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Given the importance of G-protein-coupled receptors as
pharmacological targets in medicine, efforts directed at under-
standing the molecular mechanism by which pharmacological
compounds regulate their presence at the cell surface is of par-
amount importance. In this context, using confocal micros-
copy and bioluminescence resonance energy transfer, we have
investigated internalization and intracellular trafficking of the
cholecystokinin-2 receptor (CCK2R) in response to both natu-
ral and synthetic ligands with different pharmacological fea-
tures. We found that CCK and gastrin, which are full agonists
on CCK2R-induced inositol phosphate production, rapidly
and abundantly stimulate internalization. Internalized CCK2R
did not rapidly recycle to plasma membrane but instead was
directed to late endosomes/lysosomes. CCK2R endocytosis
involves clathrin-coated pits and dynamin and high affinity
and prolonged binding of B-arrestinl or -2. Partial agonists
and antagonists on CCK2R-induced inositol phosphate forma-
tion and ERK1/2 phosphorylation did not stimulate CCK2R
internalization or -arrestin recruitment to the CCK2R but
blocked full agonist-induced internalization and 3-arrestin
recruitment. The extreme C-terminal region of the CCK2R
(and more precisely phosphorylatable residues Ser*3”-Xaa*3%-
Thr*3-Thr**°-Xaa**!-Ser**2-Thr**3) were critical for B-arres-
tin recruitment. However, this region and f3-arrestins were
dispensable for CCK2R internalization. In conclusion, this
study allowed us to classify the human CCK2R as a member of
class B G-protein-coupled receptors with regard to its endocy-
tosis features and identified biased agonists of the CCK2R.
These new important insights will allow us to investigate the
role of internalized CCK2R:f3-arrestin complexes in cancers
expressing this receptor and to develop new diagnosis and
therapeutic strategies targeting this receptor.

As a general hallmark, GPCRs? are tightly regulated at the
cell surface both acutely and over a long time period. This
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regulation is thought to be critical to the physiological home-
ostasis of GPCR signaling, which can be disrupted in patho-
logical states and is strongly affected by acute or repeated ad-
ministration of clinically relevant drugs. Ligand-induced
endocytosis is a general and important mechanism contribut-
ing to such GPCR regulation (1). For many GPCRs, the initial
step of ligand-induced internalization, also named “desensiti-
zation,” involves receptor phosphorylation by GPCR kinases
that selectively phosphorylate agonist-activated receptors.
Phosphorylation of the receptor and subsequent binding of
nonvisual arrestins prevent subsequent interaction of recep-
tors with G-proteins, thus terminating the G-protein-medi-
ated signal. Arrestin-bound receptors are rapidly targeted to
the clathrin-coated pits, thereby promoting internalization of
receptors (1-4). Alternative mechanisms to those involving
recruitment of B-arrestin adaptor and receptor targeting to
clathrin-coated pits have been shown to govern internaliza-
tion of some GPCRs (4, 5). Following internalization, recep-
tors may be sorted to different vesicular traffic routes, such as,
for example, rapid recycling to the cell plasma membrane or
slow recycling and degradation into lysosomes. Recently, it
has been recognized that, in addition to its role in down-regu-
lation of G-protein-mediated signal and cell responsiveness,
internalization through B-arrestin recruitment represents a
means for GPCRs to trigger signaling pathways independently
of G-protein coupling (6, 7). Importantly, pharmacological
agents, named “biased ligands” or “functionally selective li-
gands,” have been discovered, which activate differentially
G-protein-dependent and arrestin-dependent signaling path-
ways (8).

The cholecystokinin-2 receptor (CCK2R), previously
named the CCKB/gastrin receptor, belongs to family I of
GPCRs, which includes rhodopsin (9—11). Its natural ligands
are cholecystokinin and gastrin, two structurally related neu-
ropeptides, which bind the CCK2R with the same high affin-
ity. The CCK2R is expressed in the central nervous system
and in the gut, where it represents the predominant CCK re-
ceptor subtype. The CCK2R mediates a wide spectrum of ago-
nist-induced biological effects, including anxiety, pain percep-
tion, gastric acid secretion, and growth and differentiation of
the gastric mucosa (10, 12). Activation of wild-type CCK2R

tively; Nle, norleucine; Rlug, Renilla luciferase; FRT, Flp recombination
target; BRET, bioluminescence resonance energy transfer; DN, dominant
negative; MEF, mouse embryo fibroblast.
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and/or expression of a constitutively active variant may con-
tribute to human diseases (10). These findings have stimu-
lated interest in the identification of antagonists of CCK2R.
To date, a large panel of chemically distinct CCK2R antago-
nists have been discovered and used to assess the functions
mediated by CCK2R in animals and humans (13). Further-
more, several of these compounds have reached clinical
evaluation stages for indications such as anxiety and panic
disorders, sleep disorders, drug dependence, pain, gastro-
esophagus reflux, and gastric secretion disorders (13). How-
ever, some reference molecules believed to be pure antago-
nists turned out to be endowed with some agonist activity in
the stomach and pancreas as well as cells expressing CCK1R
or CCK2R (14).

In previous works, we investigated the intrinsic activation
mechanism of the CCK2R and the regulation of this activity
by different ligands (15—17). This led us to understand how
two structurally close nonpeptide ligands display opposite
activities (partial agonist and inverse agonist) (16). Moreover,
we delineated the role and mechanism of action of RGS-2
(regulator of G-protein signaling-2) in CCK2R-induced inosi-
tol phosphate production (17). However, the mechanism and
consequences of CCK2R regulation at the cell surface by its
natural ligands or by synthetic ligands are not yet precisely
known (18, 19).

In the current study, given the importance of cell surface
regulation of GPCR by pharmacological agents, we investi-
gated the mechanisms whereby the CCK2R is regulated after
stimulation by its natural agonist ligand CCK or after expo-
sure to several synthetic ligands displaying distinct pharmaco-
logical activity with respect to CCK2R-mediated production
of inositol phosphates. Results from this study led us to clas-
sify the CCK2R as a member of the class B GPCRs with re-
spect to its endocytosis features. Furthermore, this study led
to identification of biased agonists that are partial agonists on
CCK2R-induced inositol phosphate production and antago-
nists on B-arrestin recruitment and subsequent receptor en-
docytosis. The C-terminal region of the CCK2R and more
precisely phosphorylatable motif Ser**”-Xaa**®-Thr**°-
Thr**°-Xaa**'-Ser***-Thr*** were identified as critical deter-
minants for B-arrestin recruitment. However, this motif and
B-arrestins were dispensable for CCK2R internalization. By
providing new important insights into the regulation mecha-
nism of the CCK2R by natural agonists and pharmacological
agents, this study represents a solid basis to investigate the
contribution of internalized CCK2R:B-arrestin complexes to
CCK2R-induced intracellular signaling in cancer cells that
endogenously express this receptor. It will also allow us to
develop new diagnosis and therapeutic strategies based on the
targeting of the CCK2R.

EXPERIMENTAL PROCEDURES

Materials—Sulfated [Thr*® Nle**]CCK 25-33 and
[Leu'®]sulfated gastrin 1-17 were synthesized as described
previously (20) and are referred to as CCK and gastrin. '*°I-
Sodium (2000 Ci/mmol) and myo-[>H]inositol (5 wCi/ml)
were from GE Healthcare. CCK was conjugated with Bolton-
Hunter reagent, purified, and radioiodinated as described pre-
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viously (21) and is referred to as '**I-CCK. Alexa Fluor 647-
labeled CCK was obtained according to the procedure
recently described (22) for glucose insulinotropic polypeptide
and is referred to as Alexa F 647-CCK.

Synthetic ligands of the CCK2R (PD135,158 (23), JB93,182,
and JB93,242) were used (24). A specific inhibitor of dynamin,
dynasore (Calbiochem); an inhibitor of clathrin-dependent
uptake, chlorpromazine (Sigma-Aldrich); and an inhibitor of
recycling, monensin (Sigma-Aldrich) were also used.

The ¢cDNAs encoding CCK2R, green fluorescent protein
(GFP)-tagged CCK2R, and Renilla luciferase (Rluc)-fused
CCK2R were generated by subcloning the CCK2R ¢cDNA in
pcDNAS5/FTR (Invitrogen), pEGFP-N1 (BD Biosciences Clon-
tech), and pRluc-N1(h) (PerkinElmer Life Sciences), respec-
tively. DsRed-tagged Rab5, DsRed-tagged Rab11, and DsRed-
tagged Rab7 were obtained from Addgene. GFP-tagged
B-arrestinl, yellow fluorescent protein (YFP)-tagged B-arres-
tinl, and YFP-tagged B-arrestin2 were generous gifts from
Marc Caron (Duke University Medical Center, Durham, NC).
GFP-tagged B-arrestin2, kindly provided by Robert Lefkowitz
(Duke University Medical Center), was subsequently sub-
cloned in pcDNAS5/Flp recombination target (FRT). All mu-
tant receptor cDNAs and the GFP-tagged dominant negative
V53D-B-arrestinl and V54D-B-arrestin2 were constructed by
an oligonucleotide-directed mutagenesis (QuikChange™
site-directed mutagenesis kit, Stratagene) using human
CCK2R cDNAs cloned in the pcDNAS5/FRT vector and GFP-
tagged B-arrestinl and (-arrestin2 as templates, respectively.

Cell Lines—HEK 293 cells stably expressing the CCK2R
(Flp-In*™ CCK2R-293) and B-arrestin2-GEP (Flp-In*™ B-ar-
restin2-GFP-293) were obtained using the Flp-In™ system
(Invitrogen). Flp-In™ 293 cells containing an FRT in their
genome were purchased from Invitrogen and cotransfected
with pcDNAS5/ERT vector carrying CCK2R or -arrestin2-
GFP and the Flp recombinase expression vector pOG44 that
mediates integration of the CCK2R-pcDNAS5/FRT vector into
the genome via FRT sites. Cells that acquired the CCK2R-
pcDNAS/FRT vector or 3-arrestin2-GFP-pcDNAS5/FRT vec-
tor were selected using hygromycin B (100 pg/ml; Sigma).
MEEF cells, wild type and double knock-out for B-arrestins,
were generous gifts from Robert Lefkowitz (Duke University
Medical Center). Flp-In™" 293 cells, HEK 293 T cells, MEF
cells, Flp-In™ B-arrestin2-GFP-293, and Flp-In™ CCK2R-
293 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% FBS, in a humidified
atmosphere at 95% air and 5% CO.,.

Generation of MEF Cells Expressing the CCK2R—Replica-
tion-defective, self-inactivating lentiviral vectors were gener-
ated in a BSL-3 facility (BiviC core vector production, IFR
150, Toulouse, France) through transient transfection of HEK
293FT cells with packaging and lentiviral vector plasmids us-
ing polyethyleneimine. Lentiviral vectors were concentrated
by centrifugation using Vivaspin columns and stored at
—80 °C. All batches were checked to be replicative virus-free.
The viral titers were determined on HT1080 cells and ex-
pressed in transduction units/ml. In addition, vector concen-
trations were quantified by a p24 enzyme-linked immunosor-
bent assay (ELISA) (Innotest, Ingen, Paris). To generate MEF
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cells expressing the CCK2R, cells were incubated with the
lentiviral vectors (multiplicity of infection = 1) for 24 h and
subsequently selected with Zeocin® (Invivogen, Toulouse,
France) at 25 ug/ml for 2 weeks. Efficiency of viral transduc-
tion and selection was estimated by measuring the percentage
of cells expressing GFP by flow cytometry analysis. Expression
of CCK2R was assessed by binding Alexa F 647-CCK.

Phospho-ERK and B-Arrestin Immunoblots—Cells were
washed with ice-cold buffer A (50 mm Hepes, 150 mm NaCl,
10 mm EDTA, 10 mm Na,P,0-, 100 mm NaF, 2 mm or-
thovanadate, pH 7.5) and homogenized in 200 ul of lysis
buffer (buffer A containing 1% Triton X-100, 0.5 mm phenyl-
methylsulfonyl fluoride, 20 um leupeptin, 100 IU/ml Trasylol)
for 15 min at 4 °C. The solutes were clarified by centrifugation
at 12,000 X g for 10 min at 4 °C. The samples were then
washed twice with 30 mm Hepes buffer, pH 7.5, containing 30
mM NaCl and 0.1% Triton X-100, resuspended in SDS sample
buffer, and boiled for 5 min. Whole cell lysates were separated
by SDS-PAGE. Proteins were transferred to polyvinylidene
difluoride membranes (Immobilon, Millipore). Membranes
were blocked with saline buffer (1 mm Tris, 14 mm NaCl, pH
7.4) containing 5% nonfat dried milk and incubated overnight
with the phospho-ERK1/2 antibody (1:500, Cell Signaling,
catalog no. 9106) or B-arrestin antibody (1:300, BD Bio-
sciences, catalog no. 610550). Membranes were washed three
times with saline buffer containing 5% nonfat dried milk and
incubated with secondary antibody anti-mouse (1:5000 dilu-
tion) for 3 h at room temperature. Membranes were washed
three times with saline buffer containing 5% nonfat dried milk
and incubated with a chemoluminescence HRP Western blot-
ting kit substrate (SuperSignal West Pico Substrate, Pierce,
catalog no. 34079) for 5 min before the membrane was
unveiled.

Receptor Binding Assay—Cells were plated onto 10-cm cul-
ture dishes and grown in DMEM containing 10% FBS in a 5%
CO, atmosphere at 37 °C. After overnight incubation, cells
were transfected with 1 ug/plate (excepted when mentioned)
of pcDNA5/FRT, pEGFP-N1, and pRluc-N1(h) vectors con-
taining the cDNA for the wild-type or mutated CCK2Rs using
a Fugene® 6 transfection reagent (Roche Applied Science).
Cells were transferred to 24-well plates 24 h after transfection.
HEK 293 cells stably expressing CCK2R (Flp-In™ CCK2R-
293) were directly plated onto 24-well plates. Approximately
24 h after transfer to 24-well plates, binding assays were per-
formed using **I-CCK according to the protocol previously
described in detail (16). Receptor density (B,,,,,) and K, were
calculated from homologous '**I-CCK competition binding
experiments using Ligand software (Kell, Cambridge, UK). K;
values for competitors were calculated using the non-linear
curve fitting software GraphPad Prism (GraphPad Software,
San Diego, CA).

Inositol Phosphate Production Assay—Cells were plated
onto 10-cm culture dishes and grown in DMEM containing
10% EBS in a 5% CO, atmosphere at 37 °C. After overnight
incubation, cells were transfected with 1 ug/plate (except
when mentioned) of pcDNAS5/FRT, pEGFP-N1, and pRluc-
N1(h) vectors containing the cDNA for the wild-type and mu-
tated CCK2 receptors or 3-arrestinl and -arrestin2 using a
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Fugene® 6 transfection reagent (Roche Applied Science). Cells
were transferred to 24-well plates 24 h after transfection. HEK
293 cells stably expressing CCK2R (Flp-In™ CCK2R-293)
were directly plated onto 24-well plates. Approximately 24 h
after transfer to 24-well plates and after overnight incubation
in DMEM containing 2 uCi/ml myo-[2-*H]inositol (specific
activity, 10-25 Ci/mmol; PerkinElmer Life Sciences), inositol
phosphate production was determined as described previ-
ously (16).

Confocal Fluorescence Microscopy—Flp-In"™™ CCK2R-293,
Flp-In™ B-arrestin2-GFP-293, and Flp-In™ 293 cells were
plated onto a poly-L-lysine (Sigma-Aldrich)-coated four-well
Lab-Tek chambered coverglass (catalog no. 155383, Nunc)
and grown in DMEM containing 10% FBS in a 5% CO,
atmosphere at 37 °C. After overnight incubation, cells were
transfected with 0.5 wg/well pcDNA5/FRT containing cDNA
encoding GFP-tagged CCK2R, mutated CCK2R, (-arrestinl-
GFP, B-arrestin2-GFP, K44 A dynamin, V53D dominant nega-
tive B-arrestin1-GFP, and V54D dominant negative 3-arres-
tin-GFP using a Fugene® 6 transfection reagent (Roche
Applied Science). For colocalization experiments, vectors
containing cDNA encoding GFP-tagged CCK2R and Rab5-
DsRed or Rab11-DsRed or Rab7-DsRed were cotransfected
using the same method with 0.5 ug/well for GFP-tagged
CCK2R and 1 pg/well for Rabs-DsRed proteins. 24 h after
transfection, the DMEM was replaced by phosphate-buffered
saline (PBS) calcium- and magnesium-free prior to stimula-
tion. Cells were stimulated with appropriate ligand, and im-
ages of GFP, DsRed, or Alexa Fluor 647 fluorescence were
collected by using single- or double-line excitation (488, 54, or
633 nm, respectively) on a Zeiss laser-scanning microscope
(LSM-510). For B-arrestin1l-GFP and B-arrestin2-GFP mem-
brane recruitment experiments, time series over a 5-min pe-
riod were performed (pictures were taken every 30 s), and
the decrease of cytoplasmic fluorescence was measured using
the region of interest (ROI) function of LSM-510 software.

Internalization Assay by Flow Cytometry—Flp-In™
CCK2R-293 cells were plated onto poly-L-lysine (Sigma-
Aldrich)-coated 6-well plates and grown in DMEM containing
10% EBS in a 5% CO, atmosphere at 37 °C. After overnight
incubation, cells were treated with CCK (0.1 um) or synthetic
ligands (1 uM) in DMEM containing HEPES (20 mwm) at vari-
ous times. Following stimulation, bound ligand was dissoci-
ated from the cells three times with DMEM/HEPES (20 mm),
and the remaining receptors at the cell membrane were la-
beled using a saturating concentration of Alexa F 647-CCK (1
M) for 2.5 h on ice. Cells were washed twice with PBS, 0.1%
BSA. Cells were detached from 6-well plates and transferred
to FACS tubes. Cell-associated fluorescence was determined
using a BD FACSCalibur™ flow cytometer, with Flp-In™
293 cells that do not express CCK2R as a negative control.

Recycling Assay by Flow Cytometry—Flp-In"™ CCK2R-293
cells were plated onto poly-L-lysine (Sigma-Aldrich)-coated
6-well plates and grown in DMEM containing 10% FBS in a
5% CO, atmosphere at 37 °C. After overnight incubation, cells
were treated with 0.1 um CCK in DMEM/HEPES (20 mm) for
1 hat 37 °C. Following stimulation, cells were washed three
times with DMEM/HEPES. The receptors at the cell surface
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were labeled using Alexa F 647-CCK (1 um) for 45 min at

37 °C at various times (1, 2, and 3 h) after the end of the CCK
stimulation. Binding of Alexa F 647-CCK was carried out in
the presence of dynasore (80 um) in order to block internal-
ization and possible fast recycling during this step of receptor
quantification.

BRET Studies—HEK 293 T or Flp-In™ 293 cells were
plated onto 10-cm culture dishes and grown in DMEM con-
taining 10% FBS in a 5% CO, atmosphere at 37 °C. After over-
night incubation, cells were transfected with 0.2 ug of Rluc-
tagged CCK2R (wild type or mutants) and 10 ug of either
B-arrestinl-YFP or B-arrestin2 using polyethyleneimine
transfection reagent (Polyplus) or Fugene® 6 transfection rea-
gent (Roche Applied Science). 24 h after transfection, cells
were plated in 96-well clear bottom plates (Corning Glass) at
a density of 100,000 cells/well in phenol red-free DMEM. Af-
ter overnight incubation, the phenol red-free medium was
removed from HEK293T cells and replaced by PBS. The
BRET assay was initiated by adding 10 ul of the cell-permeant
substrate specific for Renilla luciferase, coelenterazine H, to
the well to yield a final concentration of 5 um. The agonist/
antagonist activity of the compounds was measured by adding
them to the well 5 min after the Rluc substrate. Readings
started 10 min after the addition of Rluc substrate. BRET ex-
periments were performed at room temperature in a Mithras
LB940 instrument (Berthold) that allows the sequential inte-
gration of the signals detected in the 465-505 nm and 515—
555 nm windows using filters with the appropriate band pass
and by using MicroWin 2000 software. For titration experi-
ments, the acceptor/donor ratio was calculated as described
previously (25). For time course analysis of the interactions
between CCK2R and B-arrestinl/2 interactions, coelentera-
zine H was added 10 min before the addition of PBS, CCK, or
compounds. Readings were then collected at 12.5-s intervals
for the next 20 min.

RESULTS

Characterization of Flp-In™" CCK2R-293 Cells—To inves-
tigate the regulation of the CCK2R at the cell surface, we es-
tablished a HEK 293 cell line that permanently expressed the
human CCK2R and was named Flp-In™ CCK2R-293. Ho-
mologous competition binding studies with these cells indi-
cated that expressed CCK2R bound **°I-CCK with a dissocia-
tion constant (K ;) of 4.8 = 1.0 nm and a maximum binding
capacity of 1.98 = 0.18 pmol/10° cells. The CCK2R displayed
a typical CCK2R-like pharmacology, as shown by the high
inhibition constant of selective CCK2R ligands (K values as
follows: gastrin, 13.2 = 1.5 nm; JB93,242, 40.6 = 4.7 nm;
JB93,182, 4.2 = 0.3 nm; PD135,158, 11.7 = 0.8 nm) and the
low inhibition constant of the specific CCK1R antagonist
SR27,897 (K; = 10 um) (Fig. 1, A and B). Furthermore, the
CCK2R efficiently coupled with phospholipase C as shown by
the dose-response curve for CCK-induced inositol phosphate
production (ECs, of 4.0 = 0.4 nM, maximal production ~50-
fold basal level after 1 h of stimulation). In agreement with
our previous results (14, 16), JB93,242 and PD135,158 be-
haved as partial agonists with respect to inositol phosphate
turnover. These two compounds showed efficacies that repre-
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sented 22 and 42% of that of the full agonists CCK and gastrin
(Fig. 1C). However, JB93,182, which acted as a partial inverse
agonist on COS-7 cells overexpressing the CCK2R, did not
exhibit this activity in Flp-In™™ CCK2R-293 due to the lack of
detectable basal constitutive activity of the CCK2R in HEK
cells (14) (Fig. 1C). Finally, the effect of nonpeptide ligands on
ERK1/2 phosphorylation was evaluated because the activation
of the CCK2R is recognized to trigger this signaling pathway
(10). As shown in Fig. 1D, CCK-stimulated phosphorylation
of ERK1/2 was rapid and sustained over time. JB93,182,
JB93,242, and PD135,158 also stimulated phosphorylation.
Autoradiography scanning indicated that maximal ERK1/2
phosphorylation achieved with JB93,182, JB93,242, and
PD135,158 represented ~15, 30, and 60 -70% of the maxi-
mum achieved with CCK, respectively (not shown).

Characterization of CCK2R Internalization—Endocytosis
and trafficking of the CCK2R were traced using fluorescent
CCK2R (CCK2R-GFP) and fluorescent CCK (Alexa F 647-
CCK). Prior to the use of these tools, biological experiments
were carried out in order to check their pharmacological fea-
tures (supplemental Fig. 1, A and B). When transiently ex-
pressed in HEK 293 cells, CCK2R-GFP bound ***I-CCK with
a dissociation constant of 1.15 = 0.20 nm (versus 1.17 = 0.25
nM for CCK2R) and efficiently stimulated production of inosi-
tol phosphates after CCK stimulation (EC,, of 2.00 = 0.23 nm
versus 0.53 = 0.04 nMm for CCK2R). Furthermore, Alexa F 647-
CCK competed with *°I-CCK to CCK2R similarly to unmod-
ified CCK (K; = 2.4 = 0.1 nM for Alexa F 647-CCK inhibited
1251-CCK binding to CCK2R with the same potency as native
CCK.

Confocal microscopy observation of living HEK 293 cells
transiently expressing CCK2R-GFP showed that CCK2R was
expressed uniformly at the cell surface as the unmodified
CCK2R immediately after its labeling by Alexa F 647-CCK
(Fig. 2). However, soon after the addition of CCK or Alexa F
647-CCK, the membrane fluorescence was relocated in nu-
merous membrane clusters and progressively entered the in-
terior of the cells in punctuate peripheral vesicles. The num-
ber of these fluorescent vesicles continuously increased to the
detriment of membrane fluorescence, whereas they became
more widely distributed within the cytoplasm, including in
perinuclear areas, over the time. During CCK2R internaliza-
tion, the ligand remained trapped together with the receptor
in endocytosic vesicles for periods of time as long as 3 h (Fig.
2, merged panels). Gastrin- or CCK-mediated internalization
was blocked by incubating the cells at 4 °C. PD135,158, a par-
tial agonist of the CCK2R exhibiting about 40% of maximal
CCK-induced inositol phosphate production (Fig. 1C), did not
stimulate internalization of CCK2R-GFP, even at supramaxi-
mal concentrations, but fully inhibited CCK-induced internal-
ization of CCK2R-GFP. The nonpeptide ligands of the
CCK2R, JB93,242 and JB93,182, characterized as a partial ago-
nist and an antagonist/inverse agonist, respectively, were also
unable to stimulate CCK2R-GFP internalization and abol-
ished internalization of the receptor induced by CCK (Fig.
2B). The CCK1R antagonist SR27,897 neither induced
CCK2R-GFP internalization nor prevented receptor internal-

VOLUME 286+NUMBER 8+FEBRUARY 25, 2011


http://www.jbc.org/cgi/content/full/M110.196048/DC1

A)
100
Gastrin
y
% 75 -
3]
£
X
> 50 | cok —p | & PD135,158
£ /
S \
£
X
O 25 -
& \
®
0 T T T T l
11 10 9 -8 -7 -6
[Compound], LogM
C)
100 - A
3
g 75
°
L)
o
=]
2
= 50 - PD135,158
4
(%)
(%}
L
o JB93,242
2 25 ~
o
2 JB93,182

0w

f
-11

O © ©
T

T T
10 -9 -8 -7 -6
[Compound], LogM

Human Cholecystokinin Receptor-2 Internalization

B)
100 8 0.9

JB93,242

~
(3]
1

JB93,182

CCK binding (% max.)
N (3,
[3,] o

10 9 -8 -7 -6
[Compound], LogM

-11

D)

Time (min)

0 1 5 10 20 30 60 120 180

e ————

ERK2

@ JB93 JB93 PD135 CCK CCK
182 242 158 1nM 100nM

—— I-q-- ﬂi’_ ili‘

ERK2

FIGURE 1. Pharmacological features of the CCK2R expressed in Flp-In™ CCK2R-293 cells. Inhibition binding (A and B) was carried out by incubating
radioiodinated CCK in the presence of increasing concentrations of competitor as described under “Experimental Procedures.” Calculated dissociation con-
stant (K,) for CCK was 4.8 = 1.0 nm and inhibition constants (K;) were as follows: gastrin, 13.2 = 1.5 nm; PD135,158, 11.7 = 0.8 nm; JB93,242, 40.6 *+ 4.7 nv;
JB93,182, 4.2 = 0.3 nm. Inositol phosphate production (C) was measured after 60 min of stimulation with CCK or synthetic compounds. Concentrations giv-
ing half-maximal production (ECs,) were as follows: CCK, 4.0 £ 0.4 nm; PD135,158, 18.0 = 0.9 nm; JB93342, 17.0 = 1.2 nm. Results are the mean = S.E. (error
bars) of 3-5 experiments. D, ERK1/2 activation was measured after stimulation with CCK (0.1 um) for various times (upper gel) or with JB93,182, JB932,42, or
PD135,158 (10 wm) or with CCK (1 nm and 100 nm) for 5 min. Autoradiographies of electrophoresis gels are representative of two others.

ization induced by CCK. Last, gastrin stimulated CCK2R-GFP
internalization as did CCK.

CCK2R internalization was quantified by measuring bind-
ing of Alexa F 647-CCK to transfected cells prestimulated
with CCK for different times. As shown in Fig. 34, prestimu-
lation with CCK resulted in a rapid decrease of the amount of
fluorescent CCK bound to the cells, indicating that CCK2R
progressively internalized during prestimulation with CCK.
Half of the CCK2R population was not accessible to Alexa F
647-CCK after 60 min of incubation, a result in satisfactory
agreement with confocal microscopy observations (Fig. 24).
In contrast, prestimulations with PD135,158, JB93,242, or
JB93,182 did not significantly alter the presence of CCK2R
at the cell surface. We further examined the possibility of
the population of CCK2R at the cell surface containing a
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pool of recycled CCK2R in addition to CCK2R that have
not yet been internalized. For this purpose, Flp-In™
CCK2R-293 cells stimulated with 0.1 um CCK at 37 °C for
60 min were then incubated at 37 °C for various times in
the absence of CCK, after which CCK2R density was mea-
sured using Alexa F 647-CCK. As shown in Fig. 3B, for
times up to 3 h, the binding of Alexa F 647-CCK remained
stable, which suggested that internalized CCK2R was not
significantly recycled at the cell surface within this period
of time. This absence of apparent CCK2R recycling within
a period shorter than 3 h was confirmed in experiments
aimed at quantification of internalization in the presence
of the recycling inhibitor, monensin, which had no signifi-
cant impact on receptor density at the plasma membrane
after a challenge with CCK (Fig. 3B). However, as expected,
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FIGURE 2. Confocal microscopy imaging of stimulated CCK2R internalization in HEK cells. HEK cells were transfected with CCK2R-GFP and were incu-
bated at 37 °C with Alexa F 647-CCK for increasing times (upper panels) or with different pharmacological agents for 30 min: partial agonists of the CCK2R on
inositol phosphate turnover (PD135,158 and JB93,242, 10 um), an inverse agonist (JB93,182, 10 um), the full agonist of the CCK2R (gastrin, 0.1 um), or an an-
tagonist of the CCK1R (SR27,897, 10 um) alone or in combination with 0.1 um CCK (lower panels). The images show internalization of CCK2R-GFP following
stimulation by full agonists CCK and gastrin but not other compounds, including potent partial agonists on inositol phosphate turnover that behave as an-
tagonists on CCK2R internalization. Merged images show co-localization of Alexa F 647-CCK with CCK2R-GFP over time. Images are representative of at least

three separate experiments.
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FIGURE 3. Quantification of internalization and absence of rapid recy-
cling of CCK2R in HEK cells Flp-In™ CCK2R-293. A, quantification of inter-
nalization. Cells were preincubated with CCK (0.1 um) and different pharma-
cological agents at 37 °C for the times indicated and, after washing out
non-internalized ligand, were incubated with Alexa F 647-CCK at a saturat-
ing concentration (1 um) for quantification of membrane CCK2R. B, recy-
cling. Cells were treated with CCK (0.1 um) for 1 h, washed several times,
and incubated with Alexa F 647-CCK (1 um) for 45 min or 1, 2, or 3 h after
the end of CCK stimulation. Confocal microscopy images are inserted to
show the lack of effect of the recycling inhibitor monensin (50 um) on re-
ceptor density at the cell surface. Images are representative of at least three
separate experiments. Error bars, S.E.

in the presence of monensin, the size of endocytosis vesi-
cles increased (26).

The trafficking and fate of internalized CCK2R under pro-
longed stimulation was investigated by co-expressing CCK2R-
GFP and fluorescent Rab proteins, which are small GTPases

6712 JOURNAL OF BIOLOGICAL CHEMISTRY

1h 2h 6h

CCK2R-GFP +
Rab5-DsRed

CCK2R-GFP +
Rab11-DsRed

CCK2R-GFP +
Rab7-DsRed

FIGURE 4. Confocal microscopy imaging of intracellular trafficking of
internalized CCK2R. HEK cells were transfected with cDNA encoding
CCK2R-GFP and Rab5-DsRed, Rab11-DsRed, or Rab7-DsRed. Images were
captured at the times indicated after stimulation by CCK (0.1 um). Arrows
show predominant co-localization of CCK2R with Rab5 in early endosomes
at initial steps of internalization (time 0 (To) and 1 h), whereas strong co-
localization with Rab7 in late endosomes was observed at 5-6 h. Co-local-
ization with Rab11 in recycling endosomes was observed at times longer
than 2 h. Each image is representative of 5-7 observations from three sepa-
rate experiments.

regulating intracellular trafficking between functionally dis-
tinct membrane compartments within the cell (27). As shown
in Fig. 4, following the addition of CCK, CCK2R-GFP imme-
diately and exclusively co-localized in Rab5-illuminated vesi-
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FIGURE 5. Confocal microscopy evidence for an involvement of dynamin, clathrin, and B-arrestins in CCK-stimulated CCK2R internalization. A, HEK
cells Flp-In™ CCK2R-293 were incubated with Alexa F 647-CCK (0.1 um) in the presence of the dynamin inhibitor (dynasore, 80 um) or the inhibitor of clath-
rin-coated pit formation (chlorpromazine, 50 um). B, FIp-In™ CCK2R-293 cells transfected with B-arrestin1-GFP or B-arrestin2-GFP were stimulated with CCK
(0.1 wm) for the times indicated. Images show rapid translocation of B-arrestin2-GFP from cytosol to plasma membrane later followed by the appearance of
fluorescence-labeled vesicles. C, measurement of the decrease of cytosolic fluorescence showing that B-arrestin1- or B-arrestin2-GFP recruitment to the
plasma membrane was rapid and identical (50% of decrease at 200 s). D, Flp-In™ CCK2R-293 cells were transfected with dominant negative B-arrestin1-GFP
and/or B-arrestin2-GFP. Confocal microscopy images show that overexpression of dominant negative -arrestin1 or -2 significantly altered CCK2R internal-
ization, and expression of both B-arrestin1 and -2 blocked internalization in HEK cells. Images are representative of at least three separate experiments.

cles probably corresponding to early endosomes. Indeed, co-
localization with Rab5 was seen in 40% of cells immediately
after the addition of CCK; it was maximal (100%) after 1 h and
decreased to 70% at 2 h. Localization of CCK2R-GFP in late
endosomes or lysosomes containing Rab7 was observed at
times longer than 5—6 h poststimulation (80% of cells with
co-localization). Localization of CCK2R-GFP to slow recy-
cling endosomes expressing Rab11 was obvious at times lon-
ger than 2 h (85% of cells with co-localization) and was main-
tained for times up to 6 h (100% of cells with co-localization).
These co-localization experiments are in line with results in-
dicating that internalized CCK2R was not rapidly recycled to
the cell surface but was directed to late endosomes for possi-
ble slow recycling or degradation.

CCK2R Internalization Involves the GTPase Dynamin- and
Clathrin-coated Pits—Internalization of many GPCRs follow-
ing agonist stimulation occurs through clathrin-coated pits
and involves recruitment of B-arrestins, the clathrin adaptor
AP-2, and the GTPase dynamin (1). We therefore tested
whether CCK2R used this major route for internalization.
The dependence of CCK2R internalization on dynamin was
investigated by using the dynamin inhibitor, dynasore (28),
which efficiently abolished internalization, as shown by cell
membrane labeling by Alexa F 647-CCK (Fig. 54). In the pres-
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ence of chlorpromazine, an inhibitor of clathrin-coated pit
formation (29), at a concentration (100 uM) that inhibits
Alexa Fluor 488-transferrin endocytosis (not shown), CCK2R
labeled by Alexa F 647-CCK failed to internalize (Fig. 5A).
Hence, CCK2R internalization in HEK cells is dependent on
the membrane GTPase dynamin and most likely occurs
through clathrin-coated pits.

CCK2R Internalization Involves 3-Arrestins—In order to
verify whether nonvisual B-arrestins are involved in CCK2R
internalization, we first expressed B-arrestin1-GFP or B-ar-
restin2-GFP in Flp-In™ CCK2R-293 cells. In the absence of
stimulation, arrestin2-GFP was localized uniformly in the cy-
toplasm of the cells (Fig. 5B). B-Arrestin1-GFP was also lo-
cated in the cytoplasm and slightly in the nucleus (supple-
mentary Fig. 2). The addition of CCK caused rapid
illumination (at 5 min) of the cell periphery by the green pro-
teins supporting the translocation of cytosolic B-arrestin2-
GFP or B-arrestin1l-GFP to the plasma membrane. This re-
cruitment of B-arrestins to the plasma membrane was
quantified by measuring the decrease of cytosolic fluores-
cence. As shown in Fig. 5C, kinetics of B-arrestin2-GFP or
B-arrestinl-GFP recruitment to the plasma membrane were
similar and so rapid that half of the tagged arrestins initially
seen in the cytoplasm were recruited to the plasma membrane

JOURNAL OF BIOLOGICAL CHEMISTRY 6713


http://www.jbc.org/cgi/content/full/M110.196048/DC1
http://www.jbc.org/cgi/content/full/M110.196048/DC1

Human Cholecystokinin Receptor-2 Internalization

A B
0.80 A%,
| a v P,
0.10 ‘%"&&M . CCK
P 2 i .
- = g . Gastrin
w = g 0.754
o x v
m -= Unstimulated E & L RIuC
© 0.051 -a CCK @x > b ’
k] m< = Basal
+ PD135,158
o JB93,182
0.00 . r r ) ' T s JBS8,242
0 5 10 15 20 25 0 500 1000
[YFPY/[Rluc] Time (sec)
C D
0.10 0.104
'_
: i
e 0.05 s
o 0.05949 ] u
] B o005
-4~ CCK
-¥- Gastrin b 4
0.00-— T T T T T T 0.00-— T T T T T T
11 10 9 -8 -7 6 5 11 10 9 -8 -7 -6 -5

[peptide], log M

[PD135,158], log M

FIGURE 6. BRET assays showing direct recruitment of 3-arrestins to CCK2R stimulated by full agonists but not partial agonists. A, BRET titration
curve for the B-arrestin recruitment to CCK2R was measured in HEK 293 cells expressing a constant amount of CCK2R-Rluc and increasing amounts of 3-ar-
restin2-YFP, stimulated by 0.1 um CCK or not stimulated. Net BRET is expressed as a function of the acceptor/donor ratio and is measured 300 s after the
addition of CCK. Specificity of the BRET signal between CCK2R-Rluc and B-arrestin2-YFP was confirmed in experiments showing an absence of BRET signal
expressing both CCK2R-Rluc and free YFP (results not shown). B, kinetics of B-arrestin2 recruitment to CCK2R after treatment by full agonists CCK and gas-
trin (0.1 um), partial agonists PD135,158 and JB93,242 (10 um), and inverse agonist JB93,182 (10 uMm). C, dose-response curves for CCK and gastrin stimula-
tion of B-arrestin recruitment to CCK2R. D, dose-response curve for inhibition by PD135,158 of CCK-stimulated recruitment of B-arrestin to CCK2R. HEK cells
were stimulated for 300 s by 0.1 um CCK in the absence or in the presence of increasing concentrations of PD135,158 before BRET measurements. Results
are expressed as net BRET as described under “Experimental Procedures.” Data are the mean = S.E. (error bars) of 4-6 independent experiments, each per-

formed in duplicate.

within 200 s. After longer times of incubation with CCK,
B-arrestin2-GFP and B-arrestinl-GFP were observed as intra-
cellular fluorescent circles resembling endosomes (Fig. 5B and
supplemental Fig. 2). It is worth noting that double labeling of
endocytosic vesicles by both B-arrestins-GFP and Alexa F
647-CCK lasted for long periods of time (supplemental Fig. 3).
Conversely, stimulations by the partial agonists PD135,158
and JB93,242 or by the inverse agonist JB93,182 did not cause
translocation of B-arrestin2-GFP or B-arrestinl-GFP to the
cell surface (supplemental Fig. 2, shown for time 5 min).
Overexpression of dominant negative of B-arrestinl or -2
(DN-B-arrestinl or 2) significantly diminished CCK2R endo-
cytosis (Fig. 5D). Indeed, after 30 min of incubation with Al-
exa F 647-CCK, in cells overexpressing DN-B-arrestinl or -2,
Alexa Fluor-labeled CCK2R mostly remained trapped in
punctuated structures at the plasma membrane (see Fig. 5D
and supplemental Fig. 2 for comparison). Some Alexa Fluor-
labeled CCK2R were also observed intracellularly, where they
co-localized with DN-B-arrestin1-GFP or DN-B-arrestin2-
GEFP. Strikingly, co-expression of both the dominant negative
of B-arrestinl and 2 efficiently abolished CCK2R internaliza-
tion (Fig. 5D). Conversely, overexpression of B-arrestinl and
-2 accelerated CCK2R internalization (not shown). Collec-
tively, these experiments suggest that the two nonvisual ar-
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restins, B-arrestinl and -2, are involved in CCK2R
endocytosis.

B-Arrestins Are Directly Recruited by CCK2R upon Stimula-
tion by Full Agonists—Because B-arrestins were involved in
CCK-induced CCK2R internalization and were recruited to
the plasma membrane prior to CCK2R internalization, we
determined whether recruitment of B-arrestins was due to a
direct interaction with the CCK2R and occurred only under
full agonist stimulation. For this purpose, a BRET assay was
performed using CCK2R-Rluc as the BRET donor and -ar-
restin2-YFP or B-arrestinl-YFP as the BRET acceptors co-
expressed in HEK 293 cells. Control binding experiments and
inositol phosphate assays showed that CCK2R-Rluc displayed
pharmacological features identical to those of the untagged
CCK2R because the dissociation constant (K,) of CCK bind-
ing was 0.90 = 0.21 nu, and the EC,, value for production of
inositol phosphates was 1.3 = 0.31 nMm (supplemental Fig. 1, C
and D). Additionally, stimulation of CCK2R-Rluc by CCK
caused recruitment of B-arrestin2-YFP or B-arrestin1-YFP to
plasma membrane and underwent rapid internalization, as
depicted by fluorescent tracing using Alexa F 647-CCK (data
not shown). Together, these results allowed us to use CCK2R-
Rluc to monitor B-arrestin recruitment to the CCK2R by
BRET.
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The BRET titration curve between CCK2R-Rluc and B-ar-
restin2-YFP or B-arrestinl-YFP (Fig. 6A) indicated that in
both unstimulated and CCK-stimulated HEK 293 cells, the
BRET donor (CCK2R-Rluc) was progressively associated and
finally saturated with BRET acceptor (B-arrestin2-YFP or
B-arrestinl-YFP) in the presence of increasing quantities of
the latter. In the presence of 0.1 um CCK, the BRET signal
reached 8 —10-fold that measured in the absence of CCK. The
kinetics of BRET showed that half of maximal recruitment of
B-arrestins to the CCK2R occurred 30 s after the addition of
CCK or gastrin, and this recruitment remained relatively sta-
ble for at least 20 min, which is in line with confocal micros-
copy observations and quantifications. In contrast, stimula-
tion by PD135,158, JB93,242, or JB93,182 did not cause any
significant change in BRET signal (Fig. 6B). Recruitment of
B-arrestins to the CCK2R induced by CCK or gastrin was
dose-dependent, with EC,, of 26.1 * 3.1 and 10.5 * 3.3 nwm,
respectively (Fig. 6C). These values were slightly higher than
the values of the dissociation constants of the peptides deter-
mined in binding experiments (4.8 and 13.2 nm). Finally, li-
gands that did not stimulate B-arrestin recruitment to the
CCK2R dose-dependently inhibited CCK-induced BRET sig-
nal (for PD135,158, IC, = 95.9 = 8.0 nm) (Fig. 6D) (data not
shown).

The C-terminal Region of CCK2R Is Critical for B-Arrestin
Recruitment but Not for CCK2R Internalization—In many
GPCRs, key residues involved in the recruitment of 3-ar-
restins and receptor internalization are phophorylatable
amino acids located in the C-terminal region of the receptor
(30). We therefore constructed a large series of CCK2Rs in
order to identify those residues. Control experiments were
conducted to verify that the potency and efficacy of truncated
and mutated CCK2R on the G-protein dependent signaling
pathway (i.e. inositol phosphate production) were retained.
Results depicted in supplemental Table 1 indicate that all of
the mutants responded to CCK with potencies similar to that
of the wild-type CCK2R, although several truncated and mu-
tated receptors exhibited enhanced maximal responses rela-
tive to the wild-type receptor.

CCK2R truncated at residues 409, 429, and 439 and a
CCK2R mutant having all Ser and Thr residues from the C-
terminal region substituted by Ala (namely A409-CCK2R,
A429-CCK2R, A439-CCK2R, and poly(A)-CCK2R, respec-
tively) (Fig. 7A) were assayed by confocal microscopy for their
ability to internalize and recruit GFP-tagged B-arrestins. We
observed that A409-CCK2R, A429-CCK2R, and A439-CCK2R
as well as poly(A)-CCK2R only slightly recruited B-arrestin2-
GEFP or B-arrestinl-GFP (Fig. 7B). However, all three trun-
cated and poly(A)-mutated CCK2Rs significantly internalized
after stimulation by Alexa F 647-CCK (Fig. 7B). Remarkably,
unlike with the wild-type CCK2R, no colocalization could be
observed between internalized CCK2R and B-arrestin2-GFP
in cells expressing A409-CCK2R, A429-CCK2R, A439-
CCK2R, or poly(A)-CCK2R, suggesting that these CCK2R
variants would internalize through a 3-arrestin-independent
mechanism. We next evaluated whether this potential alter-
native mechanism still involved clathrin-coated pits. Results
on Fig. 7B show efficient inhibition of internalization in the
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presence of the clathrin inhibitor, chlorpromazine. We fur-
ther verified the possibility of the wild-type CCK2R internal-
izing in the absence of B-arrestins by expressing the CCK2R
in B-arrestinl/2 double knock-out MEF cells. As shown in
Fig. 7C, internalization of Alexa Fluor-labeled CCK2R was
evident and abundant immediately after the stimulation, sup-
porting the existence of an arrestin-independent mechanism
for CCK2R internalization.

Because the above results indicate that a region down-
stream of residue 409 in the CCK2R is essential for B-arrestin
recruitment, we aimed at identifying more precisely the resi-
dues or motifs involved. Results from BRET experiments with
CCK2R-Rluc mutated on serine and/or threonine in the C-
terminal tail indicated that double mutations of Thr**”/Ser**®
or Ser**?/Ser*** and single mutation of residues Thr**® or
Thr**? did not significantly affect recruitment of B-arrestin2-
YFP to the receptor (Fig. 7E). In contrast, single mutation of
Ser®”, Thr*®?, or Ser**? as well as double mutation of Ser**?/
Thr**? significantly decreased BRET between CCK2R-Rluc
and B-arrestin2-YFP. Simultaneous mutation of Ser**”-
Thr3*°-Thr**® or Ser**”-Thr3*°-Thr**°-Ser**>-Thr**? caused
equal maximal decrease in BRET signal (Fig. 7, C and D). This
finding highlights the crucial importance of the sequence
Ser®®”-Xaa®*®-Thr**-Thr**°-Xaa**'-Ser**>-Thr**? for re-
cruitment of B-arrestin2 to the CCK2R.

All together, these data indicate that 1) amino acids crucial
for B-arrestin recruitment to the CCK2R and which partici-
pate in arrestin-dependent internalization correspond to
Ser*®”-Xaa®*®-Thr**-Thr**°-Xaa**'-Ser***-Thr**? located in
the C-terminal region of the CCK2R, and 2) truncated and
poly(A)-mutated CCK2R and the wild-type CCK2R in cells
lacking B-arrestins can efficiently use an alternative mecha-
nism of B-arrestin recruitment for their internalization proc-
ess; this alternative mechanism most likely involves clathrin-
coated pits and amino acids outside of the C-terminal region
of the CCK2R.

DISCUSSION

In our effort to gain insight into the functioning and regula-
tion of the CCK2R, which is a GPCR of crucial importance in
the central nervous system and in peripheral organs (10, 12),
we undertook the current study. We demonstrated that the
CCK2R internalizes rapidly and abundantly in response to
stimulation by the two equipotent natural agonists of the re-
ceptor, CCK and gastrin. The absence of rapid recycling and
colocalization of internalized receptors with fluorescent Rab7
and Rab11 indicates targeting of internalized CCK2R to late
endosomes or lysosomes for slow recycling or degradation.
Although fluorescent CCK or gastrin remained trapped in
endocytosic vesicles over times as long as 6 h, we do not know
if the peptidic ligands were still intact and bound to internal-
ized CCK2R at these times or if they were degraded by pro-
teases. Other studies have shown that substance P, calcitonin
gene-related peptide, and somatostatin are degraded in acidi-
fied early endosomes following internalization with their cog-
nate receptors (32). Interestingly, it was suggested that reten-
tion of ligand integrity or ligand degradation may impact
signaling triggered by internalized GPCR (33).

JOURNAL OF BIOLOGICAL CHEMISTRY 6715


http://www.jbc.org/cgi/content/full/M110.196048/DC1

Human Cholecystokinin Receptor-2 Internalization

A CCK2R(CT) :

R396FRQACLETCARC C40°PRPPRARPRALPDEDPPTPS429TASLSRLSY T439 TISTLGPG-COOH

B A409

B-arrestin1-GFP

B-arrestin2-GFP

B-arrestin2-GFP+
100uM Chlorpromazine

A429 A439 PolyA

C

B-arrestin1/2 wt MEFs

B-arrestin1
B-arrestin2

B-arrestin1/2 - MEFs
D E
« 1004 - WT
< -~
[ c
g £
S5~ - S442A-TA43A £ 4004
5E =
g3 8=
N B 504 (: Y
£ = S437A-T430A-T440A S ©
o< =X 504
© S437A-TA30A-T440A- @ =
LS S442A-T443A =
@ @

0-
e & & & . ¥ ¥ F oF oF AT oF
A1 40 9 8 7 6 5 oF ¥ (¥ oF o A ,gb
[CCK], log M 6‘”." R '\"ye < ’\*
108 o g ¥ ¥ 7
PSSP )
,\v
»
2

FIGURE 7. Evidence that the C-terminal region of the CCK2R is critical for 3-arrestin recruitment to CCK2R and that this interaction is dispensable
for CCK2R internalization. A, sequence of the C-terminal region of the CCK2R and positions where CCK2R was truncated (A409-CCK2R, A429-CCK2R,
A439-CCK2R) or mutated (all Ser and Thr residues were substituted by Ala (poly(A)-CCK2R). B, Flp-In™ B-arrestin2-GFP-293 cells transfected with CCK2R
constructs or Flp-In™ 293 cells co-transfected with B-arrestin1-GFP were stimulated with 0.1 um Alexa 647 F-CCK. Images were captured at different times
(shown for 30 min), showing that although B-arrestin recruitment was almost abolished by C-terminal truncation or mutation of the CCK2R, endocytosis
remained abundant and dependent on clathrin-coated pits because it was blocked by chlorpromazine. C, wild-type MEF cells and B-arrestin1/2~/~ MEF

cells expressing the CCK2R were incubated with Alexa F 647-CCK for the times indicated. Images show intensive internalization of the labeled CCK2R in the
two cell lines. Immunoblots show the absence of B-arrestin1 or -2 in B-arrestin1/2~/~ MEF cells. D and E, effects of threonine/serine single or multiple muta-
tions on CCK-stimulated B-arrestin recruitment to the CCK2R (D, dose/response curves; E, BRET recruitment induced by 0.1 um CCK). BRET experiments were
performed at least in triplicate according to the protocol described in the legend to Fig. 6. Images are representative of at least three separate experiments.

*,p < 0.05; **, p < 0.01 compared with the wild-type CCK2R. Error bars, S.E.

Internalization of GPCRs can occur through two main
membrane structures, caveolae and clathrin-coated pits. Here,
we show that chlorpromazine, a chemical inhibitor of clath-
rin-coated pit formation, strongly affected receptor internal-
ization, supporting recruitment of membrane CCK2R to
clathrin-coated pits for their subsequent endocytosis. Fur-
thermore, CCK2R internalization was blocked by dynasore,
an inhibitor of the mechanochemical enzyme dynamin, which
thus appears to play a key role in the fission of CCK2R-con-
taining endosomes (28). Several lines of evidence show the
involvement of B-arrestinl and -2 in the internalization of the
CCK2R. GFP-tagged arrestins were translocated from cytosol
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to the plasma membrane after CCK or gastrin stimulation;
GFP-tagged arrestins co-localized with the CCK2R during
endocytosis; overexpression of both B-arrestinl and -2 domi-
nant negative efficiently abolished CCK2R internalization;
and BRET experiments confirmed agonist-stimulated recruit-
ment of B-arrestinl and -2 to the CCK2R.

Previous study of agonist-mediated translocation of 3-ar-
restins to GPCRs identified two classes of GPCRs (34). Mem-
bers of class A, which includes 3,-adrenergic receptor, w-opi-
oid receptor, and endothelin type 1 receptor, bind B-arrestin2
with a higher affinity than B-arrestinl, whereas members of
class B, comprising angiotensin II type 1A receptor, vasopres-
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sin 2 receptor, and substance P receptor, bind both B-arres-
tinl and -2 with similar high affinities (34). Subsequently, the
affinity with which GPCRs bind arrestins was related to the
degree of receptor phosphorylation by GPCR kinases, the in-
tracellular trafficking, and cellular signal triggered by internal-
ized GPCRs (35). In the current study, confocal microscopy
analysis of translocation of fluorescent B-arrestinl or -2 to the
plasma membrane indicated that recruitment of both B-arres-
tinl and -2 to the CCK2R occurs with rigorously identical
kinetics. Moreover, both B-arrestinl and -2 remained stably
associated with endocytosic vesicles throughout the time.
This finding was confirmed, at the molecular level, by BRET
measurements that account for proximity (<10 nm) or direct
interaction of two partner proteins. In these BRET experi-
ments, binding affinities of the two B-arrestins for the CCK2R
as judged by BRET ;, were similar, and BRET signal remained
almost stable for times longer than 20 min, confirming that
the presence of B-arrestins at the periphery of endocytosic
vesicles was the result of a stable and direct interaction with
the CCK2R. These converging results lead us to classify the
CCK2R as belonging to class B of the GPCRs.

The importance of the C-terminal region of the CCK2R
(and, more precisely, of phophorylatable Ser/Thr within this
region) for B-arrestin recruitment and receptor internaliza-
tion was further evaluated by analyzing the behavior of C-
terminally truncated and mutated CCK2R. We found that
determinants for B-arrestin binding to the CCK2R reside in
motif Ser‘*“’ﬁ-Tyr43 8 Thr*3°-Thr**°-1le**!-Ser*2-Thr**3,
which is frequently found in GPCRs (30, 35). It is not known if
three or more residues of this motif are phosphorylated upon
CCK stimulation because BRET results agree with the view
that three phosphates is the threshold number for B-arrestin
binding to GPCRs (35).

Strikingly, we observed that in cells co-expressing poly(A)-
CCK2R and YFP- or GFP-tagged B-arrestins, a weak translo-
cation of B-arrestins from the cytosol to the plasma mem-
brane was still observed under CCK stimulation, and 35% of
maximal signal BRET could be measured between -arrestin2
and the CCK2R mutant having five Ser/Thr residues substi-
tuted by alanine. Internalization of the Alexa Fluor 647-la-
beled CCK2R was not abolished by C-terminal tail deletion or
by exchanging all serine and threonine residues for an alanine,
even in conditions of normal endogenous expression of 3-ar-
restins in HEK cells. However, with these CCK2R variants, no
colocalization of fluorescent B-arrestins with internalized re-
ceptors could be observed. To explain this result, one may
suggest that modified CCK2Rs within the C-terminal region
form relatively unstable complexes with arrestins that would
dissociate at or near the plasma membrane, as observed for
GPCRs of group A (34). Alternatively, internalization of the
CCK2R could switch from a B-arrestin-dependent to a 3-ar-
restin-independent mechanism when crucial determinants for
binding of this adaptor (B-arrestin) are lacking on the recep-
tor. The observation of abundant internalization of the
CCK2R in MEF-B-arrestin1/2”/" and its inhibition by chlor-
promazine strongly supports this second switch hypothesis.

Precedent exists showing that deletion of the distal car-
boxyl-terminal region of the A2b adenosine receptor switches
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internalization from an arrestin- and clathrin-dependent to
an arrestin- and clathrin-independent pathway (36). Further-
more, the requirement of B-arrestin for receptor internaliza-
tion is very dependent on the type of GPCR. For instance,
whereas the B2-adrergic receptor does not internalize in
MEF-B-arrestin1/2~ /" cells, the protease-activated recep-
tor-1, the formyl peptide receptor, and the urotensin-II recep-
tor internalize normally in these cells, and nearly 20% of an-
giotensin AT1A receptor still internalizes (37—40). Basal
constitutive internalization of the ghrelin receptor is arrestin-
independent, whereas agonist-stimulated internalization is
arrestin-dependent (41).

GPCRs that internalize through clathrin-coated pits inde-
pendently of B-arrestins can use the heterotetrameric com-
plex AP-2 that connects cargo molecules directly to clathrin.
AP-2 is able to recruit molecules through u2 or a/02 subunit
interactions with tyrosine-based (YXX®) or dileucine ((D/
E)XXXL(L/I)) motifs, which are most often located in the C-
terminal region of GPCRs. Such mechanisms were reported,
for instance, for the P2X4 purinergic receptor, PAR1 pro-
tease-activated receptor, and CXCR2 chemokine receptor
(42—44). In the case of CCK2R, an analysis of amino acid se-
quence highlights the presence of two tyrosine-based sorting
signals that might be responsible for binding of the CCK2R
with the pu2-subunit of the AP-2 complex. These are located
in the third intracellular loop at positions 246 —249 (YLGL)
and 294-297 (YVQL). Future studies will examine if these
motifs or other not yet identified mechanisms are responsible
for B-arrestin-independent internalization of the CCK2R and
if the B-arrestin-independent pathway of internalization is
employed in parallel with the B-arrestin-dependent one in the
physiological context.

Pioneering work quantified internalization of the rat
CCK2R in NIH 3T3 cells and showed the importance of C-
terminal tail and serine/threonine residues (18). Although this
study did not investigate the role played by arrestins, the re-
sults also suggested a contribution to internalization of re-
gions of the CCK2R outside of the C-terminal tail. This view
agrees with the general molecular basis whereby -arrestins
bind to agonist-activated receptors through multiple sites of
interaction on both the receptor and B-arrestins, which were
termed “activation recognition” and “phosphorylation recog-
nition” sites (35, 45, 46).

Results from the current study reinforce the importance of
the C-terminal tail of the CCK2R for its downstream signaling
and regulation. We previously documented interaction of the
C-terminal region of the CCK2R with RGS-2, SHP-2 phos-
phatase, or phospholipase-C y1 (17, 47, 48). The motif in-
volved in functional binding of SHP2 phosphatase and phos-
pholipase-C y1 to the CCK2R is an ITIM motif containing
Tyr*38, which, once phosphorylated, recruits signaling pro-
teins containing an Src homology 2 domain(s). We suggested
that the binding of CCK2R to the Src homology 2 domain of
phospholipase-C 1 in the pancreas of mice overexpressing
the CCK2R may participate in the development of preneo-
plastic lesions and pancreatic cancer (49). Concerning inter-
action of RGS-2, we demonstrated that it involves Ser*** and
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Thr*??, requires phosphorylation of these residues, and serves
for RGS2 recognition by the CCK2R (17).

The current study also provides new important pharmaco-
logical data on the CCK2R because it allowed identification of
biased ligands of this receptor. Indeed, we show that, unlike
CCK and gastrin, which are full agonists with respect to inosi-
tol phosphate production, partial agonist PD135,158 or
JB93,242 on the G-protein-dependent pathway as well as the
antagonist JB93,182 did not promote receptor internalization
and were unable to stimulate recruitment of B-arrestins.
However, these three nonpeptide ligands acted as antagonists
on CCK-induced recruitment of B-arrestins to the CCK2R
and its internalization. All three ligands, PD135,158, JB93,242,
and, more surprisingly, JB93,182, stimulated ERK1/2 phos-
phorylation. Delineation of the precise mechanism linking
binding of these ligands to the CCK2R with ERK activation
will require further investigations. However, based on BRET
and confocal microscopy data showing an inability of these
ligands to stimulate -arrestin recruitment and CCK2R inter-
nalization, it is unlikely that these two events are involved.
Most likely, ERK activation by PD135,158 and JB93,242 would
be a consequence of phospholipase-C activation (10). The
mechanism leading to ERK1/2 activation by JB93,182 remains
unexplained because this compound did not stimulate phos-
pholipase-C or B-arrestin recruitment. Hence, PD135,158 and
JB93,242 meet the criteria of biased ligands of the CCK2R
because they are capable of stimulating a typical G-dependent
signaling pathway but are unable to stimulate B-arrestin re-
cruitment and receptor internalization. JB93182 is another
biased ligand capable of stimulating ERK1/2 phosphorylation
but unable to stimulate phospholipase C activation, 3-arrestin
recruitment, and receptor internalization. These findings may
have a significant impact on the pharmacology of the CCK2R
and cognate strategies to target it. In the recent period, biased
ligands for GPCRSs, such as, for example, adrenergic, dopa-
mine, and angiotensin II receptors, have been identified and
shown to present pharmacological and therapeutic interest
(25, 31, 50, 51). CCK2R joins this group of GPCRs. To explain
why PD135,158 and JB93,242 stimulate production of inositol
phosphates but could not induce -arrestin recruitment to
the CCK2R, we suggest that conformations of the CCK2R
stabilized by CCK or by the two partial nonpeptide agonists
are distinct and promote phospholipase-C with different effi-
cacies, and only the state stabilized by the full agonist CCK or
gastrin is able to promote B-arrestin recruitment. This view
agrees with the general concept, now well supported by ex-
perimental data, that GPCRs exist in multiple distinct confor-
mational states that can be stabilized by selective ligands and
present distinct signaling profiles (8).

Our work represents a solid basis to evaluate the contribu-
tion of internalized CCK2R to CCK2R-induced intracellular
signaling. The finding that CCK2R expressed in HEK cells
remains bound to -arrestins during intracellular trafficking
suggests that part of the CCK2R-induced signaling and effects
may be dependent on B-arrestins. Biased ligands identified in
the current study should be able to block B-arrestin-depen-
dent signaling and effects downstream of the CCK2R. This is
of high importance because the CCK2R is expressed in a large
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variety of cancers and, according to a previous study (19), un-
dergoes internalization in gastric, pancreatic, and colonic cell
lines that endogenously express this receptor.
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