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G protein-coupled receptors (GPCRs) are a family of cell membrane receptors that couple and activate hetero-
trimeric G proteins and their associated intracellular signalling processes after ligand binding. Although the
carboxyl terminal of the receptors is essential for this action, it can also serve as a docking site for regulatory
proteins such as the p-arrestins. Prokineticin receptors (PKR1 and PKR2) are a new class of GPCRs that are able to
activate different classes of G proteins and form complexes with p-arrestins after activation by the endogenous
agonists PK2. The aim of this work was to define the molecular determinants within PKR2 that are required for
B-arrestin-2 binding and to investigate the role of B-arrestin-2 in the signalling pathways induced by PKR2
activation. Our data show that PKR2 binds constitutively to p-arrestin-2 and that this process occurs through the
core region of the receptor without being affected by the carboxy-terminal region. Indeed, a PKR2 mutant lacking
the carboxy-terminal amino acids retains the ability to bind constitutively to f-arrestin-2, whereas a mutant
lacking the third intracellular loop does not. Overall, our data suggest that the C-terminus of PKR2 is critical for
the stability of the B-arrestin-2-receptor complex in the presence of PK2 ligand. This leads to the f-arrestin-2
conformational change required to initiate intracellular signalling that ultimately leads to ERK phosphorylation

and activation.

1. Introduction

G protein-coupled receptors (GPCRs) are the largest family of re-
ceptors on cell membranes and represent an important class of drug
targets. In response to the binding of ligand, GPCRs activate G proteins
as a guanine nucleotide exchange factor that triggers downstream sig-
nalling processes. Termination of G protein-mediated signalling is ach-
ieved by specific kinases that phosphorylate residues in the carboxy-
terminal (C-terminal) tail and intracellular loops of the receptor. This
action leads to the recruitment of f-arrestins, which subsequently
initiate second wave of p-arrestins-mediated signalling [1].

Arrestins are a small family of four homologous proteins including of
two visual arrestins (arrestin-1 and arrestin —4) and two ubiquitous
proteins, (arrestin-2 and arrestin-3) also known as f-arrestin-1 and
p-arrestin-2. Remarkably, all vertebrate arrestins have very similar
structures in their basal conformation, characterized by two domains,
commonly referred to as N- and C-domains. It has been shown that the
binding of B-arrestin to receptors occurs at two different sites. Firstly,
there is an interaction between a positively charged N-terminal domain
of p-arrestin and the phosphorylated C-tail of the receptor. This leads to
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B-arrestin reaching its active state by twisting its domains and releasing
the arrestin tail. The second interaction instead takes place between the
B-arrestin finger loop and the activated receptor core. Binding of
B-arrestin to the receptor leads to desensitization and, in some cases,
internalization of GPCRs. It is already known that p-arrestin acts as a
scaffold for interactions with numerous protein partners and mediates
signalling transduction via mitogen-activated protein kinase (MAPK)-
mediated phosphorylation of extracellular signal-regulated kinase 1/2
(ERKj,2) [2,3]. Prokineticin 2 (PK2) binds two related GPCRs called
prokineticin receptors (PKRs). Both PKRs couples to different class of G-
proteins, G 4q/11, G s and G ; and mediates several signalling pathways
that promote an increase in intracellular calcium and cAMP levels,
phosphorylation of Akt and activation of ERK and STAT3 [4,5]. The
diversity of G proteins coupled to PKRs as well as the alternative splicing
isoforms of PK2 [6-8] and prokineticin receptor 2 (PKR2) [9], dimer-
ization of PKR2 and interaction with accessory proteins [10-12]
contribute significantly to the modulation of receptor-specific functional
properties, including ligand binding, signal transduction and trafficking.
The prokineticin system is expressed in a variety of organs, including the
central and peripheral nervous system, heart, ovaries, testes, placenta,
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adrenal cortex, peripheral blood cells and bone marrow [13]. Such
widespread distribution suggests that the PK2/PKRs system exert
various tissue-specific biological functions, such as angiogenesis, neu-
rogenesis, haematopoiesis, hormone secretion, regulation of circadian
rhythm and modulation of food intake and drinking, as well as in
pathological conditions such as pain, cancer, obesity, neurodegenerative
diseases such as Alzheimer’s and Parkinson’s disease and Kallmann
syndrome [14-18]. Using BRET techniques, it has been shown that both
PKR1 and PKR2 form complexes with p-arrestins [19,20] and that
binding of p-arrestins determines receptor desensitization but not
endocytosis. In fact, agonist-induced PKR2 endocytosis has been proved
to be p-arrestins independent although mediated by GRK2 and the cla-
thrin pathway [21].

The aim of this work was to define the molecular determinants
within PKRs that are required for p-arrestin-2 binding and to analyse
p-arrestin-2-induced ERK activation. The results show that p-arrestin-2
is able to constitutively bind the PKR2 and that this basal binding is
mediated by the core region, whereas it is not affected by the presence of
the C-terminal region. In contrast, the data show that the receptor C-
terminal region is required for p-arrestin-2 to bind activated PKR2 and in
turn for p-arrestin2-mediated ERK activation. This study may allow the
identification of new specific targets for potential new drugs useful for
the treatment of the various diseases correlated with the prokineticin
system.

2. Materials and methods
2.1. Drugs and reagents

Dulbecco’s Modified Eagle Medium with F-12 supplement (DMEM/
F-12), foetal bovine serum, phosphatases inhibitor cocktails, penicillin
were purchased from Sigma Aldrich. All enzymes used for molecular
cloning and an enhanced chemiluminescence detection kit were from
Roche Molecular Biochemicals. All other chemicals used for SDS-poly-
acrylamide gel electrophoresis and Western blotting were purchased
from Bio-Rad. Primary antibody used: mouse polyclonal antibody anti-
PKR2 (sc-365,696), against the amino-terminal region of PKR2 from
Santa Cruz Biotechnology; mouse monoclonal antibody anti-FLAG
(F1804) and anti-polyHistidine—Peroxidase (A7058) from Sigma
Aldrich, rabbit polyclonal antibody anti-ERK (#44-654) and anti-pERK
(#44-680) from Invitrogen. Nitrocellulose membranes (0.45 pm;
Hybond-C Extra) were from Amersham Pharmacia Biotech, Coelenter-
azine 400a was from NonoLight.

2.2. Expression plasmids

The construct pcDNA PKR2 was previously described [7]. For the
construction of PKR2-AC52 mutant, we delete the region from 332 to
384, amplifying the region 1-331 by PCR with the R2 BamH1up and AC
tail EcoR1 dw oligonucleotides using pcDNA-PKR2 as a template. The
fragment digested with BamHI-EcoRI was inserted into pcDNA digested
with the same enzymes (PKR2-AC52 pcDNA). We also constructed the
PKR2-AI3 mutant in which we replaced the PKR2 sequence encoding
region 262-384 with the fragment obtained by PCR corresponding to
the region containing amino acids 272 to 384. PCR was performed using
p426-R2 as a template and the oligonucleotides R2 EcoRI dw and AI3
Apal up, which were digested with EcoRI and Apal and inserted into the
p426-R2 digested with Apal and EcoRI (PKR2-AI3p426). The insert
obtained by digestion with EcoRI and BamHI was also ligated into
pcDNA for transfection into the CHO cell line (PKR2-AI3pcDNA). For the
BRET assay in mammalian culture cells, we amplified the PKR2 region
from amino acid 1 to 362 by PCR with the oligonucleotides PKR2 NotI up
and AC BsiWI-dw, using pGAD-PKR2 as a template to obtain PKR2-AC52
rLuc. We amplified PKR2 cDNA by PCR with PKR2 NotI up and R2 BsiWI
dw oligonucleotides, using R2-AI3p426 as a template to obtain PKR2-
AI3 rLuc. The fragments digested with NotI- BsiWI were inserted into the
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pRluc-N vector (PerkinElmer) upstream of the Renilla luciferase cDNA
and then transferred into a retroviral expression vector (pQC series,
Clontech). Chimeric rGFP/p-arrestin-2 protein was obtained as
described in [20]. For immunofluorescence localisation, we cloned the
B-arrestin-2 cDNA in frame with GFP venus in pCMV. For GST pull-down
assays, the proteins were expressed in E. coli. The CT-GST protein was
obtained by fusing the 52 amino acids of the carboxyl terminus of PKR2
with GST. The C-terminal PKR2 region was amplified by PCR with R2CT
BamHI up and R2 EcoRI dw and inserted into the pGEX vector (CT
PGEX). B-arrestin-2 cDNA was amplified by PCR with gene-specific
primers f-arrestin BamHI up and p-arrestin EcoRI dw and cloned into
pBluescript (B-arrestin-2 pBS). p-Arrestin-2 p44 cDNA obtained by PCR
using the oligonucleotides B-arrestin BamHI up and p-arrestin-p44 EcoRI
dw was cloned into pBluescript (p44 pBS). The resulting plasmids,
B-arrestin-2 pBS and p44 pBS, were digested with BamHI and EcoRI, and
the resulting fragments were cloned into pET 28a (f-arrestin pET28 and
p44 pET28) to express the recombinant proteins fused with a poly-his
tag. For the cross-linking experiments, the p-arrestin-2 cDNA was also
cloned into pCMV digested with BamHI and EcoRI to express the re-
combinant protein fused with a FLAG tag sequence (p-arrestin-2 pCMV).
All oligonucleotides used for the plasmid constructions are listed in
Table 1.

2.3. Preparation of yeast membrane and western blot analysis

Yeast cell membranes were purified from a 1 litter overnight culture
essentially as previously described [9,10]. Membrane preparations (10
pg protein/sample) were mixed with an equal volume of 2x concen-
trated Laemmli sample buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol,
4% SDS and 0.01% bromophenol blue) and incubated for 30 min at
25°C. The proteins were separated on 10% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes by blotting.

2.4. Expression and purification of recombinant proteins in E. coli

BL21 E. coli cultures expressing recombinant proteins were grown at
37°C until an optical density of 600 nm (OD), corresponding to 0.6, was
reached. The cultures were grown for a further 4 h at 28°C in the
presence of isopropyl-p-D-1-thiogalactopyranoside (IPTG) 0.1 mM.

B-arrestin-2 and p-44 were purified using a His-tagged protein pu-
rification kit (Novagen, Darmstadt, Germany). The purified recombinant
proteins were separated by SDS-PAGE and analysed by Western blotting.

2.5. Glutathione S-transferase (GST) pull-down

Following IPTG-induced expression in E. coli, CT-GST fusion protein
was purified from cell extracts by affinity chromatography using
Glutathione Sepharose beads (GE Healthcare, Hatfield, UK) according to

Table 1
Oligonucleotides used in the study.

Oligonucleotide Sequence

R2 BamHI up 5’-AAGGATCCATGGCAGCCCAGAATGG-3'
AC tail EcoR1dw 5 -TTGAATTCCATGGTGTTGTTCTTGACCG-3'

R2 EcoRI dw 5-TTGAATTCCTTCAGCCTGATACAGTCC-3'

AI3 Apal up 5’-GTGGGCCCTGTGGTCACCATGACC-3'

5.
AAAGCGGCCGCCACCATGGCAGCCCAGAATGGAAACACC-3’
5’-AAACGTACGCTTCAGGGTGATACAGTCCAC-3’
5’-AACGTACGCATGGTGTTGTTCTTGACCG-3’
5’-GGATCCTGCTTCGTGAACGGTCAAGAACAACACC-3’

PKR2 NotI up

R2 BsiWI dw
R2 ACBsiWI dw
R2CT BamHI up
p-arrestin BamHI

up
p-arrestin EcoRI dw
p-arrestin p44
EcoRI dw

5’-AAGGATCCATGGGGGAGAAACCCGGG-3’
5’-TTGAATTCGCAGATTGATCATAGTCG-3’
5’-AGAATTCAGCGGCTGACTGGGGTCTGGGG-3’
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the manufacturer’s instructions. In brief, 50 pl slurry of glutathione-
Sepharose beads equilibrated in buffer A (PBS, 1% Nonidet P 40, 1
mM EDTA, supplemented with protease inhibitor) was incubated with 2
ml CT-GST lysate for 1 h at 4°C with constant stirring. Beads with bound
CT-GST were collected by centrifugation, washed extensively in buffer A
and incubated with purified p-arrestin-2 or with purified p-arrestin-2
p44 expressed in E. coli. The beads were washed as described above, and
the bound proteins were eluted with GSH according to the GE Health-
care procedure and analysed by Western blotting (WB).

2.6. Cell cultures, transfection, and stimulation

CHO (Chinese Hamster Ovary) cells were plated at a density of 4 x
10° per well in 6-well plates or at 4 x 10* per well on poly-p-lysine
coated coverslips in 24-well plates and allowed to grow until they
reached 70-80% confluence. Cells were grown in Dulbecco’s Modified
Eagle Medium/Nutrient mixture F-12 Ham (DMEM/F12) supplemented
with 100 U/ml penicillin/streptomycin, 10% foetal bovine serum (FBS)
and 2 mM L-glutamine (Sigma-Aldrich, Milan, Italy) at 37°C and 5%
COs. Transient transfection with the plasmid PKR2 pcDNA and PKR2-
AC52 pcDNA or with the plasmid PKR2 pcDNA and f-arrestin-GFP
pcDNA was performed in the presence of Lipofectamine 2000 (Invi-
trogen Life Technologies, Milan, Italy) according to the manufacturer’s
instructions. In brief, cells were incubated with the Lipo-DNA complex
for 24 h at 37°C and 5% CO.. A total of 24 h after transfection, cells were
deprived of serum and stimulated with PK2 (100 nM) for 1 h at 37°C and
5% CO,. At the end of the incubation period, the cells cultured in 6-well
plates were lysed in RIPA lysis buffer with a protease inhibitor cocktail
(1% v/v) (Sigma Aldrich), quantified and used for WB analysis. Cells
cultured on coverslips were fixed in 4% PFA (paraformaldehyde) for 10
min, washed 1x in PBS and used for immunofluorescence analysis. PK2
was expressed and purified in P. pastoris as previously described [7].

Hek293 cell lines stably expressing each luminescent receptor in
conjunction with the fluorescent p-arrestin-2 were obtained as follows.
First, we prepared a cell line stably expressing the fluorescent acceptor
rGFP/B-arrestin-2 by infecting the cells with a retroviral vector encoding
for the corresponding cDNAs. Then we transduced the cells with lumi-
nescent receptor encoding vector either PKR2-rLuc or PKR2-AC52-rLuc
or PKR2-AI3-rLuc. Stable co-expressing cell lines were selected by
culturing cell populations in DMEM, 10% FBS additioned with the
proper combination of antibiotics. The levels of luminescent receptors
expressed in association with the fluorescent p-arrestin-2 in the stable
co-expressing Hek293 cell lines were determined by measuring intrinsic
luminescence in cell-membrane preparations as described in [19].

The clonal fibroblast lines isolated from mouse embryos carrying the
targeted ablation of either f-arrestin-2 or both p-arrestin-1 and
B-arrestin-2 (B-arr-2 KO-MEF and p-arr-1/2 KO-MEF cells) were made
available to us by Prof. Robert J. Lefwokitz (Duke University, Durham,
NC, USA).

MEF (mouse embryo fibroblast) wild-type, p-arr-2 KO-MEF and p-arr-
1/2 KO-MEF cells were grown in a 6-well plate at a density of 4 x 10° per
well in DMEM medium supplemented with 100 U/mL penicillin/strep-
tomycin, 10% FBS and 2 mM t-glutamine (Sigma-Aldrich, Milan, Italy)
at 37°C and 5% COs,. Transient transfection with the plasmid PKR2
pcDNA and PKR2-AC52 pcDNA was performed in the presence of Lip-
ofectamine 2000 (Invitrogen Life Technologies, Milan, Italy) according
to the manufacturer’s instructions. In brief, cells were incubated with
the Lipo-DNA complex for 24 h at 37°C and 5% CO». A total of 24 h after
transfection, cells were deprived of serum and stimulated with PK2 (100
nM) for 5, 10, 30 and 60 min at 37°C and 5% COs. At the end of the
incubation period, the cells were lysed in RIPA lysis buffer with a pro-
tease inhibitor cocktail (1% v/v) (Sigma Aldrich), quantified and used
for WB analysis.
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2.7. Crosslinking

CHO cells were transiently transfected with p-arrestin pCMV and
PKR2 pcDNA or PKR2-AC52 pcDNA to express FLAG-tagged p-arrestin-2
with wild-type (WT) PKR2 receptor or with PKR2-AC52 mutant. After
transfection (24 h), cells were incubated with vehicle or 100 nM PK2 for
15 min at 37°C. The stimulations were stopped by adding the
membrane-permeable cross-linker Dithiobis (succinimidyl propionate)
(Sigma, Poole, Dorset, U.K.) at a final concentration of 2 mM. The cells
were then incubated with gentle shaking at room temperature, washed
twice with 50 mM Tris/HCl, pH 7.4, in PBS to neutralise unreacted
dithiobis (succinimidyl propionate) and incubated in 0.5 ml 50 mM
Hepes, pH 7.4, 50 mM NaCl, 10% (v/v) glycerol, 0.5% (v/v) Nonidet
P40, 2 mM EDTA, 100 pM Na3zVOy,, 1 mM PMSF, 10 pg/ml benzamidine,
5 pg/ml soya bean trypsin inhibitor and 5 pg/ml leupeptin and clarified
by centrifugation (2 min at 153 g and 4°C). Aliquots (25 pl) of whole cell
lysates were collected and mixed with an equal volume of 2x reducing
loading buffer. The immunoprecipitates were washed 3 times with
glycerol lysis buffer and eluted in 1x reducing loading buffer for 15 min
at 45°C.

2.8. Western blotting

After electrophoretic separation, the proteins were transferred to a
nitrocellulose membrane (TCM) and blocked in 1% non-fat milk 1%
BSA/Tris-buffered saline with 0.10% Tween-20 (TBS-T pH 7.4) for 1 h at
room temperature. The membranes were then incubated overnight at
4°C with the appropriate primary antibody in the blocking solution.
After extensive washing with TBS-T, the membranes were incubated
with anti-mouse or anti-goat IgG, HRP-linked secondary antibodies for
1 h at room temperature. The immunoreactive signals were visualised
using an enhanced chemiluminescence system. Quantification of signal
intensity of Western blotting bands was performed using ImageJ soft-
ware (http://imagej.nih.gov/ij/index.html) and relative protein
expression was calculated after normalisation to the total protein of
interest. Data were obtained from three separate experiments.

2.9. BRET assay

Receptor-f-arrestin-2 interaction was measured on monolayers of
stably co-expressing cells plated in white 96-well culture plates (Opti-
Plate, Packard) using a plate luminometer (VICTOR light, PerkinElmer).
Cell culture medium was replaced with 40 pl PBS containing 5 pM
coelenterazine, 10 min before the addition of 10 pl of 5x concentrated
ligand. Readings were recorded after 5 min of further incubation. The
BRET ratio was determined as the ratio of high-energy (donor) and low-
energy (acceptor) emissions recorded sequentially. The concentration-
response curves were analysed by nonlinear curve fitting to the gen-
eral logistic function: y = (a-d)/[1 + (x/c)b] + d, where y and x are the
BRET ratio and ligand concentration, a and d, are the upper and lower
asymptotes, c is the ligand concentration causing the half-maximum
BRET change, and b is the slope factor at ¢ [19].

2.10. Immunofluorescence

CHO cells were washed in PBS 1x, blocked for 1 h in 5% normal
donkey serum and then incubated overnight at 4°C with a rabbit poly-
clonal antibody against PKR2 (Alomone Labs, Jerusalem, Israel). Cells
were then washed with PBS 1x and incubated for 1 h at room temper-
ature with secondary anti-species IgG antibodies coupled to Alexa Fluor-
555 (Immunological Sciences). The cell nuclei were stained with DAPI
(Sigma Aldrich). The fluorescence signal was recorded using an Eclipse
E600 fluorescence microscope (Nikon Instruments, Japan) connected to
a QImaging camera with 64-bit NIS-Elements BR 3.2 software. The
Pearson correlation coefficients were created using the ImageJ software
(http://imagej.nih.gov/ij/index.html, free software) and the special
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JACoP plug-in.

2.11. Data analysis

The data were plotted and analysed using GraphPad Prism 7 for
Windows. All results were expressed as mean + SEM. Statistical analyses
were performed using One-Way ANOVA followed by Dunnett’s multiple
comparisons post-test. Differences were considered significant at p <
0.05.

3. Results

3.1. Analysis of p-arrestin-2 recruitment to the C-terminal tail of PKR2

Analysis of immunofluorescence experiments shows that, in the
absence of PK2, p-arrestin-2 is predominantly localized inside the cells
together with PKR2. Treatment with PK2 promotes the translocation of
B-arrestin-2 with PKR2 in the plasmatic membrane (Fig. 1A). BRET
utilizes bioluminescent and fluorescent protein tags with compatible
emission and excitation properties, so that resonance energy transfer can
be studied when the tags are in close proximity (< 10 nm), which is a
typical outcome of protein-protein interactions.

The BRET assay performed with Hek293 cells stably co-expressing
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luminescent PKR2 (PKR2-rLuc) and fluorescent f-arrestin-2 (rGFP/
B-arrestin-2) shows that activation of PKR2 leads to a concentration-
dependent increase in f-arrestin-2 recruitment (Fig.1B).

The value of the BRET ratio observed in the absence of PK2 ligand
(basal) is consistent with the constitutive association between PKR2 and
B-arrestin-2 (Fig.1B), as previously shown by Sbai et al. [20].

To test the importance of the C-terminal tail in modulating
B-arrestin-2 recruitment, we examined the interaction of the PKR2-AC52
mutant (Fig.1C) and f-arrestin-2 in Hek293 cells stably co-expressing
the PKR2-AC52 and rGFP/f-arrestin-2 proteins. As shown in Fig. 1B,
PK2 was no longer able to trigger the recruitment of p-arrestin-2 to the
PKR2-AC52 mutant. However, the ability of PKR2-AC52 to constitu-
tively associate with p-arrestin-2 in the absence of the agonist persisted,
and was even slightly increased, although the expression level of the
mutant receptor (measured as described in the Methods section) was
significantly lower compared to wild type (PKR2-AC52 = 1.7).

To further investigate physical interaction between p-arrestin-2 and
PKR2, we expressed WT PKR2 or the mutant PKR2-AC52 receptor
together with p-arrestin-2 in CHO cells, we analysed the binding of WT
PKR2 and PKR2-AC52 mutant receptors to p-arrestin-2 by cross-linking
experiments. We first verified that the expression levels of PKR2-AC52
mutant and WT PKR2 in CHO were comparable (Fig. 2A). Then, cells
were incubated with the cross-linker, irradiated with UV light and the

Hek293 stably expressing rGFP/B-arrestin-2
150:
4+ H
1] & PKR2rLuc H
& 50-
® PKR2-AC52 rLuc &
31 /I' I e
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o P2 4052 Luc
g /
@ /
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14 }
1 l = 1 s z z z
d s E— o 14 ® *
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Site1: C-terminal region

PKR2

/(/ﬂ

NTVCFVTVKNNTMKYFKKMMLLHWRPSQRGSKSSADLDLRTNGVPTTEEVDCIRLK -384

NTVCFVTVKNNTMK-332

PKR2-AC52

Fig. 1. WT PKR2 and PKR2-AC52 receptor mutant interaction with p-arrestin-2. (A) Representative immunofluorescence images of CHO cells transfected with rGFP/
B-arrestin-2 (green) and PKR2 (red) in the absence of PK2 (—) or in the presence of PK2 100 nM (+) for 1 h. Scale bar 10 pm. The cell nuclei were counterstained with
DAPI (blue). (B) Concentration-response curves for PK2 recorded by BRET assay in Hek293 cells stably co-expressing either PKR2-rLuc or PKR2-AC52-rLuc in
conjunction with rGFP/p-arrestin-2. Two independent experiments were conducted with similar results and in each of them, the sample measurements were per-
formed in triplicate. Data (symbols) are the mean + SEM of triplicate determinations obtained in one representative experiment and are shown with the best-fitting
theoretical curves (solid line). The histogram (insert) represents three independent experiments made in triplicate. Data are expressed as a percentage of the PKR2-
B-arrestin-2 interaction signal measured in the absence of ligand (100%) and are the mean + SEM of triplicate determinations carried out in each experiment. (C)
Schematic representation of the WT PKR2 receptor and the PKR2-AC52 mutant. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Interaction of p-arrestin-2 with the C-terminal region of PKR2. (A) Expression of WT PKR2 and the PKR2-AC52 receptor mutant in CHO cells. The arrow
indicates the position of WT PKR2 or the PKR2-AC52 mutant. (B) Cross-linking of p-arrestin-2 with WT PKR2 or the mutant PKR2-AC52 receptor. CHO cells
expressing WT PKR2 or the PKR2-AC52 mutant and f-arrestin-2 with FLAG tag were incubated with succinimidyl propionate. The proteins were immunoblotted and
analysed with anti-PKR2 and anti-FLAG antibodies. The arrow indicates the position of the complex of WT PKR2 or the PKR2-AC52 mutant with p-arrestin-2. (C) The
GST-fusion protein CT-GST was used to pull down f-arrestin-2 or f-arrestin-2 p44, and the resulting elution solutions were resolved on 12% SDS-PAGE and analysed
with an anti-His antibody by Western blotting. Lane 1/2: p-arrestin-2 p44 wash solution; lane 3: f-arrestin-2 p44 eluate; lane 4/5: p-arrestin-2 wash solution; lane 6:
B-arrestin-2 eluate; lane 7: p-arrestin-2 p44 input; lane 8: B-arrestin-2 input. (D). Schematic representation of the results of the GST pull-down experiment.

membrane proteins were fractionated by SDS-PAGE, blotted, and then
analysed with the PKR2 antibody (Fig. 2B). The results show that the
constitutive association between WT PKR2 receptor and p-arrestin-2 was
significantly increased in the presence of a PK2 agonist.

The C-terminally truncated receptor, PKR2-AC52, can also be co-
precipitated with B-arrestin-2 in the absence of ligand, however, the
addition of PK2 does not result in the increase of the interaction signal
(Fig. 2B).

To confirm the interaction between the C-terminal region of PKR2
and p-arrestin-2, the C-terminal region of PKR2 was expressed in bac-
teria as a GST fusion protein (PKR2CT-GST). p-arrestin-2 and p-arrestin-
2 p44 were expressed in E. coli and fused to His Tag. The p-arrestin-2 p44
mutant, was obtained by deleting the p-arrestin-2-tail region of 35
amino acids and was designated as f-arrestin-2 p44, because comprising
the same amino acid sequence of p44 splice variant of visual arrestin
[22]. The PKR2CT-GST fusion protein was purified on glutathione
agarose and then used in direct binding experiments with f-arrestin-2
and p-arrestin-2 p44 (Fig. 2C). p-arrestin-2 does not bind to PKR2CT-
GST, but B-arrestin-2 p44 is able to bind to PKR2CT-GST (Fig. 2C).
Parallel control experiments show that neither p-arrestin-2 nor
fB-arrestin-2 p44 mutant bound to GST alone (data not shown). The result
of the GST pull-down experiment is shown schematically in Fig. 2D.

The results are consistent with previous studies showing that p44

visual arrestin binds the non-phosphorylated C-terminal tail of the
rhodopsin receptor stronger than visual arrestin [22] and that the
truncated p-arrestin-1 mutant binds more efficiently to the neurotensin-
1 receptor compared to p-arrestin-1 [23].

3.2. Analysis of p-arrestin-2 recruitment to the core region of PKR2: Role
of the intracellular receptor loop 3

To determine the role of intracellular receptor loop 3 (ICL3) in the
interaction between PKR2 and f-arrestin-2, we constructed a mutant by
deleting a central sequence extending from amino acid 262 to 272 of the
ICL3 loop (Fig. 3A). First, we found that the expression level of the
mutant PKR2-AI3 and WT PKR2 in CHO was comparable (Fig. 3B). We
then analysed the binding of the mutant PKR2-AI3 receptor to
B-arrestin-2 by cross-linking experiments. The cells were incubated with
the cross-linker, irradiated with UV light and the membrane proteins
were fractionated by SDS-PAGE, blotted, and then probed with the anti-
PKR2 antibody and the anti-FLAG antibody. The results show that the
PKR2-AI3 mutant is unable to bind f-arrestin-2 both in the presence and
absence of PK2 agonist (Fig. 3C).

The mutant receptor fused to rLuc (PKR2-AI3 rLuc) was then co-
expressed in the Hek293 cell line stably expressing the fluorescent
form of p-arrestin-2 (rGFP/f-arrestin-2). The level of PKR2-AI3 rLuc
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Fig. 3. Interaction of p-arrestin-2 with the ICL3 region of PKR2. (A) Schematic representation of the WT PKR2 receptor and the PKR2-AI3 mutant. (B) Expression of
WT PKR2 and the PKR2-AI3-rLuc receptor mutant in CHO cells. (C) Cross-linking of p-arrestin-2 with WT PKR2 or the mutant PKR2-AI3 receptor. CHO cells
expressing WT PKR2 or the PKR2-AI3 mutant and p-arrestin-2-FLAG were incubated with succinimidyl propionate. Proteins were immunoblotted and analysed with
anti-PKR2 and anti-FLAG antibodies. (D) BRET signal induced by increasing concentrations of PK2. BRET assay was performed in Hek293 stably co-expressing rGFP/
B-arrestin-2 in association with either PKR2-rLuc or PKR2-AI3-rLuc. Two independent experiments were conducted with similar results and in each of them, the
sample measurements were performed in triplicate. Data (symbols) represent the mean + SEM o of triplicate determinations obtained in one representative
experiment and are plotted with the best-fit theoretical curves (solid lines) calculated as described in Methods.

receptor expression was comparable to that of WT PKR2 (PKR2/ PKR2-
AI3 ratio = 1.2, data not shown).

The BRET assay shows that deletion of ICL3 results in loss of the
receptor’s ability to interact with B-arrestin-2. This suggests that ICL3 is
a necessary region that allows receptor to interact with p-arrestin-2
either in the absence or presence of the PK2 agonist ligand (Fig. 3D).

3.3. PKR2-f-arrestin-2 mediated signalling

It is known that p-arrestin not only desensitises GPCR signalling but
also initiates p-arrestin-dependent signalling via ERKj /5, which leads to
the subsequent phosphorylation and activation of target proteins such as
protein kinases, transcription factors and membrane proteins, and reg-
ulates cell growth and differentiation [24-26].

After PK2 stimulation of mouse embryonic fibroblast cells (MEFs)
transfected with PKR2, we analysed the time course of PK2-dependent
ERK; /2 phosphorylation. The results show that, following agonist
addition, ERK phosphorylation (p-ER 1/2) starts to increase after 5 min,
reaches the highest levels after 10 min, and remains detectable at longer
time points (Fig. 4A). PK2 treatment of MEFs transfected with the PKR2-
AC52 mutant results in significant ERK; /5 activation at early time points
after stimulation, with levels comparable to those detected in MEFs cells

transfected with PKR2. However, agonist stimulation does not lead to an
increase in p-ERKj /5 signal at later time points (Fig. 4B). To demonstrate
that the activation of ERK at late time points is due to a general MAPK
regulatory mechanism through p-arrestin-mediated GPCR crosstalk, we
used MEFs cells lacking f-arrestin-2 ($-arr-2 KO) and MEFs cells lacking
both p-arrestin-1 and p-arrestin-2 (f-arr-1/2 KO). In p-arr-2 KO MEFs
cells transfected with PKR2, agonist induced ERK phosphorylation
signal which significantly increases after 10 min but is no longer
detectable after 60 min of stimulation (Fig. 4C). Similarly, PK2 stimu-
lation of B-arr-1/2 KO MEF cells transfected with PKR2 induces ERK
activation only after 10 min (Fig. 4D). In contrast, PK2 treatment of
B-arr-1/2 KO MEF cells co-transfected with PKR2 and p-arrestin-2 in-
duces a temporal ERK activation comparable to that observed in WT
MEF cells transfected with PKR2 (Fig. 4E).

4. Discussion

The carboxyl-terminal tail of G protein-coupled receptors varies
widely in both sequence and length and appears to be essential for G-
protein coupling and GPCR trafficking [1]. Receptor C-terminal region
also serves as a docking site for regulatory proteins, such as those of the
B-arrestin family [27-29]. GPCRs have two binding sites for p-arrestins.
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The first interaction site, known as the “tail interaction”, occurs between
the cytosolic tail of a GPCR and the N-terminal domain of p-arrestin,
allowing its active conformation. The second site consists of cytoplasmic
GPCR loops, in particular intracellular loop 3, which, after ligand
binding and outward movement of helix V and VI, form a cavity in the
transmembrane bundle that interacts with central f-arrestin ridge. This
interaction known as the “core interaction”, occupies a similar binding
domain to the a-subunit of the G protein, resulting in direct competition
between p-arrestin and G proteins in binding the active GPCRs [2].

The stability of the GPCR-B-arrestin interaction depends on the af-
finity of p-arrestin for the GPCR, which is strongly influenced by the C-
terminal sequence of the GPCR, in particular by the presence or absence
of cluster of phosphorylation sites [30]. Depending on the temporal
stability of the p-arrestin interaction, GPCRs are categorised into type A
and type B [2]. Several results indicate that PKR2 is a type A GPCR since
it preferentially interacts with p-arrestin-2 [19,28]. This is due to the
specific set of phosphorylation sites present in the C-terminal region of
PKR2 [19,20,28].

Analysis of B-arrestin-2- PKR2 interaction by BRET assay shows a
degree of B-arrestin-2-receptor interaction in the absence of ligand that
is enhanced by the addition of agonist, in a concentration-dependent
manner [20]. It is tempting to hypothesize that this constitutive bind-
ing may be largely due to f-arrestin-PKR2 interactions within intracel-
lular compartments. Indeed, in the absence of a ligand, the BRET
experiment cannot distinguish between cell surface receptors and
intracellular receptors. In several cell types, PKR2 mainly localized in
the plasma membrane, has also been detected in the Golgi apparatus and
the endoplasmic reticulum [20].

We have shown by BRET experiments that PK2 treatment cannot

increase the binding of p-arrestin-2 to the PKR2-AC52 mutant, although
the interaction with p-arrestin-2 is conserved in the absence of the PK2
ligand. These results suggest that the C-terminal region of PKR2 is not
critical for the binding of p-arrestin-2 to the unstimulated receptor. To
confirm these results, we performed cross-linking experiments by
transfecting p-arrestin-2 into CHO cells stably expressing WT PKR2 or
the PKR2-AC52 mutant. The results show that WT PKR2-p-arrestin-2
interaction increase in the presence of the PK2 ligand, whereas the
PKR2-AC52 binds p-arrestin-2 in a weakened form that is not affected by
the presence of the PK2 ligand.

To investigate whether the binding of p-arrestin-2 to the PKR2 CT
region is independent of the phosphorylation status of the receptor, we
performed GST pull-down experiments with a chimeric protein obtained
by fusing GST to the CT-terminal region of PKR2 (PKR2CT-GST). We
examined the binding of PKR2CT-GST to f-arrestin-2 and f-arrestin-2
p44, a truncated mutant corresponding to p44 constitutively active
splice variant of visual arrestin [22,31] and p-arrestin-1 truncated
mutant [23]. The results show that B-arrestin-2 p44 binds to the non-
phosphorylated CT-terminal region of PKR2, whereas p-arrestin-2 does
not bind to the CT-terminal region. To analyse the role f-arrestins-1 and
2 in ERK activation, a time course of ERK activation after treatment with
PK2 ligand was performed in MEFs f-arrestin-2 KO, p-arrestin-1 and 2
double KO, and p-arrestin-1 and 2 double KO with reconstituted WT
p-arrestin-2 transfected with PKR2. PK2 was shown to induce f-arrestin-
2 mediated ERK activation after 60 min.

To analyse the interaction of p-arrestin-2 with the PKR2 core, we
focus on the PKR2 mutant lacking the central ICL3 region. Previous
studies have shown that ICL3 plays a crucial role in the interaction with
G-proteins and in the localisation of PKR2 to the cell membrane [32].
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Zhou’s group identified two critical regions in ICL3, a proximal region
comprising arginine-264, lysine-265 and arginine-266 (RKR), and the
distal region extending from amino acids 270 to 274. Our results suggest
that this part of ICL3, as in other GPCRs including rhodopsin, adrenergic
and hormone/choriogonadotropin (LH/CG) receptors [2], also contrib-
utes to the binding of p-arrestin-2.

In BRET experiments performed on PKR2-AI3 B-arrestin-2 stable co-
expressing cells, PKR2-AI3 mutant is unable to bind p-arrestin-2 both in
the presence or absence of PK2 suggesting that receptor C-tail alone is
not sufficient for B-arrestin-2 to bind receptor neither at the plasma
membrane nor at endoplasmic reticulum level. Therefore, this study
provides insights into the molecular determinants that govern the for-
mation of the prokineticin receptor-arrestin complex, particularly with
regard to the role of the C-terminal tail and ICL3. Our data show that
B-arrestin-2 is able to constitutively bind the PKR2 and that this basal
binding is mediated by the core region, whereas it is not affected by the
presence of the C-terminal region. Indeed, the PKR2-AC52 mutant is
able to bind p-arrestin-2 in the absence of ligands, unlike the PKR2-AI3
mutant. On the contrary, agonist induced receptor activation is neces-
sary for B-arrestin-2 to bind the C-terminus, and in turn adopt a
conformation suitable to trigger intracellular signalling, ultimately
leading to the activation of ERK. It is possible to speculate that
B-arrestin-2 binds sequentially to PKR2, or rather as that a first binding
to the core, basal interaction, is required for subsequent agonist medi-
ated binding to the C-terminal region.

5. Conclusions

Understanding how GPCRs recruit and maintain interactions with
B-arrestins should drive the development of better functionally selective
therapeutics and clarify important questions related to receptor
expression and the ligand pharmacology.
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