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β-arrestins regulate many cellular functions including intracellular sig-
naling and desensitization of G protein–coupled receptors (GPCRs).
Previous studies show that β-arrestin signaling and receptor endocy-
tosis are modulated by the plasma membrane phosphoinositide lipid
phosphatidylinositol-(4, 5)-bisphosphate (PI(4,5)P2). We found that
β-arrestin also helped promote synthesis of PI(4,5)P2 and up-regulated
GPCR endocytosis. We studied these questions with the Gq-coupled
protease-activated receptor 2 (PAR2), which activates phospholipase
C, desensitizes quickly, and undergoes extensive endocytosis. Phosphoi-
nositides were monitored and controlled in live cells using lipid-specific
fluorescent probes and genetic tools. Applying PAR2 agonist initiated
depletion of PI(4,5)P2, which then recovered during rapid receptor de-
sensitization, giving way to endocytosis. This endocytosis could be re-
duced by various manipulations that depleted phosphoinositides again
right after phosphoinositide recovery: PI(4)P, a precusor of PI(4,5)P2,
could be depleted at either the Golgi or the plasma membrane (PM)
using a recruitable lipid 4-phosphatase enzyme and PI(4,5)P2 could be
depleted at the PM using a recruitable 5-phosphatase. Endocytosis re-
quired the phosphoinositides. Knock-down of β-arrestin revealed that
endogenous β-arrestin normally doubles the rate of PIP5-kinase (PIP5K)
after PAR2 desensitization, boosting PI(4,5)P2-dependent formation of
clathrin-coated pits (CCPs) at the PM. Desensitized PAR2 receptors were
swiftly immobilized when they encountered CCPs, showing a dwell
time of ∼90 s, 100 times longer than for unactivated receptors. PAR2/
β-arrestin complexes eventually accumulated around the edges or
across the surface of CCPs promoting transient binding of PIP5K-Iγ.
Taken together, β-arrestins can coordinate potentiation of PIP5K activ-
ity at CCPs to induce local PI(4,5)P2 generation that promotes recruit-
ment of PI(4,5)P2-dependent endocytic machinery.
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Membrane phosphatidylinositide lipids (PPIs) are dynamic
regulators of diverse cell functions, and their dysregulation

underlies numerous human diseases (1). This paper concerns the
key involvement of plasma membrane (PM) phosphatidylinositol-
(4, 5)-bisphosphate (PI(4,5)P2) in refining receptor–G protein and
receptor–β-arrestin coupling (2, 3) and preparing for the endocy-
tosis of receptors (4). Endocytosis requires clustering of adapter
proteins on the PM, nucleation of clathrin-coated membrane pits,
capture of receptors with β-arrestin (5–7), and pinching off of pits
as intracellular vesicles by dynamin GTPase (4, 8–10). In clathrin-
mediated endocytosis, PI(4,5)P2 is typically needed for the assembly
of the adaptor protein complexes, clathrin-coated pits (CCPs), and
dynamin complexes (4, 11–14). Hence, receptor internalization
should be compromised if PI(4,5)P2 pools are depleted. This raises
the question of how receptors that signal by depleting PI(4,5)P2
can still be internalized. In this study, we found roles of receptor
stimulation and β-arrestin in promoting resynthesis of PI(4,5)P2,
thus enabling endocytosis at the PM.
Synthesis of PPIs starts with phosphatidylinositol and families of

lipid kinases that generate the mono-, bis-, and tris-phosphorylated
inositol ring. PM phosphatidylinositol 4-phosphate (PI(4)P) and
PI(4,5)P2 are produced by several mechanisms potentially involving

other membrane compartments. They can be synthesized by lipid
4-kinases acting on PM phosphatidylinositol and by lipid 5-kinases
acting on PM PI(4)P; they can be delivered in exchange for other
lipids by phosphatidylinositol exchange proteins; and they can be
delivered through fusion with other membranes (15–23). Such
studies show that the PPI pools in different membranes are inter-
dependent (21). For example, depleting PI(4)P locally in the trans-
Golgi using a recruitable PI(4)P 4-phosphatase tool reduces the
generation of PI(4,5)P2 at the PM (24). Conversely, depleting
PI(4,5)P2 at the PM by activating muscarinic or angiotensin II re-
ceptors also strongly decreases total cellular PI(4)P (25–27). New
evidence is emerging that the PPI composition controls membrane
trafficking between organelles. For instance, trafficking of mannose
6-phosphate receptors from the Golgi to the PM can be slowed by
reduction of PPI synthesis (28) presumably because PPIs are im-
portant for fusion of receptor-containing vesicles with the PM.
Here, we study contributions of PPI pools to the endocytosis of

the Gq-coupled protease-activated receptor 2 (PAR2). This re-
ceptor is involved in inflammatory responses (29), sensation of
inflammatory pain (30), and cancer metastasis (31). It has been a
target of drug development (32) facilitated by recent crystal
structures (33). Stimulation of this receptor activates phospholipase
C (PLC) to cleave and deplete PI(4,5)P2 with accompanying pro-
duction of diacylglycerol, inositol trisphosphate, and calcium sig-
nals (34, 35). Activation of the PAR-receptor family has unique
properties. The receptor is activated by cleavage of the N terminus
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by serine proteases such as thrombin, tryptase, or trypsin (34, 36),
which generates a tethered N-terminal ligand. The activation
stimulates Gq but is followed quickly by desensitization that termi-
nates Gq signaling (34, 35, 37). Our previous experimental results
and mathematical modeling suggest that rapid phosphorylation of
PAR2 precedes desensitization and that β-arrrestin clamps the
phosphorylated and ligand-bound state of the receptor, protecting it
from dephosphorylation by serine/threonine phosphatases (38).
Then, the receptor is internalized slowly via a clathrin- and dynamin-
dependent pathway (8). This rapidly desensitizing receptor is well
suited to address mechanisms involved in PPI lipid–dependent
GqPCR endocytosis.
Using genetic and optical tools to manipulate and measure PI(4)

P and PI(4,5)P2 levels acutely at the Golgi or the PM, we now
demonstrate that PAR2 internalization can be controlled by PM
PI(4,5)P2 that is replenished using both PM and Golgi pools of
PI(4)P. A β-arrestin–dependent activation of PIP5-kinase (PIP5K)
at the PM turned out to be critical in the formation of PI(4,5)P2-
and PI(4)P-requiring CCPs and potentially other endocytic ma-
chinery for receptor internalization.

Results
PI(4)P and PI(4,5)P2 Pools Are Coupled. We started by monitoring
changes of PI(4,5)P2 and PI(4)P pools while the Gq-coupled PAR2

receptor was being activated. The receptor was transiently expressed
and stimulated by applying a short activating peptide (AP) made of
six amino acids (SLIGKT), which mimics the N-terminal tethered
ligand sequence of cleaved receptors (35, 37, 38). PI(4,5)P2 was
monitored using a red fluorescent protein (RFP)-tagged pleckstrin
homology (PH) domain of PLCδ1 (PH-RFP), and PI(4)P was
monitored using a GFP-tagged P4M probe (GFP-P4M) (22, 39, 40).
In resting cells, the expressed PH-RFP probe was localized to the
PM (Fig. 1A, 108 s). Activation of PAR2-initiated depletion of PM
PI(4,5)P2, indicated by translocation of the PH-RFP probe from the
PM to the cytoplasm (Fig. 1A, 132 s). Translocation was rapid
(Fig. 1B, magenta trace), reflecting brisk initial hydrolysis of PM
PI(4,5)P2 by PLC. However, already within minutes, the probe had
returned from the cytoplasm back to the PM even in the continuous
presence of the PAR2 agonist, indicating that the receptors had
desensitized, PLC had turned off, and PM PI(4,5)P2 was replen-
ished. In resting cells, the GFP-P4M probe marking PI(4)P localized
to the Golgi and the PM (Fig. 1A, 108 s) as demonstrated previously
(24, 40). Like for PI(4,5)P2, activation of PAR2-initiated depletion of
PI(4)P as indicated by translocation of GFP-P4M to the cytoplasm
(Fig. 1B, green trace). Again within minutes, the released PI(4)P
probe returned from the cytoplasm to both the PM (SI Appendix,
Fig. S1) and the Golgi (Fig. 1A at 360 s). The time to half return of
the PI(4)P probe to the PM was 87 ± 14 s, a little longer than the

Fig. 1. PI(4)P and PI(4,5)P2 pools are coupled. (A) Confocal images showing dynamic redistribution of the GFP-P4M probe reporting PI(4)P and the PH-RFP
probe reporting PI(4,5)P2, upon application of 100 μM AP to activate PAR2. The images have inverted contrast with fluorescence shown dark. Magenta circles
indicate regions of interest chosen for measurements of cytoplasmic intensities with each probe. The labels denote the PM, Golgi, cytoplasm (Cyt), and
nucleus (N). (Scale bar, 5 μm.) (B) Time courses of cytoplasmic intensities of PI(4)P and PI(4,5)P2 probes during AP application. The intensities were normalized
to reduce cell-to-cell variation and then averaged (Norm. cyt. intensity). PI(4,5)P2 (magenta) and PI(4)P (green) (n = 8 cells). The recovery time constants were
58 ± 9 s (PH-RFP) and 89 ± 18 s (GFP-P4M). P = 0.12 (Student’s paired t test). (C) Correlation of PI(4,5)P2 and PI(4)P changes induced by different pharma-
cological perturbations. Signal amplitude (%) for each condition is calculated from the steady-state level (at 300 to 400 s after application of AP as indicated
with a heavy bar in B) minus the initial baseline. Pearson’s correlation coefficient for the linear fit (red line) was 0.85. Cells were pretreated with different
drugs for 5 or 10 min before AP (SI Appendix, Fig. S2): Wortmannin (30 μM, n = 6 cells, Wort) and BAPTA-AM (50 μM, n = 6 cells, BAPTA), blebbistatin (30 μM,
n = 11 cells, Blebb) and brefeldin A (10 μg/mL, n = 4 cells, Bref A). (D) A schematic of dephosphorylation of PI(4)P at the trans-Golgi using recruitable human
Sac1 (Sac1) and rapamycin. (E) Inverted confocal images. Rapamycin (5 μM) induces translocation of RFP-Sac1-FKBP to the TGN38-FRB-CFP anchor at the trans-
Golgi membrane (upper images, magenta arrow heads), and the Golgi-localized GFP-P4M probe (lower images, green arrow heads) is released to the cy-
toplasm. (Scale bar, 10 μm.) (F) Time courses of Golgi Sac1 (magenta) and the GFP-P4M probe (green) following rapamycin application. Intensities are
normalized to the control values before rapamycin and averaged (n = 5 cells). (G) Time course of cytoplasmic PH-GFP showing the effect of PI(4)P depletion at
the Golgi and the PM on the recovery of PM PI(4,5P)2 following PAR2 desensitization. Cells were pretreated with rapamycin for 10 min before the application
of 100 μMAP. The figure shows only 3 min rapamycin treatment prior to the AP treatment. Plotted are control cells (Control), cells expressing cytoplasmic Sac1
alone without TGN38-FRB-CFP or LDR-CFP (Cyt. Sac1), and cells where Sac1 is recruited to either the trans-Golgi (TGN Sac1) or the PM (PM Sac1). (H) Analysis of
cytoplasmic PH-GFP responses, summarizing the secondary depletion of PI(4,5)P2 without or with Sac1 recruitment to the Golgi or the PM. Mean values
obtained from the time window between 950 and 1,050 s (black bar in G) were compared to the peak to get the relative steady state. The values in G and H
are averages. Control (n = 8 cells), Sac1 alone (n = 9 cells), TGN Sac1 (n = 7 cells), and PM Sac1 (n = 6 cells). *P < 0.05.
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half return of the PI(4,5)P2 probe, 54 ± 3.4 s (SI Appendix, Fig. S1).
The recovery and resynthesis of phosphoinositide pools is a special
focus of this paper.
The PI(4)P and PI(4,5)P2 pools are coupled by metabolism and

by transport mechanisms. When PI4-kinase, the enzyme that syn-
thesizes PI(4)P, was inhibited with wortmannin or when trafficking
of intracellular PI(4)P from the Golgi to the PM was compromised
by brefeldin A or BAPTA-AM treatment, the recovery of the PI(4)
P and PI(4,5)P2 pools became incomplete (SI Appendix, Fig. S2 and
Supplementary Discussion). We compared the extent of recovery of
the two phosphoinositides after PAR2-mediated hydrolysis of
PI(4,5)P2 (during the black bar in Fig. 1B). The less complete the
PI(4)P recovery was, the less complete the recovery of PI(4,5)P2
(Fig. 1C, Pearson’s correlation coefficient, 0.85), reflecting the
dynamic linkage of these lipid pools.
We selectively manipulated the two local PI(4)P pools enzy-

matically to assess whether they both served as major sources for
resynthesis of PM PI(4,5)P2 after PAR2 activation. The strategy
was to use induced chemical dimerization to recruit a lipid phos-
phatase to an appropriate cell membrane (41). An FKBP-tagged,
genetically engineered lipid 4-phosphatase human Sac1 (“Sac1-
FKBP”) enzyme was recruited to FKBP-rapamycin binding (FRB)
domain-tagged membrane anchors using rapamycin (Fig. 1D).
While not a perfectly selective 4-phosphatase, this enzyme has a
substrate preference for PI(4)P that is 3 times higher than for PI(3)
P and 10 times higher than for other phosphoinositide substrates
(42). The PI(4)P of the Golgi or the PM was depleted by recruiting
Sac1-FKBP from the cytoplasm to two different compartmental
membrane anchors: TGN38-CFP (cyan fluorescent protein) fused
with FRB (TGN-FRB) for trans-Golgi targeting and LDR-CFP for
PM targeting (24). When RFP-tagged Sac1-FKBP was translocated
to the trans-Golgi network, the P4M probe was released from the
Golgi, indicating depletion of Golgi PI(4)P (Fig. 1E). The probe
was released (exponential time constant τ = 16 ± 5 s, n = 5, Fig. 1F,
green symbols) well before Sac1 translocation was completed (τ =
77 ± 32 s, n = 5, magenta symbols), showing that only a small
fraction of the translocatable Sac1 enzyme sufficed to deplete the
Golgi PI(4)P. We then asked how prior depletion of PI(4)P af-
fected PM PI(4,5)P2 recovery during AP treatment (Fig. 1 G and
H). In control cells without overexpressed Sac1, PM PI(4,5)P2 re-
covery during AP was nearly complete, leaving only a small residual
steady-state level of cytoplasmic PH probe (6 ± 2.4%, n = 8, Fig. 1G
and H, black open symbol and bar, respectively) compared to the
maximum peak level during AP treatment. With the Sac1 construct
alone without membrane anchors, the residual steady state during
AP was slightly higher (14 ± 2.4%, n = 9, P = 0.02, Fig. 1 G and H,
black filled symbols and bar). Perhaps the untargeted cytoplasmic
Sac1 partially depleted PI(4)P and thus compromised full PI(4,5)P2
recovery at the PM (40). In the cells with Sac1 recruited by rapamyin
to the Golgi anchor TGN38, the cytoplasmic residual steady-state
PH probe after AP was greater, 33 ± 7% (n = 7, P = 0.047, Fig. 1G
and H, magenta symbols and bar). To validate the specificity of the
Golgi anchor, Sac1 was also recruited to a different Golgi-anchoring
protein, giantin-FRB, giving results similar to those with TGN-FRB
(SI Appendix, Fig. S3). Finally, Sac1 was recruited to the PM anchor
LDR-CFP, which affected PM PI(4,5)P2 recovery to the same extent
as with the two Golgi anchors (33 ± 7%, n = 6, P = 0.02, Fig. 1 G
and H, green symbols and bar). In conclusion, two pools of PI(4)P,
one at the Golgi and the other at the PM, contribute significantly to
the restoration of PM PI(4,5)P2 after PAR2 desensitization.

PI(4)P and PI(4,5)P2 Support the Internalization of PAR2. We next
looked for roles of phosphoinositides in PAR2 internalization. We
previously reported rapid kinetics of formation of complexes be-
tween β-arrestin and activated PAR2 that govern receptor desen-
sitization (38). Such complexes can become localized to CCPs (8).
At least eight of the proteins involved in receptor internalization,
including β-arrestin, adaptor proteins, and dynamin, interact with

PI(4,5)P2 (4). Therefore, we expected that PAR2 internalization
from the PM could be compromised by depleting PM PI(4,5)P2
(43) or its precursor PI(4)P. The internalization of PAR2 was
imaged with an Alexa647 dye–labeled primary antibody against an
extracellular epitope of PAR2 (SI Appendix, Fig. S4, ref. 43). Using
the recruitable Sac1 system to deplete PI(4)P pools at the Golgi or
the PM, significantly reduced AP-induced internalization of PAR2
receptors compared to control experiments with AP alone (net
reduction of internalization was 50% for Golgi depletion and 54%
for PM, Fig. 2 A and B). As negative controls, without recruitable
Sac1 rapamycin neither initiated large PAR2 internalization with-
out AP (Fig. 2 A and B) nor reduced internalization induced by AP
(SI Appendix, Fig. S5). Next, we instead depleted PM PI(4,5)P2
using a translocatable lipid 5-phosphatase [Fig. 2C (24, 41)].
Adding rapamycin raised the cytoplasmic intensity of the PH
probe to ∼40% of the earlier peak level induced by AP (Fig. 2D),
confirming a partial depletion of PM PI(4,5)P2. In parallel, PAR2
internalization was significantly reduced (by 81%), consistent with
the hypothesis that PM PI(4,5)P2 is essential for endocytosis of
PAR2 (Fig. 2E).

β-Arrestin Boosts PI(4,5)P2 Synthesis at the PM. Does regulation of
PAR2 endocytosis by phosphoinositide lipids (PPIs) involve
β-arrestin? Already we know that the β-arrestins have a PPI binding
site (44), and a cryogenic electron microscopy (cryo-EM) structure
shows that PI(4,5)P2 can be stably incorporated into a complex of
β-arrestin with neurotensin receptors (3). In our experiments,
β-arrestin 2 translocated to the PM upon PAR2 activation (Fig. 3A,
at 286 s) and then relocated to intracellular puncta during inter-
nalization of receptors (Fig. 3A, at 396 and 1,028 s). Our fluores-
cence resonance energy transfer (FRET) assay reported interactions
closer than 10 nm between β-arrestin-2-YFP (yellow fluorescent
protein) and PAR2-CFP molecules, increasing gradually and ro-
bustly over a 5 min period during continued AP application
(Fig. 3B). We interpret the FRET increase as formation of molec-
ular complexes between β-arrestin 2 and PAR2 receptors. We tested
blockers of receptor kinases: 30 μM compound101 (cmpd101)
blocking GRK2/3 and 100 nM bisindolylmaleimide1 (BIS1) blocking
protein kinase C. Together, they significantly reduced development
of the FRET interaction (Fig. 3B). Hence, as anticipated, receptor
phosphorylation facilitates formation of β-arrestin 2-PAR2 com-
plexes.
The β-arrestin translocation to the PM also was retarded by

making mutations in the PI(4,5)P2 binding site on β-arrestin as
defined in cryo-EM and cell biological studies (3, 44). To ask
whether acute depletion of PI(4,5)P2 can also slow β-arrestin
translocation, the PI(4,5)P2 5-phosphatase was recruited to the
PM anchor by applying rapamycin shortly after partial depletion of
PI(4,5)P2 by activated PAR2. The recruited 5-phosphatase further
depleted PM PI(4,5)P2 compared to control (Fig. 3C). The phos-
phatase also slowed the recovery of PI(4,5)P2 (control time con-
stant 79 ± 12 s for AP alone [n = 6] versus 242 ± 60 s for
5-phosphatase [n = 8], P = 0.04) and made the recovery incom-
plete. Further, the translocation of β-arrestin 2 was significantly
delayed by this protracted PI(4,5)P2 depletion (half maximal time
for translocation was 49 ± 4 s in control [n = 8] versus 79 ± 7 s with
5-phosphatase [n = 6], P = 0.007, Fig. 3 D, Inset). Nevertheless, the
extent of final translocation was unchanged (0.33 ± 0.05 for control
versus 0.33 ± 0.02 with 5-phosphatase, P = 0.96, Fig. 3D; ref. 45).
Hence, the initial association of β-arrestin 2 with PAR2 seems
accelerated by PI(4,5)P2, consistent with structural and in vitro
observations (3).
We recognized a correlation between the rate of synthesis of PM

PI(4,5)P2 and the presence of β-arrestin. In the first experiment,
PI(4,5)P2 was partially depleted by translocating 5-phosphatase to
the PM with rapamycin (Fig. 3E, without small interfering RNA
[siRNA]). Then, PAR2 receptors were activated with AP to stim-
ulate PLC. The PM PI(4,5)P2 became depleted further, and then
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as the receptors desensitized, PI(4,5)P2 began to recover. Unex-
pectedly, the PI(4,5)P2 recovery was strong enough to surpass the
previous level from before AP addition (Fig. 3E, without siRNA), as
if PAR2 activation had accelerated the lipid kinases that restore
PI(4,5)P2. Could this acceleration be due to a recruitment of
β-arrestins? Indeed, the acceleration was significantly diminished by
knocking down β-arrestin 1 and 2 using siRNA compared to control
siRNA (40% decrease of β-arrestin 1 and 2 protein level) (38)
(Fig. 3 E and F). Furthermore, inhibitors of β-arrestin recruitment
(compound101/BIS1) led to secondary PI(4,5)P2 depletion (Fig.
3G). Apparently, lipid kinases are accelerated during PAR2 de-
sensitization by a process that involves β-arrestins.

PAR2 Stimulation Activates PIP5K. A potentiation of endogenous
PIP5K activity after activation of PAR2 was readily observed. Our
strategy was to dephosphorylate PI(4,5)P2 to PI(4)P rapidly with a
voltage-sensitive 5-phosphatase (Dr-VSP) and then to measure the

rate of rephosphorylation to PI(4,5)P2 using the PH-RFP probe
(Fig. 4 A–D). When Dr-VSP was activated by a voltage jump to
+100 mV for 2 s under whole-cell patch clamp, the PH probe
translocated to the cytoplasm, and after the voltage pulse, the
probe returned to the PM within 10 to 15 s (Fig. 4D). An expo-
nential fit to this return measured the rate constant for endogenous
PIP5K activity. In control, the time constant was ∼10 s, and
therefore the rate constant was 0.10/s. The next experiment evoked
transient migration of PH probes by application of PAR2 receptor
agonist AP (Fig. 4E, black symbols). Assaying with the VSP pro-
tocol before and periodically after this agonist treatment showed
that the 5-kinase activity was increased approximately twofold (P =
0.01) by AP and sustained this level for >6 min (Fig. 4E, red
symbols). As a control, we verified that the translocation of the PH-
RFP probe was not sensitive to the level of cytoplasmic IP3 without
PAR2 activation. Specifically, including 50 μM IP3 in the whole-cell
patch pipette did not promote translocation of the PH-RFP probe
into the cytoplasmic compartment and did not change the recovery
rate constant of the PH probe after VSP activation (0.11 ± 0.02/s in
control [n = 3] versus 0.11 ± 0.01/s with IP3 [n = 5], P = 0.69). To
be more precise, the test with Dr-VSP measures the catalytic rate
constant of the PIP5K reaction at the PM by transiently creating an
artificial pool of PI(4)P at the PM. Without VSP, the rate of
production of PI(4,5)P2 at any moment would be given by this rate
constant multiplied by the endogenous local PI(4)P pool size.
In subsequent experiments, we observed that the spatial distri-

bution of an overexpressed 5-kinase became reorganized to clus-
ters of β-arrestin 2. Using conventional total-internal reflection
fluorescence (TIRF) microscopy, we identified nascent clusters of
β-arrestin 2 growing over 5 to 10 min during AP action (Fig. 4F,
magenta, and SI Appendix, Fig. S6). About 50% of the clusters
(group 1, Fig. 4F, green) showed a parallel growing recruitment of
the overexpressed human GFP-phosphatidylinositol-4-phosphate
5-kinase (full-length type-1 gamma p87 [PIP5K-Iγ]). The other
50% of the arrestin clusters (group 2, Fig. 4G, green), showed an
initial fall of 5-kinase followed by a later growing accumulation. In
this second group, the clustering of β-arrestin 2 proceeded slightly
more slowly compared to the group 1 case (gray trace replotted
from the magenta trace in Fig. 4F, P < 0.0001), again as if clus-
tering of PIP5K-Iγ and β-arrestins were interdependent. As an-
other test for an interaction between PIP5K-Iγ and β-arrestins, we
designed a FRET experiment with a PIP5K-Iγ construct that was
engineered to be localized in the cytoplasm at rest (41). The
FRET assay revealed a rapidly developing physical proximity be-
tween the engineered CFP-PIP5K-Iγ and β-arrestin-2-YFP during
PAR2 activation (Fig. 4H).
We next examined whether mutations of a PPI binding site

identified in β-arrestin could reduce PI(4,5)P2 regeneration and
PAR2 endocytosis since PI(4,5)P2 binding might play a key role for
recruiting PIP5K (Fig. 5A, 46). Two mutated versions of this binding
site (K233Q/R237Q/K251Q [KRK] or K325Q/K327Q [KK]) in-
duced a significant delay of β-arrestin 2 recruitment (Fig. 5B)
(3, 44). At the same time, the recovery of PI(4,5)P2 was significantly
retarded (Fig. 5C), suggesting that the PPI–arrestin interaction
promotes PI(4,5)P2 regeneration. Adaptor protein-2 (AP-2) also
can interact directly with PIP5Ks and β-arrestins (47–49). Indeed,
we found that barbadin, a blocker of the β-arrestin–AP-2 interaction
(50), could reduce PI(4,5)P2 regeneration. The actions of barbadin
and of PPI binding-site mutations in arrestin were mutually occlu-
sive since the reduction of regeneration by barbadin or by PPI
binding-site mutantations of β-arrestin 2 were approximately similar
to the reduction by the mutations combined with barbadin
(Fig. 5C). The depletion of PI(4,5)P2 was not fully saturated by
these treatments as depletion of adenosine triphosphate (ATP) by
oxygen scavengers caused more PI(4,5)P2 reduction (Fig. 5C, blue
dotted line). These experiments would be consistent with a func-
tional interaction between β-arrestins and AP-2 during the PI(4,5)P2
over recovery seen with long applications of AP.

Fig. 2. PI(4)P and PI(4,5)P2 support the internalization of PAR2. (A and B)
Relative internalization of PAR2 estimated from the ratio of cytoplasmic
PAR2 to the total PAR2 (SI Appendix, Methods and Materials and Fig. S4).
Cells were untreated (Cont.) or incubated with 100 μM AP for 1 h (AP). For
the rapamycin group, cells were treated with 5 μM rapamycin (Rapa) or with
AP and rapamycin (AP+Rapa), which would recruit Sac1 4-phosphatase to
the PM (A) or to the trans-Golgi (B). Each condition is an average of 7 to 17
cells from two independent experiments. (C) A schematic diagram of
5-phosphatase tagged with FKBP (5-ptase-FKBP) being recruited to PM-
linked LDR-FRB-CFP (LDR-FRB). (D) Normalized time course of cytoplasmic
intensity of PH-RFP probe during application of AP. Rapamycin (5 μM) was
added after full recovery of the PH-RFP probe (w/5-ptase, n = 7 cells). The
black symbols indicate the control experiment without 5-phosphatase
overexpression (control, n = 5 cells). (E) Average of PAR2 internalization in
the absence or presence of 5-phosphatase from 9 to 16 cells for each con-
dition. **P < 0.01; ****P < 0.001.
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We next looked at CCPs at the PM, structures critical for re-
ceptor endocytosis, using TIRF microscopy. After AP application,
the total clathrin intensity of CCPs monitored in individual control
cells showed an initial fall that soon reversed and even overshot
above its starting level (Fig. 5D, control; SI Appendix, Fig. S7A).
During this growth period, the mean lifetime of individual CCPs
was 19% longer (64 ± 3 s, n = 441 events) than before AP treat-
ment (54 ± 4 s, n = 241 events, P = 0.03; SI Appendix, Fig. S7B) as
previously demonstrated (51, 52). The rate of formation of new
CCPs was also increased by 12% (382 events per 210 s with AP
versus 341 events per 210 s without AP). However, the intensity of
single CCPs was not changed (538 ± 20 with AP versus 537 ± 22

without AP, SI Appendix, Fig. S7C). How about PI(4,5)P2 de-
pendency? The formation of CCPs upon PAR2 activation was
attenuated by recruiting the 5-phosphatase to the PM (Fig. 5D,
rapamycin). Because the mutants of β-arrestin 2 could reduce
PI(4,5)P2 regeneration, we also tested whether these mutants
could inhibit formation of CCPs. Indeed, the KRK and the KK
mutant of β-arrestin 2 significantly reduced CCP formation
(Fig. 5E). Hence, we suggest that CCP formation is promoted by
β-arrestin–dependent PI(4,5)P2 regeneration.
What is the relationship of PAR2 endocytosis to β-arrestin? As

shown in Fig. 5F, overexpression of wild-type (WT) β-arrestin 2
(open bar) significantly increased PAR2 endocytosis compared

Fig. 3. β-arrestin boosts PI(4,5)P2 synthesis at the PM. (A) Confocal images of translocation of β-arrestin-2-YFP to the PM during activation of PAR2. Cells were
transiently transfected with dark-PAR2 labeled with an Alexa 647–conjugated primary antibody (magenta) and β-arrestin-2-YFP (yellow). The asterisks mark
the nuclei of two cells expressing both the receptor and β-arrestin 2. (Scale bar, 10 μm.) The white arrowheads indicate PM-localized β-arrestin-2-YFP after AP
treatment. The blue arrows indicate β-arrestin-2-YFP localized internalized receptors. (B) FRET between PAR2-CFP and β-arrestin-2-YFP showing direct in-
teraction of β-arrestin 2 with activated PAR2 (n = 6 cells for control and n = 7 cells for cmpd101 + BIS1). (C) Time courses of cytoplasmic intensity of PH-RFP
comparing control (n = 8 cells) and rapamycin-treated cells (n = 6 cells) where rapamycin recruited a 5-phosphatase to the PM to deplete PI(4,5)P2. (D) Loss of
cytoplasmic β-arrestin-2-YFP triggered by 100 μM AP with (n = 6 cells) or without (n = 8 cells) rapamycin. Rapamycin was applied right after AP to deplete PM
PI(4,5)P2 irreversibly. A decrease of β-arrestin-2-YFP in the cytoplasm indicates translocation of β-arrestin 2 to PAR2 at the PM. The blue-dashed area was
enlarged as an inset. (E) Effect of β-arrestin 1 and 2 siRNA on recovery of PM PI(4,5)P2 compared to with control siRNA or without siRNA. After partial
depletion of PM PI(4,5)P2 by rapamycin-recruited 5-phosphatase, PAR2 agonist (AP, 100 μM) was applied in the continued presence of rapamycin. Without
siRNA (n = 6 cells), control siRNA (n = 9 cells), and β-arrestin 1 and 2 siRNA (n = 8 cells). (F) Mean cytoplasmic PH-RFP from the experiments in E measured at
points marked by the two asterisks from before and after AP. (G) Effect of PKC and GRK2/3 blockers on PI(4,5)P2 recovery (n = 6 cells for control and n = 10
cells for cmpd101 + BIS1). **P < 0.01; ***P < 0.005.
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to AP alone (gray bar), whereas the β-arrestin 2 mutants in the
PI(4,5)P2 binding site attenuated endocytosis (Fig. 5F, KRK
(magenta) or KK alone (green)). Similarly, barbadin alone blocked
PAR2 endocytosis (SI Appendix, Fig. S8), consistent with PI(4,5)P2
dependence, and again, barbadin did not further potentiate the in-
hibitory effect when combined with the β-arrestin 2 mutants (Fig. 5F,
KRK+barbadin (magenta) or KK+barbadin (green)). In sum, as
receptors were desensitizing, receptor/β-arrestin/AP-2/PIP5K com-
plexes formed, PIP5K was speeded, PI(4,5)P2 production was

augmented, more clathrin was recruited, CCPs were newly formed,
and capture of desensitized receptors was potentiated for PI(4,5)P2-
dependent endocytosis of the complexes.

Active PAR2 Has Prolonged Interactions with CCPs. We turn now to
the single-molecule level. Based on line-scan analysis of TIRF
images, PAR2 receptors seemed strongly coclustered with CCPs
(SI Appendix, Fig. S9). Single-molecule tracking revealed the
stability of these putative complexes. A previous particle-
tracking study of potassium channels being captured by form-
ing CCPs showed transient interactions with dwell times shorter
than the lifetime of a CCP (53); however, our impression was
that β-arrestin/receptor complexes bound to CCPs more stably.
We distinguished two contrasting modes of interaction with
CCPs as the “immersion model” and the “boundary model” in
Fig. 6A (SI Appendix, Fig. S10 for validation of single-molecule
tracking). We followed the interaction using sparsely expressed
PAR2s and CCPs in live cells. Before AP treatment, the PAR2
receptor molecules skirted around the CCPs making only tran-
sient interactions (SI Appendix, Fig. S11A). The mean dwell time
was 0.9 ± 0.2 s, n = 16 receptors (Fig. 6C open symbols).
However, after AP treatment and desensitization, the receptors
developed prolonged interactions both with the edge of preex-
isting CCPs (Fig. 6B and SI Appendix, Figs. S11 B and C and S12)
and with newly forming CCPs (SI Appendix, Figs. S11D and S12).
The dwell time was increased almost 100-fold by AP application,
87 ± 13 s (n = 31 receptors, P < 0.001, Fig. 6C, red symbols).
If PAR2 receptors interacted with the edge of CCPs, we could

estimate effective CCP dimensions from the center-to-center
distance of the two fluorophores (Fig. 6D and SI Appendix, Fig.
S13 for detailed analysis). The average diameter of CCPs was
124 nm, consistent with reported CCP diameters (9, 54). Direct
STORM (dSTORM) imaging allowed us to visualize the geom-
etry of β-arrestin clusters at the PM. Before super-resolution
imaging, we confirmed that nearly all CCPs became clustered
with β-arrestin 2 (Fig. 6E) as well as with PAR2 receptors (SI
Appendix, Fig. S9). From the single-molecule tracking results, we
had anticipated that β-arrestin stably bound to the receptor
might gather in a ring encircling each CCP. In fact, the super-
resolution images of β-arrestin 2 clusters revealed two spatial
arrangements (Fig. 6F): 50% were the anticipated donut-shaped
hollow structures (Fig. 6G) and 50% were fully filled ones (Fig.
6H). The former donut shape might represent β-arrestin–
receptor complexes stably bound around the edge of preex-
isting CCPs as seen in the single-particle tracking (Fig. 6B), and
the latter (filled-in structure) might represent newly forming
CCPs incorporating β-arrestin–receptor complexes into them as
they grew. Within our resolution limit, the estimated size of
β-arrestin clusters in both cases was ∼100 nm (Fig. 6G andH), in
accord with CCP sizes (Fig. 6D). To confirm whether CCPs can
be a platform for β-arrestin–dependent PIP5K activation, we
reduced CCP formation using Pitstop2 and clathrin heavy chain
siRNA (SI Appendix, Fig. S14) and then measured PI(4,5)P2
recovery. These conditions attenuated PI(4,5)P2 regeneration
significantly (Fig. 6I), suggesting that acceleration of PIP5Ks
required β-arrestin–receptor clusters complexed with CCPs.

PIP5K-Iγ Binds Transiently with the PAR2/β-Arrestin/CCP Complex.
Finally, we found that PIP5K-Iγ enzyme molecules were mobile
(SI Appendix, Fig. S15) and that their apparent diffusion coefficient
(0.65 ± 0.12 μm2/s in control, n = 110 molecules) was reduced by
PAR2 activation (0.38 ± 0.06 μm2/s, n = 238 molecules, P < 0.05).
Our experiments suggested that this slowing might be attributed to
transient interactions of PIP5K-Iγ with β-arrestin clustered at the
CCPs. As shown in SI Appendix, Figs. S16 A and B and S18, density
mapping of PIP5K-Iγs at the single-molecule level showed that the
kinases began to linger around or within CCPs after PAR2 acti-
vation. Nearest neighbor distance analysis supported the idea that

Fig. 4. PAR2 activates PIP5K. (A) Cartoon of voltage-sensitive
5-phosphatase (VSP) used to deplete PM PI(4,5)P2. (B) Differential interfer-
ence contrast (DIC) and confocal imaging combined with patch clamp. PAR2-
CFP, GFP-VSP and PH-RFP were expressed at the same time. (C) Reaction
scheme for PM PI(4,5)P2 depletion by VSP and resynthesis by PIP5K. (D) Time
course of cytoplasmic PH-RFP during and after one brief activation of VSP by
a voltage jump. A representative trace. (E) Red symbols: Catalytic rate con-
stant of PIP5K determined from the exponential recovery of PI(4,5)P2 after
repeated VSP pulses applied before and during treatment with AP (100 μM).
Mean of five independent experiments. Black symbols: mean time course of
PH-RFP probe translocation during the activation of PAR2 by AP. (F and G)
Average intensity of clustered β-arrestin-2-mRFP and of GFP-PIP5K-Iγ recor-
ded in conventional TIRF microscopy while AP was applied to PAR2-
expressing cells. In the analysis, regions of interest (ROIs) containing indi-
vidual β-arrestin-2-mRFP clusters (magenta) were selected to measure in-
tensity changes of GFP-PIP5K-Iγ (green), reflecting recruitment of the kinase
into β-arrestin 2 clusters. (F) One subset of data with monotonic PIP5K-Iγ
recruitment into β-arrestin 2 clusters (group 1, 14 ROIs). (G) The second,
remaining subset of data with biphasic PIP5K-Iγ signals at β-arrestin 2 clusters
(group 2, 13 ROIs). The gray line was copied from the β-arrestin 2 clustering
in F for comparison. The gray line and magenta symbols are significantly
different (P < 0.001). (H) FRET between CFP-tagged cytoplasmic PIP5K-Iγ and
YFP-tagged β-arrestin 2 (“+ cytoplasmic PIP5K,” n = 9 cells). For the control
experiments (“Control,” n = 8 cells), cells were transfected with CFP instead
of CFP-PIP5K-Iγ together with β-arrestin-2-YFP and dark PAR2. AP (100 μM)
was used to activate PAR2 receptors. *P < 0.05.
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Fig. 5. The phosphoinositide binding site in β-arrestin controls PI(4,5)P2 regeneration, CCPs, and PAR2 endocytosis. (A) Structure of neurotensin receptor 1
bound to β-arrestin 1 and PI(4,5)P2 (PDB number: 6UP7, ref. 3). (Inset) Expanded image of the PPI binding site of β-arrestin 1. The K231, R235, K249, K323, and
K325 residues of the β-arrestin 1 structure correspond to K233, R237, K251, K325, and K327 in β-arrestin 2. Phosphate oxygens of the PI(4,5)P2 interact
electrostatically with the positively charged polybasic residues in the PPI binding site. (B) Time course of β-arrestin-2-YFP translocation from the cytoplasm
during AP. Translocation of WT β-arrestin-2-YFP and two mutant β-arrestins KRK or KK and occlusion of the barbadin effect. For the magenta trace, 50 μM
barbadin was added 3 min before addition of 100 μM AP to the KRK mutant β-arrestin-2-YFP overexpressing cells (KRK mutant + barbadin, average cyto-
plasmic intensity between 800 and 1,000 s normalized to baseline: 0.83 ± 0.04, n = 7 cells). Also shown are traces with KRK (0.75 ± 0.08, n = 5 cells) and KK
mutants alone (0.57 ± 0.02, n = 6 cells). The WT trace was from Fig. 3D (0.33 ± 0.02, n = 8 cells). (C) Reduction of late PI(4,5)P2 recovery by overexpression of
KRK or KK mutant β-arrestin 2. KRK mutant alone (average normalized cytoplasmic intensity between 800 and 1,000 s: 1.37 ± 0.11, n = 6 cells), KK mutant
alone (1.47 ± 0.11, n = 7 cells), barbadin alone (1.38 ± 0.08, n = 6 cells), and KRK mutant + barbadin (1.39 ± 0.06, n = 7 cells). The PI(4,5)P2 response after ATP
reduction was added for comparison (1.87 ± 0.19, n = 7 cells). To reduce intracellular ATP in live cells, oxygen scavengers were added into the imaging
chamber without additional metabolites (43). The WT trace was from Fig. 3C (0.92 ± 0.03, n = 8 cells). Control (no overexpression of β-arrestin-2-YFP, 1.01 ±
0.09, n = 4 cells). **P < 0.01. n.s.: not significant. For the traces in B and C, error bars are omitted for better visibility. (D) Time course of formation of CCPs
during AP and acute PM PI(4,5)P2 depletion measured with TIRF. Total intensity of clathrin-DsRed from individual cells was measured. The intensity was
normalized with before AP treatment and then averaged. Rapamycin was applied to recruit a 5-phosphatase soon after 100 μM AP (n = 8 cells, rapamycin),
reducing the recovery of CCP formation as compared to the control (n = 7 cells). The error bars (in gray) are drawn on only one side of the data (circles) for
clarity. (E) Statistics of relative clathrin-DsRed intensity at the PM (TIRF) after AP treatment for 60 min compared to the value before AP (dotted line). Control
(no overexpression of β-arrestin-2-YFP, n = 7 cells), KRK mutant (n = 9 cells), or KK mutant (n = 7 cells) β-arrestin-2-YFP. ***P < 0.001. (F) Statistics of PAR2
endocytosis. Control (no drug treatment, n = 17 cells), AP (n = 12 cells), AP + WT β-arrestin-2-YFP (“β-arr 2,” n = 8 cells), AP + KRK mutant β-arrestin-2-YFP
(“β-arr 2 KRK,” n = 8 cells), AP + KRK mutant β-arrestin-2-YFP + barbadin (“β-arr 2 KRK + Barbadin,” n = 15 cells), AP + KK mutant β-arrestin-2-YFP (“β-arr
2 KK,” n = 28 cells), and AP + KK mutant β-arrestin-2-YFP + barbadin (“β-arr 2 KK + Barbadin,” n = 30 cells). *P < 0.05; **P < 0.01; ***P < 0.005.
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during PAR2 activation, PIP5K-Iγs stayed closer to the CCPs (SI
Appendix, Figs. S16 C and D and S17). Similarly, we confirmed that
PIP5K-Iγ could be localized with WT β-arrestin 2 clusters but not
with the KRK mutant β-arrestin 2 (SI Appendix, Fig. S19), and that

the mutant β-arrestins were also not clustered with CCPs (SI Ap-
pendix, Fig. S20). Evidently, without interactions with β-arrestin,
PIP5K was less localized to CCPs and not potentiating PI(4,5)P2
resynthesis or PAR2 endocytosis.

Fig. 6. Stable binding of PAR2/β-arrestin with CCP. (A) Two models for PAR2 interactions with CCPs: the immersion model and the boundary model. (B–D)
Cells transiently transfected with PAR2 dark (∼0.1 μg complementary DNA (cDNA)) and SNAP tagged clathrin light chain (∼0.1 μg cDNA) studied by single-
molecule live-cell imaging with TIRF microscopy (SI Appendix, Methods and Materials). (B) Representative single-molecule diffusion trajectory showing im-
mobilization of one PAR2 molecule at a preexisting CCP. The dotted line indicates the effective boundary of CCP. (C) Cumulative distribution of bound
lifetimes before (Mean: 0.9 ± 0.2 s, n = 16 events, open black symbol) and after AP treatment (87 ± 13 s, n = 31 events, red filled symbol). Data collected from
three independent experiments. The bound lifetimes in each condition were plotted from smallest to largest values. (D) Summary of CCP size estimated by the
center-to-center distance between the bound PAR2 receptors and CCPs versus CCP intensity. The green parabola plots the prediction that CCP size is pro-
portional to (intensity of clathrin)1/2. The average CCP size was 124 ± 14 nm (n = 5 cases from a single experiment, magenta). See SI Appendix, Fig. S13 for
detailed information. (E) TIRF imaging showing recruitment of β-arrestin 2 to CCPs by PAR2 activation. Cells were transiently transfected with PAR2 dark (1 μg
cDNA), β-arrestin-2-YFP (0.05 μg cDNA), and clathrin-DsRed (0.05 μg cDNA). TIRF images showing localization of β-arrestin 2 (green) and CCP (magenta) before
and after AP addition. The line scans (white dotted line) showed only modest basal coclustering of β-arrestin 2 with CCP before addition of 100 μM AP and
greater coclustering after AP. The image was taken ∼10 min after addition of AP. (Scale bar, 4 μm.) (F) dSTORM image after endogenous β-arrestin 2 labeling
with Alexa 647–conjugated primary antibodies. PAR2 was activated. (Scale bar, 5 μm.) Localization precision of Alexa 647 dyes and lateral resolution was 9
and 62 nm, respectively. (Inset) Expanded, noninverted fluorescence image to visualize the clustered β-arrestins. (Scale bar, 0.6 μm.) (G) Distribution of di-
ameters of hollow structures from the difference of Gaussian peak positions. Mean: 98 ± 4 nm (n = 30 clusters). (Inset) One typical β-arrestin 2 donut cluster.
(H) Distribution of diameters of high-density β-arrestin 2 clusters without hollow structure from full-width-at-half-maximum. Mean: 97 ± 4 nm (n =
28 clusters). (Inset) One typical filled β-arrestin 2 cluster. The data were collected from one representative result among six independent experiments. (I)
Effects of blocking CCP formation on normalized cytoplasmic PH-RFP intensity during AP application. Average traces without error bars are shown for better
visibility. Pitstop2 (average normalized cytoplasmic PH-RFP intensity between 1,000 and 1,200 s: 1.46 ± 0.13, n = 6 cells, P < 0.05) compared to control (1.0 ±
0.09, n = 4 cells) or clathrin heavy chain siRNA (average cytoplasmic PH-RFP intensity between 800 and 1,000 s: 1.65 ± 0.16, n = 6 cells, P < 0.005) compared to
control siRNA (0.96 ± 0.1, n = 4 cells).
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Discussion
We have presented a sequence of events diagrammed in Fig. 7: An
activated PAR2 receptor couples to PLC and depletes the PM
PI(4,5)P2 pool. Then, the active receptors are desensitized by rapid
phosphorylation, and β-arrestin binds to them. In turn, this com-
plex can bind stably to CCPs forming a β-arrestin–receptor–CCP
supercomplex that recruits PIP5Ks transiently to accelerate PI(4,5)
P2 resynthesis at the PM. The speeded resynthesis draws on pre-
cusor PI(4)P from both Golgi and PM pools. Finally, formation of
β-arrestin–PIP5K complexes and augmented PI(4,5)P2 at the
CCPs accelerate new formation of CCPs and promote recruit-
ment of PI(4,5)P2-dependent endocytic machinery for final
PAR2 internalization.
Transferrin receptors have been a model system to study

clathrin-mediated receptor endocytosis. With that receptor, it is
reported that the influence of the PM PI(4)P pool on receptor
endocytosis is minimal as judged by depleting PI(4)P with PM-
localizing Sac1 (55). However, in our work with PAR2, PPIs
seem to play a more pervasive role. Receptor activation was
followed by a β-arrestin–induced acceleration of PIP5K that
speeded resynthesis of PM PI(4,5)P2 and promoted CCP for-
mation. In our experiments, targeted depletion of PI(4)P pools
reduced both PM PI(4,5)P2 and internalization of PAR2. It
seems possible that endocytosis of transferrin receptor also could
be modulated by β-arrestin–dependent PI(4,5)P2 regeneration, a
hypothesis that needs testing in the future.
In agreement with Ricks and Trejo (8), our results support the

canonical β-arrestin–, clathrin- and dynamin-dependent inter-
nalization of PAR2 recognized for other GPCRs (4, 6, 7, 9). We
found that desensitized PAR2 receptors became effectively
immobilized at CCPs possibly reflecting a local increase of
PI(4,5)P2 there and a stimulated accumulation of adaptor pro-
teins, clathrin, and dynamin. Dynamin mediates the final fission
of clathrin-coated vesicles (10, 12, 56). Cryo-EM structures of
β-arrestin–GPCR complexes show PI(4,5)P2 as an auxiliary
component of stable complexes (3). Similarly, protein mass
spectrometry has provided insights for regulation of G protein
selection by membrane PPIs, especially PI(4,5)P2 (2). We found
that the rate of β-arrestin recruitment was slower when PI(4,5)P2

was depleted at the PM, yet we also observed that the final extent
of recruitment was not much changed, consistent with previous
reports (45). Apparently, even when PI(4,5)P2 is low, β-arrestin
in the complex eventually interacts adequately with the mem-
brane (57) and with other signaling molecules such as ERK/
MAPK (58) and, in this study, PIP5K.
We now turn to speculative interpretations. It has been pro-

posed that β-arrestin has a direct interaction with PIP5K-Iα that
requires the KRK region in the C domain of β-arrestin (46).
We observed a modest twofold increase of PIP5K activity by
β-arrestins and that the β-arrestin–receptor–CCP complex is
strong and sustained. Perhaps transient binding of PIP5K to
β-arrestin in this complex can induce allosteric modulation of
PIP5K activity, effectively doubling the catalytic rate constant for
PI(4,5)P2 regeneration. CCPs may serve as a local platform for
PI(4,5)P2 regeneration as well as for capturing desensitized re-
ceptors and mediating endocytosis. AP-2 has direct binding sites
for PIP5K (47–49), β-arrestin (50, 59), and clathrin (60) that may
coordinate the β-arrestin–receptor–PIP5K–CCP interaction. In-
deed, barbadin, a small molecule that blocks β-arrestin–AP-2 in-
teractions, reduced PI(4,5)P2 recovery and PAR2 endocytosis, an
action occluded by PPI binding site mutants of β-arrestin. The
reduction of PI(4,5)P2 recovery would be consistent with the hy-
pothesis that β-arrestin–AP-2 interactions in CCPs boost the local
activity of PIP5K at the PM. In our study, the majority of over-
expressed PIP5K-Iγ localized to the PM as previously demon-
strated (47). This makes sense since a PM localization of 5-kinases
would be critical to produce PI(4,5)P2 uniquely at the PM and not
at other intracellular compartments. If the PIP5Ks bound strongly
to receptor/β-arrestin/AP2/CCP complexes, receptor endocytosis
would promote intracellular trafficking of the kinases. Thus, the
transient nature of PIP5K binding might reduce loss of PIP5Ks
from the PM. More studies of the detailed kinetics of the inter-
actions and conformational changes of these proteins and the
actions of other subtypes of PIP5Ks are needed.
Are there contributions of other PPIs to receptor endocytosis?

Another isoform of PIP2, PI(3,4)P2, and also PI(3)P, an endo-
somal PPI formed from PI(3,4)P2, have been implicated in the last
stages of endocytosis (61, 62). They recruit SNX9, a BAR-domain

Fig. 7. Working hypothesis for β-arrestin–dependent PIP5K-Iγ recruitment and PI(4,5)P2 regeneration at CCPs. CCPs are represented as a yellow hexagonal
lattice with lattice spacing of 10 to 12 nm according to electron microscope images and super-resolution imaging (9, 54). Receptor–β-arrestin complexes join
and interact tightly with the boundary of preexisting CCPs (Upper) or become incorporated more internally within newly forming CCPs (Lower). The pre-
existing CCPs vary in size, and the newly forming CCPs are growing in time. Therefore, snapshot images of those states would yield different sizes of β-arrestin
clusters (as measured in Fig. 6 D, F, and G). Mobile PIP5K-Iγs bind transiently to receptor/β-arrestin/AP-2 complexes on CCPs. The complexed PIP5K-Iγs converts
laterally diffusing PI(4)P to PI(4,5)P2 locally at the CCPs (a twofold increase of activity), promoting PI(4,5)P2-dependent endocytosis. Preexisting CCPs are shown
as accumulating a donut-shaped peripheral ring of PAR2 receptor complexes forming a hollow structure. By comparison, newly forming CCPs grow con-
tinuously to make mature CCPs with β-arrestins dispersed within them (nonhollow structure). As CCPs grow with AP-2, more β-arrestin–PAR2 receptor
complexes can accumulate into the growing structure. After maturation and depending on the amount of PI(4,5)P2, the CCP may be internalized.
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protein to form a highly curved membrane after the formation of
clathrin-coated vesicles. About this proposal, another group sug-
gested that conversion of PI(4,5)P2 to PI(3,4)P2 and PI(3)P is not
likely until dynamin completes the scission of a CCP because lipid
molecules would be exchanged rapidly between the PM and still-
connected clathrin-coated vesicles (14). Thus, PI(4,5)P2 may be
the principal PPI participating in initiation of receptor endocyto-
sis, as suggested by others (11, 55, 63).
Our analysis with PAR2 revealed roles of β-arrestin–dependent

PI(4,5)P2 regeneration in GPCR desensitization and endocytosis: 1)
ligand-bound PAR2 upregulates the activity of PIP5-kinase at the
PM twofold in a β-arrestin–dependent manner; 2) PI(4,5)P2 accel-
erates receptor interactions with β-arrestin; 3) Golgi and PM pools
of PI(4)P contribute to regeneration of PM PI(4,5)P2 and to in-
crease PAR2 endocytosis; 4) desensitized PAR2 receptors are
immobilized on contact with CCPs and remain there ∼100 times
longer than unactivated receptors; 5) β-arrestin–receptor complexes
localize to the edge of already present CCPs and also are incor-
porated within CCPs as they are forming de novo; and 6) transient
binding of PIP5K-Iγ to β-arrestin/receptor/CCP complexes can
upregulate PI(4,5)P2 regeneration near CCPs. Our findings em-
phasize the versatility of β-arrestin cooperating with several part-
ners, regulating PPI pools, and inducing receptor endocytosis. Our
study should help to understand PAR2- and PI(4,5)P2-mediated

cellular mechanisms related to human diseases including cancer
metastasis, pain, and inflammation.

Materials and Methods
See SI Appendix for full description of the reagents and methods. Briefly,
experiments were performed at room temperature on human embryonic
kidney (HEK) cell–derived tsA201 cells transiently transfected with comple-
mentary DNA plasmids for PAR2 receptors, fluorescent markers for PI(4)P and
PI(4,5)P2, translocatable 4-phosphatase and 5-phosphatase enzymes, clathrin,
normal and mutant β-arrestins, and siRNA against clathrin heavy chain or
β-arrestins. Measurements were made on living cells with FRET photometry,
confocal microscopy, conventional TIRF microscopy and single-molecule TIRF
microscopy, and direct STORM imaging with fixed cells. Mean values are
shown with SEM. Statistical significance was tested with Student’s t test.
If the P value was smaller than 0.05, the difference was considered significant
(*, **, ***, and **** for P < 0.05, 0.01, 0.005, and 0.001, respectively).

Data Availability.All study data are included in the article and/or SI Appendix.
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