 Stimulated dephosphorylation rate constant of receptor. We assumed that rate of 
dephosphorylation of RP doubles after ligand treatment-reaction 3

kf_L2 0.09333 µM1 * s1 Binding rate constant of ligand to RP, depending on the dissociation constant (K_L2) 
and dissociation rate constant (kr_L2)

kr_L2 5.6 s1 Dissociation rate constant of ligand from RP, assuming that it has same dissociation 
rate constant compared to the native receptor (R)

K_L2 60 µM Dissociation constant of ligand bound to RP, which has slightly lower affinity 
compared with native receptor (R) based on the supplemental data (Fig. S5)

kf_RLP 0.003 s1 Rate constant of -arrestin 2 binding to phosphorylated ligand-bound receptor to 
make best fitting compared with Figs. 4 F and 8 F. For -arrestin 1, we used 0.006 s1-
reaction 2

kr_RLPA1 or kr_RLPA2 106 s1 Rate constant of -arrestin dissociation from phosphorylated ligand-bound receptor. 
Same for Arrestins 1 and 2-reaction 2

The rate constants for the phosphorylation of receptors were chosen to fit experimental data. In our model, we did not consider spatial information, 
e.g., diffusion of molecules in space. The rate constant for the PI4K (k_4K during stimulation) = fold PIP2 * (k_4K_rest + (stim_4K  k_4K_rest + k_4K_
basal) * scale_4K * (1  exp(t/tau_on))). Where, tau_on = 1 s, fold PIP2 = 3, scale_4K = 0.75, k_4K_rest = 0.00026 s1, k_4K_basal = 0.0002353 s1, 
and stim_4K = 0.00117 s1. The rate constant for PIP5K (k_5K during stimulation) = fold PIP2 * (k_5K_rest + (stim_5K  k_5K_rest + k_5K_basal)  
* scale_5K * (1  exp(t/tau_on))), where tau_on = 1 s, fold PIP2 = 3, scale_5K = 1, k_5K_rest = 0.02 s1, k_5K_basal = 0.0181 s1, stim_5K = 5.75 * 
[unspecified contribution (0.5) + -arrestin–dependent contribution (0.5) * exp(t/tau_off)], tau_off = 40 * [-arrestin]4, and -arrestin =  
-arrestin 1 + -arrestin 2.

http://www.jgp.org/cgi/content/full/jgp.201511477/DC1
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However, they are limited to a narrow range of recep-
tor activation because even a slight increase of IP3 (to  
a few hundred nanomolar) after the activation of  
PLC suffices for full activation of IP3 receptors and for a 
maximal Ca2+ increase in these cells (Dickson et al., 
2013). Considering that complete hydrolysis of PIP2 in 
the PM can generate 5–15 µM IP3 (Falkenburger et al., 
2013), Ca2+ measurements will report only the foot of 
the activation curve (Dickson et al., 2013). Therefore, 
we tested two other signals generated by PAR2 activa-
tion: (1) depletion of PM PIP2 as reported by cytosolic 
PLC1-PH domain tagged with RFP (PH-RFP probe) 
and (2) production of DAG from PIP2 hydrolysis, as  
reported by citrine (yellow)-tagged PKC C1 domain 
(C1-citrine probe). The PH-RFP and C1-citrine probes 
expressed in the same cell can be discriminated opti-
cally (Fig. 2 A, insets). When the cells were exposed to 
AP to activate PAR2, the PH-RFP probe translocated to-
ward the cytoplasm within 10 s as PIP2 became depleted 
by PLC. The fluorescence intensity measured in a cyto-
plasmic region of interest increased two- to threefold 
from the basal level (Fig. 2 A). Monitoring DAG also 
provides useful information about PIP2 hydrolysis be-
cause each molecule of PIP2 yields one DAG. 1 d after 
transfection, most of the C1-citrine was located in the 
cytoplasm and nucleus in confocal images (Fig. 2 A, bot-
tom insets). Hydrolysis of PIP2 induced translocation of 
the C1-citrine probe from the cytoplasm toward the PM 
(Fig. 2 A). The activation and recovery kinetics reported 
by C1-citrine were nearly identical to those reported by 
PH-RFP (Fig. 2 B), and the estimated half-maximal ago-
nist concentrations for PIP2 depletion (27 µM AP) and 
DAG generation (13 µM AP) were comparable (Fig. 2, 
C and D). This result is consistent with a previous dose–
response curve of PAR2 as measured with Ca2+ signals 
(Déry et al., 1999). Based on a recent crystal structure of 

cells. Third, we have already developed and refined a 
kinetic model for GPCRs coupled to Gq (the M1 musca-
rinic receptor) in this cell line (Horowitz et al., 2005; 
Jensen et al., 2009; Falkenburger et al., 2010a,b, 2013; 
Dickson et al., 2013). Because M1 and PAR2 receptors 
share common downstream signals, we could use the 
existing model parameters as a starting point for PAR2.

1 d after transfection, PAR2, labeled supravitally with 
anti-PAR2 Alexa Fluor 647 primary antibody or tagged 
with GFP, appears at the cell surface (e.g., see Fig. S2 A 
and Fig. 5 E). To confirm that PAR2-GFP overexpressed 
in tsA201 cells behaves like the endogenous PAR2 of 
other cells, we compared one of the endpoints, the in-
tracellular Ca2+ signal between tsA201 cells and PDECs. 
Trypsin cleaves the N terminus of PAR2, and the ex-
posed tethered ligand activates the receptors. Treat-
ment of PDECs with 100 nM trypsin evoked a transient 
Ca2+ increase (Fig. 1 A). Then, even in the continuous 
presence of the stimulus, intracellular free Ca2+ (Ca2+) 
returned to a low steady-state level within minutes, re-
flecting in part receptor desensitization. Activation of 
endogenous PAR2 in PDECs with a specific AP that 
mimics the N-terminal ligand of cleaved receptor elicits 
similar Ca2+ signals (Kim et al., 2008). In tsA201 cells 
overexpressing PAR2, AP also evoked a transient Ca2+ 
rise with recovery kinetics almost identical to those in 
PDECs (Fig. 1 B), suggesting that the rate-limiting steps 
for receptor activation and desensitization are similar in 
the two systems. We could not test trypsin in tsA201 cells 
because it detached the cells from the substrate.

Optical imaging of intracellular signals generated by PAR2
To study receptor desensitization, we evaluated the abil-
ity of several intracellular probes to monitor the down-
stream activity of PAR2. The Ca2+ signals have been used in 
previous studies because they are convenient to measure. 

Tabl   e  2

Model differential equations

Reaction Flux

PI to PI(4)P k_4K * [PI]  k_4P * [PIP]

PI(4)P to PI(4,5)P2 k_5K * [PIP]  k_5P * [PIP2]

PLC (basal) [PIP2] * (PLC_basal + k_ PLC * fold PIP2 * Ga_GTP_PLC), 
where PLC_basal = 0.0001 s1, k_PLC = 0.2 µm2molecule1s1 and fold PIP2 = 3

PLC (stimulated) [PIP2] * (PLC_basal + k_PLC * fold PIP2 * Ga_GTP_PLC) + [PIP2] * PLC_stim * Ga_GTP_PLC * [Ca_C/(Ca_C + Kd_PLC_Ca)], 
where PLC_basal = 0.0001 s1, k_PLC = 0.2 µm2molecule1s1, fold PIP2 = 3, PLC_stim = 7 s1, and Kd_PLC_Ca = 1 µM

RL to RLP kf_RL * [RL] * (weighting_factor_PKC_DAG * [PKC_DAG] + weighting_factor_GRK * [GRK])  kr_RLP * [RLP]

PKC to active PKC kf_PKC_DAG * [PKC] * [DAG]  kr_PKC_DAG * [PKC_DAG]

R to RP kf_R * [R] * [PKC_DAG]  kr_RP * [RP]

RP to RLP kf_L2 * [RP]  kr_L2 * [RLP]

RLP to RLPA1 kf_RLP * [RLP] * [Arrestin1]  kr_RLPA1 * [RLPA1]

RLP to RLPA2 kf_RLP * [RLP] * [Arrestin2]  kr_RLPA2 * [RLPA2]

Many additional reactions that have been already described previously in our paper are not in this table. The parameters are in previous papers 
(Dickson et al., 2013; Falkenburger et al., 2013). We added Ca2+-sensitive PLC activation in our model. In this table and calculation, the units of 
concentration and area are µM and µm2, respectively.
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the normalized FRETr falls, indicating greater separation 
between the CFP and YFP (Fig. S3 B). When cells were 
stimulated with AP, phosphorylation of the PKC probe 
increased (FRETr decreased) transiently and then phos-
phorylation fell, undershooting the basal level for sev-
eral minutes, perhaps because of an acceleration of 
serine/threonine phosphatases. As would be anticipated, 
during treatment with okadaic acid, a blocker of the ser-
ine/threonine phosphatase PP2A, the AP agonist in-
duced a greater accumulation of phosphorylated probe 
(drop of FRETr) with much less recovery. Thus, when 
active, the serine/threonine phosphatases limit the ex-
tent of phosphorylation by PKC after PAR2 activation. 
Therefore, we can consider phosphatase activity as a po-
tential opponent of PAR2 desensitization (see section 
Contribution of -arrestin binding to desensitization  
of PAR2).

Our comparison of several probes suggested that the 
best indicator of PAR2 activity is the level of PIP2. This 
measurement has the highest signal/noise ratio and the 
largest dynamic change compared with the IP3, PKC, 
and DAG measurements. It was used in many of the re-
maining experiments. For interpreting the experiments 
to be presented, note for practical reasons that we re-
port the intensity of the PIP2-indicating PH-RFP probe 
signal in the cytoplasm as in Fig. 2 A. When this cyto-
plasmic signal goes up in Fig. 2 A, PIP2 at the PM is 
being depleted after AP addition. When it comes down 
again over the next 100 s, PIP2 is being resynthesized 
despite the presence of AP, meaning that PAR2 receptors 
have desensitized and have become uncoupled from 
signaling to Gq.

Contribution of phosphorylation to desensitization of PAR2
Now we address mechanisms of receptor desensitization 
beginning with kinases that may phosphorylate and 
turn down the activity of PAR2. Previous work suggested 
that pharmacological activation of PKC by phorbol es-
ters will desensitize PAR2 (Böhm et al., 1996; DeFea  
et al., 2000). Accordingly, we treated tsA201 cells with 
PMA and tested the responses to subsequent applica-
tion of AP. After 2,000 s of PMA treatment, AP could no 
longer elicit PIP2 depletion (Fig. 3 A, red line, PH-RFP) 
nor a rise of intracellular Ca2+ (gray line) compared 
with untreated cells (compare Fig. 2 A and with Fig. 1 B).
 In contrast, after 250 s in the PKC inhibitor BIS I, the 
response to AP was actually potentiated. There was more 
PIP2 depletion and a slower turn off (desensitization)  
of the response (Fig. 3 B, red) compared with control 
(Fig. 3 B, black). The inactive form of BIS I, BIS V, was 
no different from control. This suggests that PKC, which 
is activated by PAR2, can turn off receptor signaling 
completely when stimulated strongly and contributes to 
the dynamic desensitization during receptor stimulation 
and possibly also to a resting tonic desensitization. What 
about GRKs? Interestingly, Compound101, a blocker of 

PAR1, the local concentration of tethered ligand has 
been estimated at equivalent to 400 µM (Zhang et al., 
2012). Therefore, we used 100 µM AP for most of the 
following experiments.

In various experiments, we used GFP-labeled or  
unlabeled (dark) forms of PAR2. Control experi-
ments showed that PAR2-GFP and dark PAR2 elicited 
translocation and recovery of the PH-RFP probe with 
similar kinetics during AP treatment (Fig. S2 B), indi-
cating that the GFP tag does not affect PAR2 activation 
and desensitization.

Next, we evaluated probes for IP3 and PKC. We mea-
sured IP3 using LIBRAvIII, a FRET probe engineered 
from the rat type-3 IP3 receptor with a membrane local-
ization domain (Tanimura et al., 2009; Dickson et al., 
2013). When IP3 binds to the probe, the normalized 
FRETr (YFP/CFP) decreases, indicating a separation of 
CFP from YFP (Fig. S3 A). As expected, during 100 µM 
AP treatment, the IP3 level increased (FRETr decreased) 
transiently and then the IP3 level decreased. Interest-
ingly, the IP3 level became even lower than the original 
basal level, possibly because of the depletion of PIP2 
and an overstimulation of IP3 clearance. Similarly,  
we measured phosphorylation by PKC using the CKAR 
FRET probe, which again has CFP and YFP (Dickson  
et al., 2013). When this probe is phosphorylated by PKC, 

Figure 1.  Intracellular Ca2+ concentration rises transiently during 
the activation of PAR2. (A and B) PDECs with endogenous PAR2 
(A) and tsA201 cells with overexpressed PAR2-GFP (B) were pre-
loaded with Ca2+-sensitive fura-2 AM dye and treated with 100 nM 
trypsin or 100 µM AP (sequence SLIGKT), respectively. Ca2+ is 
expressed as fluorescence excitation ratios (F340/F380) of the dye. 
The traces are means of seven PDECs and five tsA201 cells each, 
respectively. The dashed lines indicate the basal Ca2+ level before 
stimulation, and error bars (SEM) are gray.
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difficult to extract the effect of phosphorylation alone 
because it may be followed quickly by a cascade of re-
cruitment of other accessory proteins, and it is opposed 
by dephosphorylation (Ricks and Trejo, 2009). We chose 
to knock down -arrestin using siRNA, which should 
slow the second step of desensitization and thus the re-
turn of PIP2 to resting levels. In the knockdown cells 
(Fig. 4, A and B), PIP2 recovery kinetics were signifi-
cantly delayed. The rate constant for spontaneous re-
covery was slowed from 25 ± 3 × 103 s1 (n = 16) with 
scrambled siRNA (Fig. 4 A, Scrambled) to 11 ± 3 × 103 s1 
with -arrestin 1 and 2 siRNA (Fig. 4 A, -arr 1/2;  
n = 5). In addition, the time course of PH-RFP intensity 
in the cytoplasm became biphasic with two peaks. We 
will refer to the biphasic kinetics as the “PIP2 hump.” 
These observations imply that the development of re-
ceptor desensitization was slowed by -arrestin reduction 
and even became incomplete. We will be considering 
several mechanisms potentially contributing to the PIP2 
hump both experimentally and by mathematical model-
ing. Western blot analysis revealed that -arrestins were 
reduced by 40% in the whole dish of siRNA-treated 
cells compared with cells transfected with scrambled 
siRNA (Fig. 4 C and Fig. S4). Noting that only a fraction 
of the cells would have taken up the siRNA in the trans-
fection, the -arrestin reduction in those that did must 
have been considerably >40%, and the others may still 
have normal -arrestin levels. Our assumption is that 
those cells that visibly overexpress PAR2-GFP will also 
have taken up siRNA.

For the 2-adrenergic receptor, the phosphorylated 
receptor is said to have two possible fates: it may next 

GRK2/3, has nearly the same effects as BIS I, augment-
ing and prolonging the AP-stimulated PIP2 depletion. 
This suggests that during AP stimulation PKC and GRK2/3 
participate in parallel in phosphorylating and desensi-
tizing PAR2 (Fig. 3 B), and when either one of them is 
inhibited, the other will suffice to desensitize PAR2 
fully, although much more slowly.

Next, we considered the recruitment of -arrestin to 
the phosphorylated receptors. Cells were transfected 
with -arrestin 2–YFP, which was normally localized in 
cytosol. As expected, the labeled arrestin translocated 
to the PM upon activation of receptors with AP (Fig. 3 C, 
open circles). Presumably it recognized phosphorylated 
receptors and the presence of agonist, as is known for 
2-adrenergic receptors (Krasel et al., 2005; Vayttaden 
et al., 2010; Shukla et al., 2014). Unlike the other re-
sponses to agonist that we have seen so far (PIP2, DAG, 
PKC, IP3, and Ca2+), the translocation of -arrestin de-
veloped slowly and was not transient. Presumably it is 
downstream from receptor. In contrast, -arrestin did 
not translocate upon treatment of cells with PMA with-
out agonist (Fig. 3 C, closed circles). We suggest that 
the receptors are phosphorylated by PKC that is turned 
on by the phorbol ester, but in the absence of an activat-
ing ligand, -arrestin 2 does not bind–although the re-
ceptors are desensitized with respect to signaling (Böhm 
et al., 1996; Déry et al., 1999; Stalheim et al., 2005).

Contribution of -arrestin binding to desensitization of PAR2
Phosphorylation of PAR2 and binding of -arrestin 
have been implicated in PAR2 receptor desensitization 
(Böhm et al., 1996; Déry et al., 1999). However, it is  

Figure 2.  Monitoring of PIP2 and 
DAG during activation of overexpressed 
PAR2. (A) tsA201 cells were transfected 
with PH-RFP (PIP2 probe) for visualiza-
tion of PIP2 depletion and C1-citrine 
(DAG probe) for estimation of DAG 
production during PAR2 activation. 
At rest, PIP2 and DAG probes are lo-
cated at the PM and the cytoplasm, 
respectively (insets). After the addition 
of 100 µM AP, the two probes translo-
cated toward the other compartment. 
Fluorescence intensity of both probes 
in a cytoplasmic region of interest was 
measured and normalized (Norm. cyt. 
intensity). (B) DAG and PIP2 probe 
translocation rates during receptor 
activation and desensitization. For A 
and B, n = 8 cells. (C and D) Concen-
tration–response curves for PIP2 deple-
tion (C) and DAG production (D). The 
peak values were measured at the indi-
cated AP concentrations. Each point is 
the mean of three to nine cells. Error 
bars are SEM.
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PIP2 recovery and then found that addition of calyculin  
A restored the fast kinetics of PIP2 recovery (Fig. 4,  
D and E, red symbols) to control values (Fig. 4 D, black 
dashed line). Presumably, the phosphatase inhibitor al-
lowed phosphorylated receptors to accumulate, thus 
reducing the active receptor pool despite knockdown 
of -arrestin. We also tested an alternative hypothesis 
that accumulation of phosphorylation of the receptor 
by the phosphatase inhibitor speeds up the transloca-
tion of -arrestin to PAR2 and accelerates PAR2 desen-
sitization. To address this, we used another FRET assay 
between CFP-tagged PAR2 and YFP-tagged -arrestin  
2 to monitor direct interaction between PAR2 and  
-arrestin. As shown in Fig. S5, the rate of translocation 
of -arrestin 2 to PAR2 was not significantly affected by 
calyculin A treatment, suggesting that inhibiting recep-
tor dephosphorylation does not facilitate the recruit-
ment of -arrestin. We speculate that in normal cells, 
-arrestin binding to phosphorylated receptors locks 
the receptors in the phosphorylated state by blocking 
the access of serine/threonine phosphatases. Such a 
mechanism has been proposed for the 2-adrenergic 
receptor based on the effect of GRK on the receptor 
(Vayttaden et al., 2010).

Next, we tested whether overexpression of -arrestin 
2 might accelerate receptor turn off and the spontane-
ous recovery of PIP2. Initially, in these cells, -arrestin 2 
labeled with YFP was localized to the cytosol, and the 
PH-RFP (PIP2) probe was on the PM. Within seconds of 
the addition of AP, the PH-RFP probe entered the cyto-
plasm. Then, during continued AP treatment, both the 
labeled -arrestin and the PH-RFP probe translocated 
toward the PM. The rate constants of these migrations 
were the same (24 ± 0.4 × 103 s1 vs. 22 ± 2.4 × 103 s1; 
n = 8; Fig. 4, F and G). Overexpression of -arrestin  
2–YFP did not speed the return of the PH-RFP probe to 
the membrane, as if receptor phosphorylation and not 
-arrestin binding is normally the rate-limiting step of 
receptor desensitization.

Lowering the AP concentration from 100 to just 10 µM 
slowed -arrestin 2–YFP translocation to the membrane 
sevenfold (Fig. 4, F–H). This suggests that -arrestin 
binding depends on the ligand-bound PAR2, as is known 
for the 2-adrenergic receptor (see Fig. 8 [E and F] in this 
paper; Vayttaden et al., 2010; Ostermaier et al., 2014; 
Shukla et al., 2014).

Counting single receptor molecules at the PM
Based on these results, we hypothesized that (a) phos-
phorylation of PAR2 leads to receptor desensitization 
even without binding of -arrestin and (b) subsequent 
binding of -arrestin to the receptor is key to keeping 
the phosphorylated state from being dephosphorylated 
by serine/threonine phosphatases. As a test, we formu-
lated a mathematical description of PAR2 signaling and 
its desensitization. To make a model, we required an 

recruit -arrestin or it may become dephosphorylated 
(Tran et al., 2007). Thus, there is potential competition 
between the -arrestin binding reaction and the dephos-
phorylation by phosphatases. For PAR2, we hypothesized 
that after knockdown of -arrestin such competition 
would become biased so that phosphatases would act 
more effectively to restore receptors to their active state. 
This might generate a PIP2 hump. Conversely, to restore 
competitive equity, it should be possible to further block 
the activity of phosphatases pharmacologically. This might 
prevent formation of a PIP2 hump. To test these ideas, 
we used calyculin A, an inhibitor of the serine/threonine 
phosphatases PP1 and PP2A, as was done in studies of 
the 2-adrenergic receptor (Tran et al., 2007). We again 
knocked down -arrestin, which slowed spontaneous 

Figure 3.  Stimulation of PKC stops signaling from PAR2 with-
out recruiting -arrestin. Cells were treated with 100 nM PMA 
to activated PKC or 100 nM BIS I to block PKC. (A) PKC activa-
tor (PMA) stops PIP2 depletion and Ca2+ signaling from PAR2. 
Probes are PH-RFP for PIP2 (n = 4) and fura-2 for intracellular 
Ca2+ (n = 3). (B) PKC inhibitor (BIS I, n = 11) and GRK2/3 
inhibitor (compound101 [Cmpd101]) potentiate the PIP2 de-
pletion compared with 100 nM BIS V (n = 7) or control without 
the blockers (n = 17). AP was 10 µM. (C) 100 µM AP recruits 
-arrestin (open circles, n = 8) and PMA does not (closed cir-
cles, n = 4). Error bars are SEM.
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images as receptors per square micrometer (Fig. 5 D) 
for comparison with the fluorescence intensity distri-
bution obtained from our conventional confocal im-
ages (Fig. 5 E). Scaling these two distributions to match 
the minimum and maximum values, we could estimate 
the receptor density for our confocal experiments. We 
had been choosing cells with 70–240 a.u. of fluores-
cence in the confocal experiments. They would express 
2,000–7,000 receptors/µm2 (Fig. 5 F) with a mean re-
ceptor density of 3,600 receptors/µm2. This value is 
consistent with previous results for overexpressed M1 
muscarinic receptors in the same cells (Falkenburger  
et al., 2010a).

Mathematical modeling of PAR2 signaling
Rather than draw conclusions only by qualitative rea-
soning, it seemed prudent to cast all inferences as a 
mathematical model that could be checked against our 
real-time measurements of intermediates in PAR2 signal-
ing. We built a kinetic description (Fig. 6) that derives 
from our model for muscarinic M1 receptor signaling in 
tsA201 cells (Dickson et al., 2013; Falkenburger et al., 
2013) and adds a new focus on steps underlying receptor 

estimate of the density of overexpressed PAR2 at the 
PM. This was calculated by dividing the total fluores-
cence intensity of PAR2-GFP by the fluorescence intensity 
of one molecule, both obtained from TIRF microscopy. 
To measure single molecules required cells that expressed 
individual PAR2-GFP molecules very sparsely. We reduced 
the amount of PAR2-GFP cDNA used for transfection 
10-fold (0.05 µg) and then selected cells with only a low 
density of PAR2 at the membrane (<5 receptors/µm2; 
Fig. 5 A). Fluorescence of spots was measured during 
photobleaching steps using a 488-nm laser (Fig. 5 B, a). 
The trace shows a single down step of fluorescence  
terminating in complete photobleaching. The mean  
single-GFP intensity integrated over individual multi-pixel 
regions of interest was 198 arbitrary units (a.u.) in the 
TIRF microscope (Fig. 5 B, b).

For observing bulk PAR2-GFP overexpression (Fig. 5 C), 
the measurement sensitivity of the same microscope was 
set 20-fold lower than for the single-molecule measure-
ment (5-fold lower laser power and 4-fold lower EMCCD 
gain), making the expected equivalent single-molecule 
fluorescence 9.9 a.u. (198/20). We plotted the distribu-
tion of mean receptor densities obtained from such TIRF 

Figure 4.  -Arrestin locks in the de-
sensitized state of PAR2. (A) PIP2 loss 
and recovery during maintained AP 
was monitored by the PIP2 probe in 
the cells transfected with scrambled 
siRNA (Scrmbld) or knocked down 
with -arrestin 1/2 siRNA (-arr 
1/2). (B) Rate of translocation of the  
PIP2 probe measured in A. **, P < 0.01. 
(C) Amounts of -arrestin in dishes of 
cells transfected with -arrestin 1/2 
siRNA (green) compared with cells 
transfected with scrambled siRNA. The  
amount of protein from Western blots 
was normalized to the value for cells trans
fected with scrambled siRNA. ***, P < 
0.001. (D) Calyculin A restores PIP2 
recovery in -arrestin 1/2 knockdown 
cells (red symbols). For comparison, 
the data from A are plotted as dashed 
lines (scrambled, black; and -arrestin 
1/2 siRNA, green). (E) Rate recovery 
with (red) or without (green) calyculin 
A. The dotted line indicates the value for  
scrambled siRNA. (F) Overexpress-
ing -arrestin 2–YFP (yellow) does not 
speed up PIP2 recovery (red). (G and H) 
Two different AP concentrations were 
used, 10 and 100 µM. Rates of PIP2 
translocation (G) and -arrestin 2–YFP 
translocation (H). Error bars are SEM.
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(Ricks and Trejo, 2009). Although two different protein 
kinases are involved, we do not know which serines and 
threonines are targeted by each. Tentatively, the model 
makes no distinction and assumes that phosphorylated 
receptors are equivalent independent of the kinase or 
kinases involved.

Subsequently, -arrestin 1 and 2 bind to RLP with 
similar binding affinity (reaction 2), giving RLPA1 and 
RLPA2, inactive forms of the receptor that are now se-
questered from phosphatases. We did not include any 
binding of -arrestin to RP, the phosphorylated receptor 
without ligand, because when we activated PKC by PMA, 
it did not induce translocation of -arrestin to the re-
ceptor (Fig. 3 B). We included a step where the receptor 
can be phosphorylated first (giving RP) and then ligand 
can be bound to the phosphorylated receptor (giving 
RLP). Dephosphorylation by serine/threonine phos-
phatases counteracting phosphorylation was added be-
cause the recovery of PIP2 after knockdown of -arrestins 
was significantly restored by a protein phosphatase in-
hibitor (Fig. 4 D). -Arrestin and phosphatases are in 
competition to control the number of phosphorylated 

desensitization: receptor phosphorylation, receptor de-
phosphorylation, and -arrestin binding to phosphory-
lated and ligand-bound receptor.

The dashed box of the schematic diagram (Fig. 6) en-
compasses the classical receptor activation and intra-
cellular signals of Gq-coupled receptors. They include 
ligand (L) and Gq protein (Gq) binding to receptors 
(R), activation of PLC, and cleavage of PIP2 (see figure 
legend for details). The new features related to recep-
tor shutdown are across the top, outside the box. PKC 
phosphorylates both empty receptor (R, reaction 3) and 
ligand-bound receptor (RL, reaction 1), giving RP and 
RLP. GRK phosphorylates only ligand-bound receptors 
(reaction 1). Phosphatases dephosphorylate these forms. 
A key assumption represented in the model is that phos-
phorylation suffices to turn off the activity of the recep-
tor, and thus RLP is already a desensitized receptor that 
does not signal.

We represent phosphorylation as a single step to re-
duce unknown parameters but realize that there are 17 
candidate serine/threonine residues in the C terminus 
of PAR2, several of which need to become phosphorylated 

Figure 5.  Counting PAR2 molecules. (A) TIRF micros-
copy of GFP-tagged PAR2 receptors expressed at a low 
density to observe single PAR2-GFP molecules. Although 
the cells were fixed with 4% paraformaldehyde, most 
PAR2-GFPs were still mobile. We chose immobilized mol-
ecules to analyze single GFP bleaching steps. (B) Photo-
bleaching of single GFP molecules. (B, a) Time course of 
intensity during one photobleaching event. (b) Inten-
sity histogram for the fluorescence of the basal and first 
levels for 21 GFP molecules in different regions of three 
cells. The single-step size was estimated by fitting two 
Gaussian curves, giving an intensity difference between 
the two peaks of 198 a.u. The background intensity after 
GFP photobleaching was subtracted. (C) TIRF image of 
a single cell overexpressing a typical amount of PAR2-
GFP using the same microscope but with 20-fold lower 
gain (see section Counting single receptor molecules at 
the PM). (D) Frequency distribution of PAR2-GFP den-
sity in 147 overexpressing cells using TIRF microscopy 
from three independent experiments. (E) Frequency 
distribution of PAR2-GFP fluorescence in 187 overex-
pressing cells observed by conventional confocal mi-
croscopy. As seen in the insert image, most of the PAR2 
was at the PM. (F) Comparison of the frequency dis-
tributions for confocal intensity (black line) and PAR2 
molecular density (green bars) made by scaling the two 
curves for optimal register. Vertical dotted lines define 
the range of GFP fluorescence of the cells selected for 
our confocal experiments in Figs. 2, 3, 4, and 10.
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the PAR2 receptor was assigned the same kinetic signal-
ing properties as the M1 muscarinic receptor in our ear-
lier models. Simulations with lower receptor density 
(Fig. 8, C and D) suggested that PM PIP2 can be de-
pleted strongly by 100 µM AP at PAR2 densities down to 
3,000/µm2. Below that, depletion fell off in a graded 
manner. At receptor densities of only 5–50/µm2, a real-
istic density for endogenous receptors, there still was 
partial PM PIP2 depletion during simulated 100 µM AP 
treatment (Fig. 8, C and D), reminiscent of previous 
studies with endogenous purinergic receptors in tsA201 
cells (Dickson et al., 2013) and with endogenous PAR2 
in PDECs (Kim et al., 2008). The experimental and sim-
ulated translocation rates of -arrestin 2 were depen-
dent on the ligand concentration (Fig. 8, E and F), but 
in contrast to PM PIP2 depletion, the simulated rates were 
independent of the receptor density (Fig. 8, G and H). 
Thus, ligand binding, but not the total number of re-
ceptors, is important for -arrestin recruitment to the 
receptors at the PM. Bound -arrestin marks the recep-
tors that are cleaved by trypsin, phosphorylated, and 
ready to be internalized. The simulations nicely explain 
the observed slower translocation rate of -arrestin 2 
with lower agonist concentration in Fig. 4 (G and H; see 
red symbols in Fig. 8 F).

To mimic the effect of -arrestin knockdown, we re-
duced the concentration of -arrestin in the simulation 
by 70% (Fig. 9). As explained before, this is more than 
the mean reduction in a whole dish of cells because 
many of those cells will not have incorporated the siRNA 
or the receptor plasmid at all. With this reduction, the pre-
dicted desensitization became incomplete, and PIP2 no 
longer recovered completely during agonist application 

receptors. The schematic diagram also shows clathrin- 
and dynamin-dependent steps of internalization of 
PAR2 (Ricks and Trejo, 2009), but those steps are not 
included in the equations of the present model be-
cause endocytosis of PAR2 was not significantly de-
tectable within the first 10 min (not depicted). The 
internalization takes many tens of minutes in our ex-
perimental condition.

Fig. 7 shows the simulated time courses of cellular sig-
nals and of several states of PAR2 before and during AP 
application in the new model. Changes of PM PIP2 and 
DAG, intracellular IP3 and free Ca2+, active PKC, and 
several states of the receptor (RP, RLP, and RLPA2) are 
shown. The measured time courses of PM PIP2, DAG, 
IP3, Ca2+, and active PKC are well described. The RLPA2 
state can be estimated indirectly from the translocation 
of -arrestin 2 (Fig. 4), but otherwise, the distribution 
among receptor states could be deduced only from the 
simulations. Adjusting the model to the data informed 
us that the rates of the PI4K and PIP5K enzymes had to 
be accelerated transiently during the application of ag-
onist as we also found in our study of M1 muscarinic re-
ceptor signaling (Falkenburger et al., 2010a, 2013). Here, 
the rate constants of these enzymes were speeded after 
AP application by approximately six- and threefold, re-
spectively, to account for fast recovery of PM PIP2 during 
the desensitization of PAR2.

Next, we used the model to simulate agonist dose– 
response relations and the effects of receptor density. 
When the receptor density was set at 5,000 receptors/
µm2, the simulated AP dose–response relation for PM 
PIP2 depletion (Fig. 8 A) was similar to our experimen-
tal data for overexpressed receptors (Fig. 8 B). Here, 

Figure 6.  Schematic reaction diagram of the model 
including PAR2 signaling, desensitization, and inter-
nalization. Reactions in the dashed box were taken 
from the previous model for muscarinic receptor 
signaling (Falkenburger et al., 2013) except for the 
Ca2+-dependent PLC activation and -arrestin–de-
pendent PIP5K activity. After binding of ligand (L) 
to PAR2 (R), heterotrimeric Gq protein (Gq) 
binds to the receptor forming RLGq* (PAR2 bound 
to both ligand and Gq). The soluble ligand can 
dissociate from the RLG state reversibly to yield RG. 
RLGq* generates active Gq (Gq*), which in turn 
activates PLC to hydrolyze PIP2 into IP3 and DAG. 
The DAG-bound PKC is the activated form (active 
PKC) that catalyzes reaction 3. Phosphorylation of 
ligand-bound receptor (reaction 1) is mediated in 
parallel by two enzymes, GRK and active PKC. Based 
on literature, phosphorylated and ligand-bound re-
ceptors recruit two types of -arrestins (-arrestin 
1 and 2; Ricks and Trejo, 2009). We assumed that 
translocation and binding of the arrestins to RLP 
can be described as a one-step reaction. To describe 
intracellular Ca2+ dynamics, the model considers 

only Ca2+ release from ER via IP3 receptors and uptake by SERCA pumps. Phosphatidylinositol 4-kinase (4K) and phosphatidylinositol 
4-phosphate 5-kinase (5K) phosphorylate PI and PI(4)P, and 5-phosphatase (5P) and 4-phosphatase (4P) dephosphorylate PI(4,5)P2 (or 
PIP2) and PI(4)P (or PIP), respectively.
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The kinase PI4K phosphorylates PI to give PIP. This 
rate-limiting slow first step for PIP2 recovery in tsA201 
cells is followed by a faster PIP5K, which makes PIP2 
(Falkenburger et al., 2013). In the Falkenburger model 
for muscarinic receptors and in our model for PAR2, 
both kinases had to be accelerated empirically above their 
basal rates after receptor activation to account for the 
observed rates of PIP2 recovery and of IP3 production.

What factors might underlie such acceleration? We 
have not proven a mechanism, but mention a specula-
tion that may suggest one factor. Both lipid kinases have 
been shown to interact with -arrestin, which possibly 
provides a scaffold for them (Nelson et al., 2008; Kríz  
et al., 2014). We tried ad hoc modifications of the model 
to include a -arrestin–dependent stabilization of an ac-
celerated state of the either PIP5K or PI4K. The results 
with either assumption were similar. The concept is that 
agonist-accelerated lipid kinase activity is stable when 
free -arrestin levels are high, but when -arrestin is al-
ready knocked down and then depletes further as it 
binds to sensitized receptors, the free level falls so low 
that the lipid kinase activity turns off. For this calculation 
only, the PIP5K activity during PAR2 activation was taken 
as the sum two components, the fixed basal rate B and 

(Fig. 9 A, green line). To check that dephosphorylation 
of PAR2 by phosphatases would oppose receptor desen-
sitization and PIP2 recovery as we supposed from Fig. 4 D, 
we then also inhibited phosphatases in the model by 
setting their rate constants to zero (30% -arrestin +  
calyculin A). As anticipated, after PAR2 activation, the 
PIP2 level initially fell but recovered completely, com-
pensating for the -arrestin knockdown (Fig. 9 B). As 
inferred from experiments, our simulations show that 
-arrestin would normally protect the phosphorylated 
receptor from serine/threonine phosphatases, but after 
reduction of -arrestins, a significant effect of the phos-
phatases is unmasked and receptors are able to return 
to their active state. This strengthens our proposal that 
phosphorylation itself suffices to terminate further acti-
vation of G proteins by the PAR2 receptor.

Possible role for lipid kinase for maintaining PM PIP2 
during PAR2 desensitization
Now we consider how -arrestin knockdown might cre-
ate a hump in the time course of PIP2 recovery (Fig. 4 A). 
Our concept is that the hump reflects dynamic changes 
in the activity of the lipid kinases PI4K and PIP5K. This 
idea was tested empirically using the mathematical model. 

Figure 7.  Simulation showing the pre-
dicted time courses of several intracel-
lular signals triggered by AP and the 
distribution of PAR2 among different 
states. For PIP2 recovery at the PM (PM 
PIP2), the model accelerated PI4 and 
PIP5 kinases, with the maximal rate 
constant for PIP5K being regulated by 
the amount of -arrestin. The PM PIP2 
scale was inverted for easier compari-
son with the PH-domain signals from 
this study. The simulated concentra-
tion of AP was 100 µM. Parameters and 
equations for the underlying reactions 
are listed in Tables 1 and 2.
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What might this calculation imply? One plausible sce-
nario is that -arrestin translocated to PAR2 may recruit 
the PIP5K to the PM where PIP5K generates PIP2 more 
effectively compared with the diffusible PIP5K in cytosol. 
We mimicked this idea experimentally. If the hump is 
caused by a curtailed PIP5K acceleration at the PM when 
-arrestin is low, we would expect to be able to restore 
fuller recovery of PIP2 by recruiting extra PIP5K to the 
PM. In experiments in Fig. 10 (A and B), we expressed a 
PM-anchored FRB domain (Lyn11-FRB-CFP) and a CFP-
tagged PIP5K coupled to an FKBP domain (PIP5K-FKBP-
CFP; see Methods and Materials and legend for details). 
This pair of proteins can be chemically dimerized by add-
ing rapamycin (Suh et al., 2006). When such cells with 
-arrestin siRNA were treated with rapamycin plus AP, 
exogenous PIP5K-FKBP-CFP translocated to the anchor 
at the PM (Fig. 10 A). As predicted, with this forced en-
richment of PIP5K at the PM, the hump was eliminated 

an additional accelerated rate. In the version used only 
for Fig. 9 C, the rate of PIP5K was given by

	 B C e et t+ ∗ −( ) ∗ + ∗( )− −1 0 5 0 5/ /. . ,tau_on tau_off
	

where tau_on is the time constant (1 s) for quick expo-
nential approach to full accelerated kinase activity after 
receptor activation and tau_off is an arrestin-dependent 
time constant for fall of the accelerated kinase activity. 
This tau_off is proportional to [-arrestin]4 (Table 1). 
The fall (tau_off) is very slow (>104 s) when -arrestin  
is normal. However, it becomes fast as cytosolic free  
-arrestin is strongly lowered. If we assumed that the 
knocked down -arrestins have been lowered to 30%, 
the model generated an appropriate PIP2 hump (Fig. 9 C, 
blue line) compared with 100% -arrestins (Fig. 9 C, 
black dashed line).

Figure 8.  Simulated time courses of PIP2 depletion 
and -arrestin recruitment. (A and B) Depletion of PM 
PIP2 by different concentrations of AP (A) replotted as 
a dose versus peak response curve (black squares; B) in 
simulation. For easier comparison with the experimen-
tal data, the y axes of simulated data in A and C were 
inverted. The peak response at various concentrations 
of AP was normalized with the value at 300 µM. Experi-
mental results in B (Fig. 2 C), D (Fig. 2 C), F (Fig. 4 H),  
and H (Fig. 2 C) are overlaid for comparison (red sym-
bols). (C and D) PM PIP2 levels during 100 µM AP treat-
ment for different surface densities of PAR2 receptors. 
(E and F) -Arrestin translocation time course and rates 
at different AP concentrations. (G and H) -Arrestin 
translocation time course and rates at different PAR2 
densities. Concentrations and densities used in the sim-
ulations are as follows: (A, B, E, and F) 0.1, 3, 10, 30, 
100, 300, and 1,000 µM AP; (C and D) 5, 50, 500, 1,500, 
5,000, and 10,000 µm2; and (G and H) 5, 50, 500, 1,500, 
5,000, and 10,000 µm2.
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the experiments and predicts additional parameters we 
could not measure directly.

Phosphorylation and PAR2 desensitization
Rhodopsin can be desensitized by phosphorylation at 
multiple sites (Doan et al., 2006) followed by visual arres-
tin binding, and conversely, visual arrestin binding to the 
receptor affects the kinetics of receptor phosphorylation 
(Mendez et al., 2000; Doan et al., 2009). Similarly, 
Gs-coupled receptors such as 2-adrenergic receptors 
use phosphorylation of activated receptors by GRKs 

(Fig. 10 B). AP alone did not clearly translocate PIP5K-
FKBP-CFP. To make such speculation more plausible 
would require an additional direct test and a matching 
more complete mechanistic model of the steps.

D I S C U S S I O N

Our experiments suggest that PAR2 phosphorylation 
suffices to desensitize receptors and that -arrestin se-
cures this phosphorylated state for long-term deactivation 
of receptors. Using these ideas, we developed the first 
mathematical description of PAR2 desensitization. It fits 

Figure 9.  Simulated effects of serine/threonine phosphatases in 
-arrestin knockdown cells. AP was set at 100 µM. (A) PM PIP2 
time course with 100% or only 30% of control -arrestin. (B) PM 
PIP2 time course with 30% -arrestin with and without inhibition 
of phosphatase. Calyculin A was simulated by setting the reverse 
rate constants in reactions 1 and 3 to zero (30% -arrestin + ca-
lyculin A). Compare with experiments in Fig. 4 D. (C) Simulated 
PM PIP2 time course with 30% -arrestin and with -arrestin–
dependent activity of PIP5K. The blue line indicates the PIP2 
hump generated by reduced PIP5K activity. The black dashed line 
indicates control without -arrestin knockdown.

Figure 10.  A role for PIP5K in the delayed PIP2 hump with -arrestin 
knockdown cells. (A) Recruitment of PIP5K using the rapamycin 
system. Cells were transfected with -arrestin 1/2 siRNA and then 
transfected with PIP5K-FKBP-CFP, Lyn11-FRB-CFP, PAR2-GFP, 
and PH-RFP. The kinase PIP5K-FKBP-CFP translocated from cyto-
plasm to PM during treatment with 5 µM rapamycin and AP (red 
symbols; n = 6). However, the kinase did not translocate during 
treatment with AP alone (black symbols; n = 6). (B) PIP5K trans-
location to the PM restores recovery of PIP2 in -arrestin knock-
down cells. Symbols indicate the effect of AP without (black) or 
with (red) PIP5K recruitment using rapamycin (for both cases,  
n = 6). Error bars are SEM.



� Jung et al. 269

PI4K and PIP5K are transiently accelerated by 10-fold by 
the muscarinic agonist (Falkenburger et al., 2013). 
Again, in the PAR2 model, both rate constants needed to 
be accelerated, sixfold for PI4K and threefold for PIP5K, 
to simulate the recovery of PIP2 during PAR2 desensitiza-
tion. As demonstrated in Fig. 10 B, artificial recruitment 
of PIP5K to the PM reduced the PIP2 hump generated by 
-arrestin knockdown. However, the concept of lipid ki-
nase recruitment and activation by -arrestins has to be 
regarded as just hypothetical, and we advance no direct 
experimental evidence for it. It is just a candidate idea to 
be considered in the future. Other candidate signals for 
lipid kinase acceleration need to be considered as well, 
such as the rise of intracellular Ca2+ reported to activate 
PI4K via neuronal Ca2+ sensor 1 (Gamper et al., 2004; 
Delmas et al., 2005; de Barry et al., 2006) and Rho kinase, 
which regulates PIP5K activity (Mao and Yin, 2007).

Concluding remarks
Significant roles for PAR2 are reported in many cell types 
(Gieseler et al., 2013; Yau et al., 2013). For example, it 
stimulates ion and mucin secretion in PDECs (Nguyen et 
al., 1999; Jung et al., 2006, 2009, 2010; Kim et al., 2008), 
it protects acinar and pancreatic duct cells from acute 
pancreatitis (Namkung et al., 2004), and it promotes in-
flammation in airway epithelial cells (Soh et al., 2010; 
Ramachandran et al., 2012; Yau et al., 2013). As this re-
ceptor is activated irreversibly by proteolytic cleavage, un-
derstanding its desensitization has broad relevance. In 
addition, desensitization of GqPCRs in general, of which 
PAR2 is a member, is still not deeply explored. As a first 
step, we focused on the effect of phosphorylation. Key 
conclusions were that phosphorylation alone suffices to 
desensitize the receptor and that arrestin and protein 
serine/threonine phosphatases compete dynamically for 
phosphorylated receptors. Our results and model imply 
that -arrestin may have at least two roles: (1) stabilizing 
phosphorylated ligand-bound receptors and (2) interact-
ing with PI4K and PIP5K to regulate the amount of PM 
PIP2. It will be interesting to extend such studies to other 
members of the family of GqPCRs.
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followed by recruitment of -arrestin to the phosphory-
lated and still ligand-bound receptors for desensitiza-
tion (Carman et al., 2000; Penn et al., 2000; Violin et al., 
2008; Vayttaden et al., 2010). Because this mechanism 
will desensitize only those receptors that are bound to 
agonist, it is called homologous desensitization. In con-
trast, receptor desensitization mediated by protein kinases 
such as PKA or PKC that may not care about whether 
the receptor is or ever was activated is called heterolo-
gous desensitization. What about PAR2? Numerous 
lines of evidence support desensitization by phosphory-
lation mediated by parallel actions of GRKs and PKC. 
(a) Agonist-induced desensitization is slowed both by 
an inhibitor of GRKs and by an inhibitor of PKC (Fig. 3 B). 
(b) Activated PAR2 recruits GRK2 (Zhao et al., 2015). 
(c) -Arrestins 1 and 2 translocate to activated PAR2 
(Fig. 3 C and Fig. S5; Ricks and Trejo, 2009; Zhao et al., 
2015) but not after mutation of phosphorylation sites  
in the C terminus (Ricks and Trejo, 2009). (d) -Arrestin 
knockdown slows desensitization, but desensitization is 
restored to normal simply by inhibiting serine/thre-
onine phosphatases (Fig. 4, A–E). (e) Activating PAR2 
suffices to produce DAG and activate PKC (Fig. 2 and 
Fig. S3; Kim et al., 2008). (f) Pharmacological activation 
of PKC desensitizes PAR2 (Fig. 3 A; Böhm et al., 1996; 
DeFea et al., 2000), although it does not recruit -arres-
tin (Fig. 3 C). In sum, activation of PAR2 is likely to stim-
ulate phosphorylation by both GRKs and by PKC. This 
phosphorylation seems to be enough to turn off signaling 
by the receptors, and subsequent binding of arrestins 
protects the phosphorylation from protein phospha-
tases that would otherwise reverse the desensitization.

The PIP2 hump is consistent with possible interaction 
between PIP kinases and -arrestin
When cytosolic -arrestins were reduced by siRNA, the 
AP agonist evoked both two phases of PIP2 depletion: a 
first rapid phase of loss of PIP2 followed by the secondary 
hump (Fig. 4 A). One possible interpretation, crudely cor-
roborated by the model, is that the second phase reflects 
a reduction of PIP2 synthesis when -arrestin is reduced. 
According to recent findings in Wnt/-catenin signaling, 
-arrestin interacts with PI4K and PIP5K at the PM to aug-
ment PIP2 pools in human embryonic kidney (HEK) cells 
(Kríz et al., 2014), the cell line from which tsA201 cells 
were derived. If this concept also applies during PAR2 sig-
naling, a knockdown of -arrestin would reduce PM PI4K 
and PIP5K activity and attenuate PIP2 regeneration, favor-
ing the secondary loss of PIP2. Indeed, adding -arrestin 
dependence of PIP5K activity to our model predicted a 
hump in -arrestin–depleted cells. A down-regulation of 
PI4K in our model had a similar effect.

Up-regulation of PI4K or PIP5K during PAR2 activation
Previously, to fit experimental data for M1 muscarinic re-
ceptor activation in tsA201 cells, we had postulated that 
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